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Abstract Non-glandular leaf trichomes positively influence the abundance of many
phytoseiid mites. We characterized the influence of grape leaf trichomes (domatia, hairs, and
bristles) on Typhlodromus pyri Scheuten abundance over two years in a common garden
planting of many grape varieties and 2 years of sampling in a commercial vineyard. In
general, a lack of trichomes was associated with much lower predator numbers and in the case
of Dechaunac, a cultivar with almost no trichomes, very few 7. pyri were found. Phytoseiid
abundance was best predicted by a model where domatia and hair had an additive effect
(* = 0.815). Over two years of sampling at a commercial vineyard there were T. pyri present
on all of the 5 cultivars except Dechaunac. At the same time, European red mite prey were
present on Dechaunac alone. These results suggest that on grape cultivars lacking leaf
trichomes, T. pyri likely will not attain sufficient densities to provide biological control of
European red mite, despite presence of the mite food source. The relationship between leaf
trichomes and phytoseiid abundance that is observed at the scale of single vines in a garden
planting appears to also be manifest at the scale of a commercial vineyard. Because persis-
tence of predatory mites in or nearby the habitats of prey mites is important for effective mite
biological control, leaf trichomes, through their influence on phytoseiid persistence, may be
critical for successful mite biological control in some systems.
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Introduction

Presence of acarodomatia or “mite shelters” on the leaf surface has been shown to
positively influence the abundance of many species of phytoseiid predators (see reviews by
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Walter 1996; Sabelis et al. 1999; Agrawal 2000; Romero and Benson 2005, but see
Seelmann et al. 2007 for an exception). Leaf domatia are small morphogenetic structures
that enclose small (<1 mm®) spaces, typically in vein axils on the underside of leaves
(Pemberton and Turner 1989; O’Dowd and Willson 1989; Brouwer and Clifford 1990).
Mites found in these structures are typically predatory or fungivorus, with presence of her-
bivorous mites less common (Sabelis et al. 1999; O’Dowd and Willson 1989; Willson
1991; O’Dowd and Pemberton 1994, many others). Expression of these leaf structures
occurs along a continuum of form and degree, both across and within species (O’Dowd and
Willson 1989; Willson 1991); however, in general, domatia may be “composed of tric-
homes (‘tuft’ domatia), by an overhanging shelf of leaf tissue enclosing space in the vein
axil (‘pocket’ domatia), by an invagination in the leaf lamina at the vein axil (‘pit’ domatia)
or by some combination thereof” (O’Dowd and Pemberton 1994). O’Dowd and Willson
(1989) describe this categorization of domatia as excluding other specialized chambers on
leaves that are not restricted to junctures of veins.

It has been hypothesized that trichomes, and in particular domatia, indirectly contribute
to plant defense, with these leaf structures mediating a mite-plant mutualism (O’Dowd and
Willson 1991). Although initially controversial, evidence has accumulated in support of
this hypothesis (Agrawal and Karban 1997; Norton et al. 2000; English-Loeb et al. 2005;
Monks et al. 2007). Trichomes may help moderate the effects of low humidity (Grostal and
O’Dowd 1994, but see Norton et al. 2001), protect mites from predators (Roda et al. 2000;
Norton et al. 2001; Faraji et al. 2002; Seelmann et al. 2007), and increase the capture of
alternate food sources such as pollen and fungal spores that promote retention of generalist
mite populations (Putman and Herne 1964; Kreiter et al. 2002; Roda et al. 2003). In a
recent review, Romero and Benson (2005) suggest current evidence best supports
protection from predators.

In grape, leaf structures that may influence predatory mite abundance occur predomi-
nantly as non-glandular trichomes, although in some species the vein tissue in the
primary axil expands inward to form small cave-like domatia (Walter and Denmark
1991; Karban et al. 1995). Trichomes are present in three defined, although potentially
overlapping, forms following descriptions in IBPGR/OIV (International Board for Plant
Genetic Research/Office International de la Vigne et du Vin) (1989): (1) tuft-form doma-
tia in vein axils, (2) upright, short bristles typically along leaf veins, and (3) longer hairs
lying across the leaf blade and along leaf veins. The size of domatia and abundance of
trichomes in the domatia was associated with increased abundance of the generalist
phytoseiid Typhlodromus pyri Scheuten on different accessions of Vitis riparia Michaux
(Vitaceae), the riverbank grape (English-Loeb et al. 2002) and across a number of Vitis
species for the phytoseiid mite Typhlodromus caudiglans Schuster (Karban et al. 1995).
Non-domatia leaf structures (hairs and bristles) also appear to be important to overall
predatory mite abundance in grapes (Duso 1992; Karban et al. 1995), although the
relative importance of these different classes of non-glandular trichomes has not been
fully explored.

The goal of the research presented here was to characterize the influence of grape leaf
non-glandular trichomes (domatia, hairs, and bristles) on 7. pyri abundance over two
years in a common garden planting of many grape varieties and during two years of
sampling in a commercial vineyard. Our specific objectives were (1) to evaluate the
contribution of different types of trichomes to 7. pyri abundance and (2) to determine
whether patterns of 7. pyri abundance observed on single plants were manifest in
commercial-scale grape plantings.
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Materials and methods
Leaf trichomes and predator abundance

Twelve grape varieties with varying levels and types of leaf trichomes were selected in the
National Clonal Germplasm Repository (PGRU) vineyard at the New York State Agricul-
tural Experiment Station in Geneva, NY. The PGRU vineyard is a common garden planting
of a large number of varieties, with two plants of each variety planted adjacent to one
another along rows. Leaf pubescence was assessed by collecting 4 mid-shoot leaves per
sampling date, 2 from each plant, of each variety and scoring the density of trichomes.
Trichome data was collected from leaves sampled once in 2000 on 12 June and twice in
2001 on 26 July and 4 September.

Trichomes were classified as either bristles or hairs and assigned a ranking using a 1
(none) to 9 (very dense) scale (IBPGR/OIV (International Board for Plant Genetic
Research/Office International de la Vigne et du Vin) 1989). Bristles and hairs gradate into
each other and were distinguished by length and posture. Bristles were shorter (<0.25 mm)
and upright while hairs were longer (>0.25 mm) and prostrate. Separate rankings were
obtained on each leaf for bristles and hairs along 2 leaf vein sections (Fig. 1c) and ran-
domly from within 2 areas between veins on the leaf blade (Fig. 1b). Hair density ranks
were assigned by visual comparison of the 1 to 9 scale with a 2.3 mm long segment of
either the leaf vein or leaf blade under 25x magnification. Bristle ranks were similarly
assigned using 5 mm long segments under 12x magnification. The bristle scoring system
was also applied to 4 vein axils per leaf (Fig. 1a) and the mean of these 4 trichome density
assessments was used to generate a domatia rank for each leaf. Domatia size was deter-
mined by measuring the diameter of the zone of bristles extending away from the same 4
domatia with a micrometer and calculating a mean size per leaf. Thus, leaf trichomes were
characterized using six variables; bristles and hairs on the leaf blade, bristles and hairs
along leaf veins, and domatia rank and size.

The density of 7. pyri on each cultivar was estimated 3 times in 2000 (12 June; 10 and
25 July) and 6 times in 2001 (26 June; 11 and 26 July; 8 and 16 August; and 4 September).
Five leaves from each of 2 vines per variety were sampled on each date. Leaves were
collected from those mid-way along shoots. Phytoseiid motiles were counted by examining
each leaf with a microscope. Up to 10 adult phytoseiids per plant per date were mounted on
glass slides for identification. Leaf surface area was approximated by measuring and multi-
plying leaf length (from base to the tip of the leaf blade) and leaf width (distance between
distal ends of the two veins extending in either direction from the first axil).

For analysis purposes, variety served as the replicate unit and data were averaged for
each year across all observations during the season from leaves of both plants for each vari-
ety. Relationships between leaf trichome characteristics and the natural log of the mean
seasonal T. pyri density per leaf were initially examined by estimating correlations among
the 6 leaf trichome variables. Each trichome type (domatia, hair, bristles) was described by
a composite variable that was calculated by taking either the mean or a multiplicative
summary of highly correlated leaf trichome rankings or measurements. To remove any
effect of variation in absolute values across years, each of these predictor variables was
scaled such that a value of 1 corresponded to the highest value for any cultivar in a given
year for that variable. Year was incorporated in the model as a categorical variable. Initial
model selection began with the natural log of the average predator density as a function of
the leaf trichome variables, their interaction with year, and leaf area. Manual stepwise,
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Fig. 1 Locations within grape leaves used for measuring (a) domatia size and rank, (b) leaf blade bristles and
hair, and (c) leaf vein bristles and hair

backward linear regression (p to remove = 0.1 for initial model) was then used to estimate a
model in STATA release 10 (StataCorp 2007).

Commercial vineyard sampling

Five cultivars of varying leaf trichome type and density were sampled from a block of vines
at a commercial vineyard in Dresden, NY over 2 years. Fifteen leaves were sampled across
multiple vines along each of 2 rows per cultivar (Dechaunac, Elvira, Baco, Concord, and
Niagara). Leaves were collected 6 times in 2000 (22 and 28 June; 18 and 28 July; 4 and 21
August) and 7 times in 2001 (29 June; 11 and 26 July; 7, 17, 21, and 29 August). Leaves
were passed through a machine that brushes mites on the leaf surface onto glass plates
where phytoseiid motiles and European red mite Panonychus ulmi Koch were enumerated
using a dissecting microscope. Up to 10 adult phytoseiids per plant per date were mounted
on glass slides for identification. The number of phytoseiids per leaf and European red mite
per leaf were plotted over time and compared for trends, however no further statistical
analysis was done due to the unreplicated sampling design. On 7 August, 2001 a miticide
(Kelthane [dicofol] at label rate) was applied by the grower to control European red mite.
Leaf trichome data for the sampled cultivars was collected from a separate leaf sample
using methods described above in September 2002, except for the cultivar Dechaunac
which had been removed from the vineyard. Data from Dechaunac vines in a PGRU
vineyard in Geneva, NY were included for comparison. The model developed with the
PGRU vineyard varieties was used to compare predictions for mean motiles based on leaf
morphology for Dresden varieties with trends in actual mite abundance at the commercial
Dresden vineyard. To compare predicted and actual Typhlodromus pyri densities, mite
abundance was standardized by subtracting the mean of predicted values or mean of actual
counts by year from all respective data points and plotted.
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Results
Leaf trichomes and predator abundance

Correlations among the six variables used to characterize leaf trichomes showed strong
associations consistent across years between (1) domatia size and domatia rank, (2)
blade and vein hair rank, (3) blade and vein bristle rank, (4) domatia rank and blade
bristle rank, and (5) domatia rank and vein bristle rank (Table 1). Composite measures
of the first two sets of correlated variables were developed to model the relationship
between individual leaf trichome traits (domatia and hair) and 7. pyri abundance.
Domatia size and rank were multiplied and are hereafter referred to as the domatia
index. Hair rank index was calculated by taking the mean of the blade and vein hair
rankings. Bristle rank index was not included in model development due to the high
correlation of bristle rank with domatia rank on both the leaf blade and veins (r = 0.89
and 0.84, respectively). Including both highly correlated variables into the regression
model introduces multicollinearity, a situation in which a redundant predictor variable
impairs the ability to estimate the effect of other variables and can make standard errors
of other estimated effects larger than if the redundant predictor is removed (Agresti
2002).

The initial full regression model was: log(motiles) = —0.824 + 2.584(domatia index) +
2.154(hair rank index) + 0.562(year) + 0.006(leaf area) — 0.907(domatia index by year

Table 1 Correlation coefficients (r) for 6 leaf trichome variables measured in year 2000 and 2001 from 12
grape varieties in the PGRU vineyard in Geneva, NY

Domatia Domatia Blade Vein Blade Vein
rank size bristle rank bristle rank hair rank hair rank
(domr) (doms) (blbr) (vnbr) (blhr) (vnhr)
Year = 2000
domr 1.00
doms 0.92 1.00
(0.0000)
blbr 0.89 0.69 1.00
(0.0001) (0.0129)
vnbr 0.84 0.62 0.91 1.00
(0.0005) (0.0315) (0.0000)
blhr —0.11 —0.25 0.24 0.05 1.00
(0.7297) (0.4350) (0.4592) (0.8782)
vnhr 0.04 —0.10 0.27 0.18 0.81 1.00
(0.8928) (0.7472) (0.4023) (0.5699) (0.0013)
Year = 2001
domr 1.00
doms 0.96 1.00
(0.0000)
blbr 0.80 0.77 1.00
(0.0030) (0.0061)
vnbr 0.85 0.85 0.97 1.00
(0.0009) (0.0008) (0.0000)
blhr —0.31 —0.46 —-0.25 —0.30 1.00
(0.3567) (0.1553) (0.4621) (0.3648)
vnhr —0.19 —0.38 —-0.19 —0.26 0.89 1.00
(0.5785) (0.2500) (0.5680) (0.4368) (0.0003)
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interaction) — 1.058(hair rank index by year interaction), % =0.888, P <0.001. Domatia
index (P < 0.001) and hair rank index (P < 0.001) were highly significant predictors of
T. pyri abundance. The hair rank index by year interaction was marginally significant
(P=0.096) at p <0.1. Year and leaf area were non-significant (P =0.211 and 0.101,
respectively). The objective of this work was to develop a model useful for predicting
abundance of T. pyri across years, and given the marginal significance of the hair rank
index by year interaction, the following simplified model was determined from the manual
stepwise, backward elimination linear regression procedure: log(motiles) = —0.079 +
2.600(domatia index) + 1.984(hair rank index), # = 0.815, P < 0.001.

Overall, mite densities were lower in 2001 than 2000. All of the phytoseiids identified
(306 in 2000 and 263 in 2001) were 7. pyri. In general, a low total trichome ranking (values
for scaled domatia index and scaled hair rank index each averaged over years and the two
values then added together) was associated with low predator numbers (Fig. 2). Model
predictions for the contribution of domatia index and hair rank index along with 7. pyri
abundance (Fig. 3) show that leaf trichome traits are reasonably consistent across years.
The exception was White Reisling for which the domatia index was considerably lower in
2001 than 2000.

Greater numbers of 7. pyri were found on varieties with well defined domatia, such as
Baco Noir and Sonona (Fig. 3). In contrast, hair rank index explained additional variation
in predator abundance not accounted for by domatia index. Catawba and Niagara Rose
each had a high hair rank index, little or no domatia, and relatively high numbers of T. pyri.
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Fig. 2 Mean Typhlodromus pyri motiles per leaf collected on 12 varieties of grape in the PGRU vineyard.

Relative total trichome (domatia and hair) ranking was calculated by adding together the values for scaled
domatia index and scaled hair rank index each averaged over the two years of the study
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Fig. 3 Natural log of the Typhlodromus pyri motiles per leaf collected on 12 varieties of grape in the PGRU
vineyard in 2000 and 2001 with predicted contribution of domatia index and hair rank index from model
parameter estimates. Filled circles represent the natural log mean motiles minus the constraint parameter from
the estimated model. Predicted contributions of domatia index and hair rank index are the scaled values (high-
est value equals 1) multiplied by the respective parameter estimate in the model

Several other varieties also had relatively high numbers of 7. pyri along with combinations
of both domatia and hair (Fig. 3). A second group of varieties (Ill 815-A, Marechal Joffre,
Seyve-Villard) was characterized by low domatia index, low hair rank index, and some of
the lowest numbers of phytoseiids. Trichomes of any type were almost entirely absent from
Dechaunac and very few T. pyri were found during sampling of this variety.

Commercial vineyard sampling

Leaf trichome measurements of the sampled cultivars (Fig. 4) showed that the cultivars
Baco and Elvira had relatively high domatia indices while Concord, Elvira, and Niagra had
hair-type trichomes present. Both domatia and hairs were almost entirely absent from
Dechaunac. Over two years of sampling at a commercial vineyard in Dresden, NY, there
were T. pyri present on all of the 5 cultivars except Dechaunac (Fig. 5). At the same time,
European red mite was present on Dechaunac alone, with red mite numbers decreasing
only after a miticide application (Fig. 5b). All 291 and 279 phytoseiids identified in 2000
and 2001, respectively, were T. pyri except for 2 in the year 2000 that were Neoseiulus
fallacis (Garman).
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Fig. 4 Leaf trichome characteristics (a) domatia index and (b) hair rank index for 5 grape cultivars sampled
in a commercial vineyard
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Fig. 5 Typhlodromus pyri and European red mite (ERM) per leaf from each of 5 grape cultivars in a com-
mercial vineyard in Dresden, NY in (a) 2000 and (b) 2001. The arrow in panel b indicates the application of
miticide by the grower to control ERM

Predictions generated from the above model and morphology data from Dresden grape
varieties were reasonably similar to the overall patterns of actual 7. pyri abundance data
(Fig. 6). Overall, the T. pyri density at the Dresden vineyard was lower than the density at
the PGRU vineyard. This difference in abundance is evident in the standardized values for
both Baco and Dechaunac (Fig. 6).

Discussion
The abundance of T. pyri on grape is strongly influenced by non-glandular leaf trichomes.
The highest levels of mite abundance were associated with greater domatia index values in

the common garden planting as seen in the varieties Sonona, Baco Noir, White Reisling,
Elvira and to a lesser extent Oberlin (Fig. 3); however hair-type trichomes were clearly
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Fig. 6 Model predictions and actual values for mean motile abundance per leaf in a commercial vineyard in
Dresden, NY in 2000 and 2001. To reduce variation in Typhlodromus pyri density, mite abundance was stan-
dardized by subtracting the mean of predicted values or mean of actual counts by year from all respective data
points

beneficial to T. pyri in the varieties Catawba and Niagara Rose that had a high hair rank
index and limited or no domatia. Varieties with leaves having few trichomes also have low
numbers of phytoseiids. The relationship between trichome abundance on leaves and
abundance of T. pyri is clearly positive and apparently non-linear (Fig.2). A similar
positive relationship between trichomes and mite abundance was observed at the
commercial vineyard in Dresden (Fig. 5). Cultivars like Dechaunac, lacking completely in
trichomes, seem to not provide adequate habitat for these phytoseiid predators.

The general consistency of leaf trichome type and density observed for a given variety
across the two years allowed development of a model with high predictive ability for
T. pyri abundance. The additive nature of the relationship between domatia index and hair
rank index suggests that the two types of trichomes in general can substitute for one another
in overall trichome contribution to 7. pyri abundance on a grape variety. The larger
parameter estimate for domatia index (2.600) compared to the estimate for hair rank index
(1.984) does, however, indicate that domatia index is somewhat more important than hair
rank index. Although bristle type trichomes were not explicitly included in the model and
may contribute to mite abundance, a variety with a high bristle rank index is very likely to
also have a high domatia index, thus permitting extension of this model to varieties with
different amounts of domatia, hair, and bristles.

These results on the population response of 7. pyri to trichomes on different grape varie-
ties and species are consistent with, and expand upon, findings of Karban et al. (1995)
where T. caudiglans was the dominant phytoseiid species. In the present study, domatia
index (product of domatia size and domatia rank) and hair rank index (average of vein and
leaf blade ranks) explained 81% of the variation in 7. pyri abundance over a two-year eval-
uation. In the earlier study, axil bristle rank (equivalent to domatia rank in our work), vein
hair rank, and shelf-form domatia, which we did not observe in the grape varieties in our
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study, explained 27% of variation in T. caudiglans in a 1-year study. Reasons for the differ-
ences in amount of explained variation are not clear, but the two studies did identify similar
leaf trichome traits as important, in particular, bristles and hairs along veins and tuft-form
domatia. In addition, as previously stated, our study indicates that hairs and domatia are
interchangeable with respect to 7. pyri abundance.

The general pattern of a positive association between leaf trichomes/domatia and abundance
of phytoseiid mites is robust, being found within and among numerous plant species in a
number of different biogeographic regions of the world (see reviews by Walter (1996) and
Romero and Benson (2005)). Despite this broad pattern, responses of phytoseiids are species
specific and appear sensitive to amounts and forms of trichomes in context with the arthropod
community, particularly intraguild predation (IGP) among phytoseiid species. As one example,
Seelmann et al. (2007) showed that the smaller Kampimodromus aberrans (Oudemans) is less
vulnerable to IGP from the larger phytoseiid Euseius finlandicus Oudemans on pubescent
leaves while the reverse is true for E. finlandicus. Observations in vineyard systems in Italy are
consistent with these results where the larger Amblyseius andersoni (Chant) is more likely to
become established in more glabrous varieties while the smaller 7. pyri becomes established in
more pubescent varieties (Camporese and Duso 1996, Duso and Vettorazzo 1999).

Persistence of predatory mites in or near the habitats of prey mites is important for long-
term effectiveness of a biological control program in many perennial plant species (Putman
and Herne 1964; McMurtry 1992; Duso 1992; Walde et al. 1992; Croft et al. 1995; Nyrop
et al. 1998). Phytoseiid species that leave a plant system in response to lack of prey must
recolonize plants to control outbreaks, creating a lag time in response that may lead to bio-
logical control failures, even for species that rapidly colonize. Generalist phytoseiids that can
reproduce on alternate food sources and survive adverse environmental conditions may not
respond quickly to rapid increases in prey numbers; however, their consistent presence in the
system generally prevents sudden increases in prey densities. The presence of leaf trichomes
appears to play an important role in promoting persistence of some phytoseiid species and
therefore may play a crucial role in the success or failure of biological control in perennial
crop systems. Indeed, the presence of trichomes for some generalist phytoseiid species is a
more important determinant of abundance than mite prey (Duso 1992; Karban et al. 1995;
Duso et al. 2003). Although un-replicated and correlative, our results from the commercial
vineyard are consistent with this hypothesis in that we only found significant ERM popula-
tions on the one grape cultivar lacking trichomes and this was also the one cultivar where no
T. pryi were observed. A similar pattern was observed in commercial apple orchards for
varieties that differed in trichomes (Downing and Moilliet 1967; Duso et al. 2003).

The relationship between leaf trichomes and 7. pyri abundance at the scale of single
vines in a garden planting appears to translate up into a similar effect in a commercial
vineyard. Moreover, trichome traits were mostly consistent from year to year within and
among grape genotypes. Taken together, these results indicate the potential to enhance
biological control of spider mites in grapes by 7. pyri through providing the necessary
trichome habitat. In the short-term, choice of cultivar is the best way to implement this
approach. Tuft-form domatia appear highly heritable (English-Loeb etal. 2002) and
therefore, in the long-term, it should be possible to breed beneficial trichome traits into
commercially acceptable varieties (e.g. Poppy and Sutherland 2004).
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