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Evidence of a high level of gene flow among apple trees
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Abstract The dispersal mechanism of the two-spotted spider mite Tetranychus urticae
Koch (Acari: Tetranychidae) could affect predator—prey population dynamics and the
spread of acaricide resistance. To investigate the propensity for spider mite migration in the
field, the genetic structure of spider mite populations was studied in two apple orchards
using five microsatellite markers. Adult female mites were collected from trees separated by
approximately 10—24 m along a line covering a distance of about 100 m. The genetic data
suggested that a high population density increased the migration rate among the breeding
colonies within a single tree. Spatial autocorrelation analysis suggested a positive genetic
structure in the first distance class within the two orchards, which might have been caused
by crawling or short-distance aerial dispersal. Meanwhile, mites may also have a large-scale
migration system that could cause a high level of gene flow and constrained isolation-by-
distance or genetic clines within the approximately 100-m range of the study sites.
Therefore, mites might aerially disperse over long distances on a scale of <100 m while also
taking shorter trips among nearby trees within a distance of 10-24 m in the apple orchards.

Keywords Aerial dispersal - Genetic structure - Microsatellites - Migration -
Two-spotted spider mite

Introduction

A key component in the population dynamics of herbivorous arthropods is the dispersal
ability among available host plants. Many herbivorous arthropods have winged adult stages
that can fly long distances in search of suitable host plants, but the wingless spider mites
generally must rely on crawling for their dispersal (Mitchell 1973; Alves et al. 2005).
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Crawling dispersal dictates shorter-scale migrations that are primarily adapted to the
location of food and for breeding colony expansion into uninfested areas with the same
plant (Hussey and Parr 1963; Kielkiewicz 1996). However, in addition to crawling, spider
mites can be carried by the wind to great heights (Coad 1931) and for long distances
(Smitley and Kennedy 1985, 1988; Lawson et al. 1996; Osakabe et al. 2005). Aerial
dispersal accelerates migration to uninfested crops (Smitley and Kennedy 1988; Grafton-
Cardwell et al. 1991) and may affect population dynamics within large-scale prey—predator
systems (Pels and Sabelis 1999). Aerial dispersion has also been associated with the
spreading of the acaricide resistance genes (Grafton-Cardwell et al. 1991).

The dispersal process used by a particular mite will typically depend on habitat conditions.
Degradation of habitat conditions such as an increase in population density or a decrease in
host quality increases the proportion of individuals that exhibit aerial dispersal behavior
under laboratory conditions (Li and Margolies 1993a). In field populations, degradation
conditions, increase in predator density, and application of acaricide accelerated aerial dis-
persal (Smitley and Kennedy 1988; Grafton-Cardwell et al. 1991; Margolies 1995). There-
fore, migration rates and mean dispersal distances associated with both crawling and aerial
mechanisms are expected to vary over time. Neutral genetic makers are useful tools for
investigation of complicated dispersal processes such as those observed in spider mites.

The two-spotted spider mite Tetranychus urticae Koch (Acari: Tetranychidae) is an
important cosmopolitan species that damages a large variety of plants including fruit trees,
vegetables, and flowers. Additionally, the two-spotted spider mite has acquired resistance
to many types of acaricides (Croft and van de Baan 1988), making this species a major pest
in greenhouses, crop fields, and fruit orchards (Bolland et al. 1998). A better understanding
of dispersal could be helpful for the successful management of mite populations by pro-
viding reliable estimates of population dynamics and the potential risk of spreading the
acaricide resistance genes (Grafton-Cardwell et al. 1991; Dunley and Croft 1992).

Using microsatellite markers, Uesugi et al. (2009) discovered that the level of genetic
differentiation was high both between and within rose beds in 7. urticae populations in a
greenhouse (22 or 27 m length). Gene flow was most likely to occur between neighboring
breeding colonies and the level of gene flow was too low, even within arose bed, to act against
genetic drift and homogenize allele frequencies. Hinomoto and Takafuji (1994) also found
limited of gene flow on strawberries among leaf populations, colonies recognized by a patch
of injured plants, and populations sub-divided by sections of a greenhouse. These studies
suggest that large-scale dispersal such as aerial dispersal contributes very little to gene flow in
a semi-enclosed greenhouse. However, gene flow due to mite dispersal has not been well
characterized in open field populations, despite the substantial numbers of airborne mites
seen in such locations (Boykin and Campbell 1984; Smitley and Kennedy 1988).

Therefore, in this study, we analyzed genetic structure using microsatellite markers
associated with individual tree populations of the two-spotted spider mite in apple orch-
ards. From our gene flow estimates, we discuss the migration of 7. urticae among trees in
an orchard.

Materials and methods
Study sites and mite sampling

During September 10-11, 2006, T. urticae female adults were collected from two apple
orchards, one in Susaka Town (site A: 36°40'N, 138°55’E) and the other in Azumino Town
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Fig. 1 Location of the apple orchard study sites A and B

(site B: 36°14'N, 137°51’'E), Nagano Prefecture, Japan (Fig. 1). Mite damage to apple trees
was more serious at site B as evidenced by the brown color of the abaxial surfaces of most
leaves caused by the heavy infestation. In contrast, at site A, such changes were not found
and the population density was relatively low (<1 female adult per leaf). Other potential
host plants for the mites were scarce in the orchards. Graminaceous weeds covered site A
and rice straw was spread at site B. However, stocks of white clover, Trifolium repens L.
(Fabaceae), which is a potential host, were scattered at site B. Other apple orchards with
similar environments were located around these sties.

At site A, trees were planted at intervals of 5-8 m in line and their branches did not
contact neighboring trees (Fig. 2). Therefore, mites were expected to migrate between trees
by crawling on the ground or by aerial dispersal. At site B, trees were planted at intervals
of 2 and 7.5 m within and between lines, respectively, and their branches were in contact
with neighboring trees in the same line (Fig. 2). Therefore, mites could also crawl along
the branches to the next tree. To exclude effects on gene flow of direct crawling dispersal
between trees, we selected trees for sampling along a diagonal transect (Fig. 2). Mites were
collected from trees separated by distances of 10-24 m along straight lines designated A—1
through A-7 at site A and B—1 through B-9 at site B (Fig. 2).

Approximately 50 leaves were randomly collected from shoots of each of a total of 16
trees. From these leaves 1-2 adult female mites per leaf were collected using a fine brush.
The mites were placed on kidney bean leaf disks of Phaseolus vulgaris L. (Fabaceae) prior
to the extraction of DNA.

Microsatellite analysis

DNA was extracted by the procedure of Goka et al. (2001). Five microsatellite loci were
chosen to analyze population structure. The primer pairs used for DNA amplification using
polymerase chain reaction (PCR) were Tulb16 (Navajas et al. 1998), TkMS015 (Nishimura
et al. 2003), TuCT04, TuCA1S8, and TuCA25 (Uesugi and Osakabe 2007). PCR amplifi-
cations were carried out with a TaKaRa PCR Thermal Cycler TP600 (TaKaRa Bio, Kyoto,
Japan) as follows: 3 min at 96°C, 32-38 cycles for 1 min at 96°C, 1 min at 52°C, and
2 min at 72°C, followed by 10 min at 72°C. The 20 pl reaction volume contained 0.4 uM
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Fig. 2 Seven trees from site A and nine trees from site B along straight lines were sampled for adult females
of Tetranychus urticae during September 10-11, 2006

of each primer, 0.25 mM of dNTPs, 10 mM Tris—HCI (pH 8.4), 50 mm KCl, 1.5 mM
MgCl,, 1 U of Taq polymerase (TaKaRa Ex Taq), and 1 pl of the DNA template solution
(approximately 1 ng/ul) prepared by the method of Osakabe et al. (2005). PCR products
were analyzed on an ABI 3130-200 Genetic Analyzer with Gene Mapper (Applied Bio-
systems, Foster City, CA, USA).

Analysis of genetic structure

We analyzed genotypic disequilibrium among five microsatellite loci for each tree popu-
lation using FSTAT software (Goudet 2001). The heterozygosities were determined within
each site (Ht) and within each tree (Hs). In addition, we calculated average allelic richness
(rg; El Mousadik and Petit 1996), and the number of different alleles found when sampling
‘g’ genes using POPULATIONS version 1.2.28 (Langella 2002). We fixed the sample
number in each population to 20 genes, namely ten mite samples, when calculating allelic
richness (). The fixation index (Fis) of each tree population was calculated and the
deviation of Fis from Hardy—Weinberg equilibrium was tested by applying 1,000 per-
mutations of alleles among individuals using FSTAT software (Goudet 2001).

FSTAT version 2.9.3 (Goudet 2001) was also used to evaluate heterozygosity deficiency
(f) to determine whether mites were panmictic within a tree (Weir and Cockerham 1984).
The level of genetic differentiation among tree populations 6 was quantified using FSTAT
version 2.9.3 (Goudet 2001). The 95% confidence intervals for f and 0 were computed by
applying 1,000 permutations of the genotypes using FSTAT version 2.9.3 (Goudet 2001).

We used a cluster analysis to investigate the genetic relationships among mite popu-
lations on individual trees. The genetic distances between pairs of mite populations from
the same tree were estimated by the Cavalli-Sforza and Edwards’ (1967) chord distance,
Dc. The resulting distance matrix was used to construct dendrogram with the UPGMA
algorithm. These were computed using POPULATIONS version 1.2.28 (Langella 2002).

For analysis of isolation-by-distance (Wright 1943), we compared Fst/(1 — Fgr) with
the spatial distance of each quadrat population (Rousset 1997) using a Mantel test (1,000

@ Springer



Exp Appl Acarol (2009) 49:281-290 285

permutations) in GENEPOP (Raymond and Rousset 1995). The isolation-by-distance
means decreased with genetic similarity among quadrat populations as the spatial distance
between them increased.

Pair-wise genetic distance among individuals was calculated using the method descri-
bed by Smouse and Peakall (1999) with GENALEX version 6 (Peakall and Smouse 2006).
The pairwise spatial distance was also calculated among individuals from different trees.
Using the genetic distances, spatial autocorrelation analysis was performed with the cor-
relation value r using GENALEX version 6 (Smouse and Peakall 1999; Peakall and
Smouse 2006) to examine the effect of gene flow on genetic structure within each site.

Results

We determined the genotypes of 164 mites collected from seven trees at site A and
217 mites collected from nine trees at site B. Significant genotypic disequilibria were
detected only between TkMSO015 and TuCT04 in population A—1, and between Tulb16 and
TuCA25, and TkMS015 and TuCTO04 in population A-7, (P < 0.05 after Bonferroni cor-
rection). Therefore, the effect of genotypic disequilibrium among the five microsatellite loci
on genetic structure was minor in these populations. Allelic richness (r,¢), heterozygosity
within a site (Ht) and heterozygosity within a tree (Hs) were similar between sites
(Table 1). The mite population within a tree was not panmictic because the 95% confidence
intervals of heterozygote deficiency (f) did not include zero at both sites (Table 1). This was
probably caused by the Wahlund effect because spider mites rarely crawl over a structured
habitat such as branches (Hussey and Parr 1963; Osakabe and Komazaki 1999) and tend to
create numerous small breeding colonies on a single plant (Hinomoto and Takafuji 1995).
Significant (P < 0.05) heterozygote deficits were found in all of tree populations of site A
and 4 of 9 populations of site B (Table 2). In addition, the f value was higher at site A
(0.328) than at site B (0.078; Table 1). Therefore, the level of genetic differentiation among
breeding colonies within a tree was probably higher at site A than at site B.

Genetic differentiation among trees (0) was positive; 0 = 0.028 (0.012-0.047, 95% CI)
at site A, 0 = 0.012 (0.000-0.020, 95% CI) at site B, and 60 = 0.039 (0.035-0.045, 95%
CI) among all 16 tree populations (Table 1), suggesting that there was a certain level of
limitation in mite migration and complete genetic homogenization was prevented within a
scale of studied sites.

The relationship between spatial location and place in the UPGMA dendrogram of mite
population from on individual trees was not clear within sites A and B, although the
dendrogram identified distinct genetic differences between sites (Fig. 3). The correlation
between Fst/(1 — Fgr) and spatial distance was not significant at either site A (Mantel

Table 1 Indices of genetic diversity and differentiation of apple orchard populations of Tetranychus urticae
in five microsatellite loci

Site Number n ra0 Hr Hg f 0

of trees
A 7 164 4.25 0.649 0.632 0.328 (0.283-0.388) 0.028 (0.012-0.047)
B 9 217 4.37 0.630 0.623 0.078 (0.027-0.110) 0.012 (0.000-0.020)

750, allelic richness fixed to 20 genes per tree and locus; Ht and Hs, heterozygosities within a site and a tree,
respectively; f and 6, heterozygosity deficiency and level of genetic differentiation among mite population of
individual trees, respectively, with numbers in parentheses indicating 95% confidence intervals
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Table 2 Departures from Hardy—Weinberg equilibrium tested for the different sites of Tetranychus urticae
populations of individual apple trees using five microsatellite loci

Tree ID A-1 A-2 A-3 A4 A-5 A-6 A-7

(site A)

Fis 0.401 0.406 0.255 0.363 0.308 0.273 0.279

P >0.001 >0.001 >0.001 >0.001 >0.001 >0.001 >0.001

Tree ID B-1 B-2 B-3 B4 B-5 B-6 B-7 B-8 B-9
(site B)

Fis 0.116 0.008 0.084 0.106 0.010 0.029 0.145 0.111 0.061
P 0.022 0.480 0.098 0.048 0.459 0.340 0.008 0.035 0.153

The P values are based on the null hypothesis of no heterozygote deficit

Fis, Fixation index
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Fig. 3 UPGMA dendrogram of Tetranychus urticae populations of apple trees based on the pair-wise
Cavalli-Sforza and Edwards’ chord distance, D¢ (five microsatellite loci)

test, P = 0.191) or site B (Mantel test, P = 0.307). Therefore, a genetic cline or isolation-
by-distance was not detected among mite populations at either site.

The multiallelic correlograms for spatial analysis demonstrated a low level of positive
autocorrelation in the first distance class at both sites (Fig. 4). In other words, individual
mites inhabiting trees separated by 10-24 m were more likely to share similar alleles than
individual mites on trees separated by greater distances. In addition, correlation values ()
decreased from the first to the second distance class at both sites, suggesting significant
genetic structure at less than the distance of the second class. These results suggest that the
migration rate was relatively high among nearby trees while the range was less than the
distance of second class. Negative r values were detected at more than the distance of
second class, particularly in site A. Therefore, mites could also have different migration
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Fig. 4 Multiallelic correlograms (solid lines) with 95% null hypothesis confidence regions (dotted lines) of
no genetic structure in tree populations of Tetranychus urticae in site A and site B. Distance measure was by
order of tree location (10-24 m). Vertical bar indicates 95% confidence intervals of the r values that were
determined by bootstrapping

system in more than the distance class. However, the spatial genetic autocorrelations were
low for all distance classes (r < 0.02) including the first distance class at both sites; the
95% confidence intervals of the r values did not exclude the null hypothesis of no genetic
structure (Fig. 4). Therefore, a level of gene flow might be relatively high over long
distances of <100 m, resulting in no genetic structure among mite populations of distant
trees on the scale of studied sites.

Discussion

In our study, 7. urticae had a significant positive autocorrelation within a short range (first
distance class, 10-24 m) in the two apple orchards, which could be the result of frequent
the migration between nearby apple trees. In a semi-enclosed greenhouse habitat, the
typical crawling dispersal mechanism characteristic of most mites, which results in the
short range migration and consequently the fine-scale genetic structure such as isolation-
by-distance or genetic cline, appeared to be dominant (Uesugi et al. 2009). At the study
sites, fine-scale genetic structure could have also been the result of crawling among the
ground or short trips by aerial dispersal between apple trees, or both. However, we did not
detect isolation-by-distance or a genetic cline among tree populations, suggesting frequent
migration over distant trees on the scale of studied sites (<100 m). These patterns may
indicate the use of different dispersal mechanisms or different patterns of aerial dispersal;
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that is, mites may frequently migrate long distances while also taking relatively short trips.
However, large-scale migration cannot be explained by typical crawling dispersal.

One possibility is that an aerial dispersal mechanism largely contributed to the gene
flow among apple tree populations in the two orchards. Aerial dispersal of T. urticae has
been observed by aerial traps in open field habitat (Boykin and Campbell 1984; Smitley
and Kennedy 1988; Grafton-Cardwell et al. 1991). Substantial numbers of airborne mites
could successfully migrate between trees via wind in an orchard and could contribute to
gene flow among apple trees on a large scale. Another possibility is that the mite popu-
lations of individual trees we analyzed could have been colonized by the same population
source from an alternative host. In fact, the two-spotted spider mite often moves from
alternative adjacent host plants (Grafton-Cardwell et al. 1991; Morishita 1992, 1997).
However, this explanation appears to be less likely because we did not find an alternative
host within and around the orchards that could have provided a habitat for a source
population. Further study of population genetics is necessary to confirm which dispersal
mechanisms contributed to high levels of gene flow among mite populations of individual
trees.

The large-scale gene flow in the open field habitats could be the result of adequate wind
velocity required for takeoff and subsequent aerial dispersal. In fact, the mite appears to
require some minimal wind speed, 1.5 (Smitley and Kennedy 1985) or 3 m/s (Osakabe et al.
2008), for aerial dispersal, which is rare in semi-closed habitats such as greenhouses.
Additionally, other factors such as humidity, migration of predators from surrounding
vegetation, selection pressure by acaricides, and seasonal changes in host quality might be
responsible for the difference in frequency of large-scale dispersal between semi-closed and
open habitats (Margolies and Kennedy 1988; Li and Margolies 1993a, b; Margolies 1995).

As population density increases, the level of population subdivision caused by crawling
dispersal decreases, because female adults are apt to disperse more frequently (Mitchell
1973). In addition, breeding colonies that were initially isolated become connected by
increased population density (Hinomoto and Takafuji 1995; Uesugi et al. 2009). Such a
relationship between genetic differentiation and population density has been observed in
confined greenhouse environments (Hinomoto and Takafuji 1994; Tsagkarakou et al. 1997,
1998, 1999; Navajas et al. 2002). Our data showed that the heterozygote deficiency within
an individual tree was lower at site B, which was characterized by much more overall mite
damage. This result may also provide the evidence that higher population densities are
correlated with higher migration rates among breeding colonies within an individual apple
tree.

The high frequency of migration can result in spreading of pesticide resistance genes
and accelerate the development of resistance over a large area (e.g., Caprio and Tabashnik
1992; Chevillon et al. 1999; Endersby et al. 2006; Martinelli et al. 2007). In this study,
gene flow was frequent over a range of at least 100 m, in which acaricide resistance will
easily expand. In the future, we propose to investigate the limitations for large-scale
migration of the spider mite and its contribution to gene flow of acaricide resistance in
orchards. Such knowledge could provide successful management strategies pertaining to
acaricide resistance.
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