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Abstract

The present study examined whether the mutualistic relationship between the aphid Tuberculatus quercicola (Matsumura)
(Homoptera: Aphididae) and the attending ant Formica yessensis Forel (Hymenoptera: Formicidae) has had any mutual
effects on the microgeographical genetic population structure of both partner species. The aphids and the attending ants
were collected in June, August, and October 2004 from six trees of the Daimyo oak Quercus dentata Thunberg (Fagales:
Fagaceae) and were genotyped using microsatellite loci. Significant genetic differentiation was detected among 7.
quercicola populations on the respective trees across seasons (an average of pairwise Fsr = 0.183). Similarly, significant
genetic differentiation was found among populations of F. yessensis that attended aphid colonies on the respective host
trees, though the averages of pairwise Fy were lower (an average of pairwise Fy;r = 0.070). An analysis of molecular
variance and two-way ANOVA detected a significantly large genetic difference between spring and summer samples in
I yessensis but not in 7. quercicola, indicating that changes in genetic composition occurred in the F. yessensis colony. In
spite of a drastic seasonal change in the genetic difference in F. yessensis, principle coordinate analysis showed that the
relative position among the six populations was maintained from spring to summer, suggesting that the tree where
honeydew was available for a long time was occupied by F. yessensis over the same period and that the honeydew sources
were inherited at the level of the ant colony. It is hypothesized that the suitability of host trees for the aphid 7. quercicola
may have an affect on the genetic structure of the attending ant F. yessensis. Within a colony of aphids, clonal diversity
decreased significantly as the season progressed. The reduction in clonal diversity may be due to an increase in identical
genotypes by parthenogenesis or selective pressure from host plant deterioration.
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Introduction

Mutualisms are reciprocal interactions in which one part-
ner performs some beneficial services to its associate and
receives some reward from the associate (Bronstein
1994). When mutualistic associations are found in a com-
munity, the foundation of populations of one partner spe-
cies can be highly influenced by those of the associated
species. However, the initiation and maintenance of mu-
tualism are not only affected by the interactions between
the partners, such as distribution or genetic variation
among species, but also by the physical environments.
These factors acting on both partners determine the dis-
tribution of mutualism in a community and whether the
mutualism is constant or ceases to exist in the course of
time. Recently, attempts to understand the genetic inter-
action between organisms in association with their genet-
ic structure have provided a framework for ‘community
genetics’, which integrates population genetics and com-
munity ecology (Antonovics 1992; Neuhauser et al. 2003;
Whitham et al. 2003).

Mutualism between aphids and ants has been widely
studied in evolutionary ecology (Way 1963; Stadler and
Dixon 2005) and may be a good model for understand-
ing community genetics. Aphids feed on phloem sap cir-
culating in the vascular system of a plant and excrete
honeydew, a liquid waste-product rich in sugar, but poor
in amino acids. Honeydew plays a critical role in the mu-
tualistic interactions between ants and aphids. Attending
ants collect honeydew directly from aphids. The aphids,
in return, benefit from the protection offered by the ants
against natural enemies and the fungal pathogens that
grow on their excretion.

The Daimyo oak, Quercus dentata Thunberg (Fagales:
Fagaceae), was a dominant tree species in the sampling
location, which was a grassy open site running parallel to
the seashore and acting as the transition zone from sandy
coast to oak forest. In late spring, larval fundatrices of the
aphid 7. quercicola hatch on the trunk from over-wintered
eggs and move to the underside of developing leaves. 7.
quercicola does not alternate host plants during its life his-
tory. During the summer, all nymphs of the aphid devel-
op into alate viviparous females, which produce offspring
parthenogenetically. In autumn, alate males and apter-
ous oviparous females appear. After mating, oviparous
females move from the leaves to the branches to deposit
eggs. The ant F. yessensis is known to have super colonies
comprising thousands of nests containing about 360 mil-
lion workers and over a million queens along the Ishikari
coast, Hokkaido, northern Japan (43°N, 141°E) (Ito
1973). The annual cycle of colony activities and develop-
ment of nest structure with some environmental pheno-
logy were reported by Ito (1973). Extra-nest activities by
post-hibernating workers begin in mid-April just after
thaw. Full-scale activity starts in late May when honey-
dew becomes available. Budding of new ant colonies

occurs generally from May to July. New sexuals, pro-
duced in a limited number of nests, emerge in late July to
early August and leave the nest for nuptial flights in early
August. New workers emerge slightly after the sexuals in
late July to mid-September. Extra-nest activities drop in
mid-September to early October and virtually cease in
November. In accordance with the observation by Ito
(1973), the number of ants attending aphid colonies in-
crease until late June, followed by a decline by late July.
Thereafter, the number of ants in aphid colonies sharply
increases in abundance again (Yao unpublished observa-
tions). Experimentally excluding ants from aphid colonies
always resulted in extinction within a month, indicating
that the aphids strongly depend on the ants for protection
against natural enemies (Yao et al. 2000).

Such a mutualism, however, does not always occur since
not all Q. dentata trees are suitable for aphids and not all
aphid colonies last until autumn. These are mainly due to
the sensitivity and specificity of aphids for host plants.
Thus, it can be hypothesized that the formation and
maintenance of this mutualism is affected by the differ-
ence in susceptibility of host plants for aphids, differences
in predation pressures among host plants, and the sea-
sonal changes in host plant quality (Yao 2004). Q. dentata
individuals that can support many aphid colonies
throughout seasons would be important resources, not
only for aphids, but also for the attending ants. If honey-
dew produced by 7. quercicola residing on certain trees is
an available resource across all seasons, locating a colony
near the tree would be advantageous for F. yessensis.
Therefore, the interaction with aphids is inherited at the
ant colony level. If a honeydew-foraging area is inherited
by an ant colony from season to season, genetic similarity
should be detected between old and new F. yessensis work-
ers across seasons on a single host tree. To test this hypo-
thesis, it is most appropriate to genotype individuals us-
ing high resolution microsatellite markers because it is a
co-dominant marker and can detect a large number of
alleles along with a simple pattern of Mendelian
inheritance.

To understand the broader significance of community
evolution, it is necessary to show that, under natural con-
ditions, selection acts on genetic differences at a com-
munity level (Whitham et al. 2003). Since viviparous
aphid females propagate parthenogenetically over the
summer, most aphids within a colony are assumed to be-
long to a clonal group. Recently, several studies using ge-
netic markers have revealed that a number of different
clones were contained within a single aphid colony
(Setzer 1980; Abbot et al. 2001; Johnson et al. 2002),
which points to the possibility that uneven fitness occurs
through altruistic behavior within an aphid colony.
Therefore, estimating the clonal diversity within a single
aphid colony will provide helpful information in under-
standing the evolution of multi-level selection. In order to
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determine the genetic structure of aphid-ant mutualism,
especially the degree of clonal mixing within a single aph-
id colony, a single sampling 1s insufficient because season-
al deterioration in host plant quality also affects the
maintenance of the mutualism. As almost all aphid spe-
cies are entirely dependent on the phloem sap, seasonal
deterioration in host plant quality is a crucial factor af-
fecting their survival and reproduction (Awmack and
Leather 2002). The concentrations of nitrogen and car-
bohydrates in phloem sap are high in spring and autumn
when leaves are growing or senescent and low in summer
when leaves are mature (Dixon 1970). Through seasonal
deterioration in phloem sap, plants may reallocate nutri-
tion to a limited number of parts, resulting in a resource
variation within the same plant. This within-tree vari-
ation may be responsible for dispersal of aphids and
changes in the genotypic diversity within aphid colonies.

In the present study, we examined the genetic structure
of both partners in the aphid-ant mutualism, focusing on
the following three specific questions: (1) what is the ex-
tent of genetic differentiation among host trees colonized
by aphids for both species, (2) whether genetic similarity
on a single host tree for both species is maintained
between two consecutive seasons, and (3) whether the
level of clonal mixing within 7. quercicola colonies change
seasonally.

Materials and Methods

Study area and studied species
The aphids and ants were collected on dunes on the Ishi-

kari Coast. The dunes were covered by the dominant
species Muscanthus sinensis (Hitchc.) Ohwi, Rosa rugosa
Thunberg, Celastrus orbiculatus Thunberg, and Carex
kobomugi Ohwi. Although many Q. dentata were distrib-
uted widely throughout the study area, a few oak trees on
which the mutualism between 7. quercicola and F. yessensis
lasts until autumn have been observed over nine consec-
utive years from 1995 to 2003. Such trees are never
found in the adjacent oak forest, perhaps because F. yes-
sensis needs an open site for nest development. The nests
near an oak tree are recognizable because their surface
has mounds consisting of decayed stalks, blades and hulls
of M. sinensis. Six trees (on average 3.1m tall), on which
the mutualism occurred in every year were selected for
the monitoring of the seasonal changes in the genetic
structures of aphids and ants on each tree. With this
monitoring, it is possible to determine whether the initial
differences in the population structures between host
trees are maintained across seasons. The location of each
tree is shown in Figure 1.

Collection of aphids and ants

A preliminary study showed that the aphid population
grew exponentially until August, followed by a steep de-
cline by late September. Thereafter, the population

increased in density again (Ito and Higashi 1991; Yao
2004). Aggregations of 1. quercicola along the midrib of
the upper or lower surface of a single leaf of Q. dentata
were defined as a colony. The number of aphids and at-
tending ants per aphid colony were counted before col-
lection (N in Table 1). Collection was conducted three
times: (1) Ist to 4th June 2004, hereafter referred to as
spring samples and corresponding to population founda-
tion by the first generation, (2) 31st July 2004, hereafter
referred to as summer samples, and (3) 12th October
2004, hereafter referred to as autumn samples, which
consisted of the oviparae and winged males. Four to eight
aphids and two to five attending ants were collected from
a single aphid colony. Two to eight colonies of each of
the six trees were sampled three times through the sea-
sons in 2004. The sample sizes of the three subsets were
as follows: for the spring sample, a total of 33 colonies av-
eraging 5.4 = 0.7 SD aphids and 3.8 £ 1.0 SD ants
(corresponding to 69% and 78% of the total number of
aphids and ants per aphid colony, respectively); for the
summer sample, a total of 43 colonies averaging 7.1 £
1.0 SD aphids and 4.3 + 0.6 SD ants (corresponding to
33.3% and 56.4% of the total number of aphids and ants
per aphid colony, respectively); for the autumn sample, a
total of 32 colonies averaging 7.7 £ 0.8 SD aphids and
2.6 £ 0.8 SD ants (corresponding to 43.9% and 78.7% of
the total number of aphids and ants per aphid colony, re-
spectively). No colonies were found in two trees (trees 5
and 6) in the autumn, probably due to the deterioration
in host plant quality. All aphid colonies collected are lis-
ted in Table 1. The aphids and attending ants collected
were stored in acetone (Fukatsu 1999) and held at —20
°C prior to the experiment.

Microsatellite analysis
To extract DNA, the whole aphid or hind femur of an
ant was used. Genomic DNA was extracted following the
Chelex procedure (Walsh et al. 1991), and resuspended
in 15 p"l of TE (10 mM Tris-HCI, 1 mM EDTA, pH 8).
Five microsatellite loci were used to examine the geno-
types of individual 7. quercicola (Tqld, Tql7, Tql8,
Tq23, and Tq26; Yao et al. 2003) and F. yessensis (Fy3,
Fy4, Fy7, and Fyl5; Hasegawa and Imai 2004, and
FL12; Chapuisat 1996). Because many stutter bands
emerged in some 7. quercicola individuals amplified by
Tq23, the design of the forward primer was changed to
5-TCACACGCGCATACGATATT-3".

primers were labeled with Beckman Dye fluorescence

Forward

(Proligo). The polymerase chain reaction (PCR) amplific-
ations and determination of allele sizes for both species
were the same as described in Yao et al. (2003) and
Hasegawa and Imai (2004).

Analysis of genetic data

Individuals with a failure in PCR amplifications, four for
1. quercicola and 10 for F. yessensis, were excluded from all
analyses. Because clonal reproduction in aphid popula-
tions probably leads to deviations from the Hardy-
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Weinberg equilibrium and linkage disequilibrium, all treated as the dependent variable, while seasons (spring-
analyses except for clonal mixing analysis were carried summer and summer-autumn) and trees were treated as
out using only one aphid per genotype (Sunnucks et al. independent variables. The interaction between trees and
1997). Only a few individuals with an identical genotype seasons failed to be included in the ANOVA because of
were detected in the ant populations; this allowed us to the lack of data from Trees 5 and 6 in the autumn. The
use the complete dataset of ants for genetic analyses. Fg; value was transformed to arcsine square-root in order

to satisfy the requirement of normality. Furthermore, to
The number of alleles, allele frequencies, and heterozy- examine the microgeographical and seasonal genetic sim-
gosity for the populations of the aphids and ants were cal- ilarities among populations on the six trees, principal co-
culated using the Microsatellite analyzer (MSA) 4.00 ordinate analysis (PCO) (Gower 1966) with PCO 2.0
(Dieringer and Schotterer 2002). The gene diversity (%) of (Iwata 2005) was used.
each microsatellite locus was calculated using the
equation, Although the information that samples of both species
h=2n(1 —ZXE)/(ZH—]) was collected from six different trees and their genotypes
where 7 is the number of individuals examined and x; is were .disti.ngui’shed individually, which gives a measure of
the frequency of the M llele across all genotypes (Nei genetic 'leCI‘Slty per tree, the actual extent of assembla.ge
and Roychoudhury 1974), of individuals characterized by a set of. allele frequencies
at each locus across all trees or seasons is not clear. Thus,
Linkage disequilibrium between loci and departure from dividir}g the total sample i.nto ?lusFers ofindividual§, cach
the Hardy-Weinberg equilibrium at each locus were of which fits some genetic 'CrltCHOIl that defines it as a
tested using the Fisher’s exact probability test with a se- sroup, Woul,d Prowde an cstimate of the number of biolo-
quential Bonferroni correction for multiple comparisons gically realistic S}lbpopulatlons (Pearse and. Crandall
(Rice 1989) in Genepop (http://genepop.curtin.cdu.au/) 2004). The potential existence oij K subpopulat.lons across
(Raymond and Roussct 1996). Fhe study area was addressefi using the Bayesian cluster-
ing approach implemented in the software Structure 2.0
Differences in genetic structure between (http://pritch.bsd.ucbicago.edu/software/struc-
trees and between seasons ture2_beta.html) (Pritchard et al. 2000; Falush et al.
An analysis of molecular variance (AMOVA; Excoftier et 2003). We conducted two analyses. to det.ermme the 'ef-
al. 1992) was conducted using Arlequin version 2.0 fect of seasons on the suk.)populatlons. First, the .entlre
(Schneider et al. 2000) to partition the genetic variation Flata set with t.he information on Scasons not considered
into components attributable to differences among the n th.e calculation was analyzed w1th assumed values of K
specified hierarchical groups (FCT), among populations ranging from one to 11 for T. quercicola and from one to
within hierarchical groups (FSC), and within populations six for F. yessensts. S(?cond, the data set was analy.zed each
(FST). Three criteria were used to calculate the genetic season separately Wlth assumed values of K ranging from
variation. First, the genetic variation was calculated for one to 10 for 7. quemcola' and from one to five for £. yes-
among trees, among colonies within trees, and within SENStS. A_S recommended in the m;?nual for the sgftware,
aphid colonies. Second, the genetic variation was calcu- an admixture n?odel was chosen with .the assumption Fhat
lated among seasons, among trees within seasons, and allele frequencies were 1ndepend§nt in eaclh populatl.o.n.
within trees. Third, the genetic variation was calculated .FOY the selected model, the Bayesmn posterior probabth-
among seasons, among aphid colonies with seasons, and 1es were calculated as an estimated Pr(X|£), where indi-
within aphid colonies. In addition to AMOVA, pairwise ~Vvidual genotypes are assigned to a predefined number of
Fy with a sequential Bonferroni correction for multiple Clus'ters (R) in a given genotype'(X). T'he program was run
comparisons was calculated using MSA 4.00 to examine setting the lengt.h O_f the burn-in pe?rlod and the numb%r
the genetic differences among trees divided by seasons. of MCMC replications af'ter burn-in at 30,000 and 107,
Relationships between genetic differentiation and geo- respf.:ctlvely, and a maximum value of InP(X[A) was
graphical distance separating trees (isolation by distance) obtained.
were examined in each season using Isolde in Genepop. . L.
Isolation by distance was tested with a Mantel procedure S.easonal Ch_anges in clonal mixing in T. quer-
(10 000 permutations) by correlating pairwise Fg with cicola colonies .
the natural logarithm of the straight-line distance (m) The numbers of genotypes of aphids per season per tree
between pairs of trees. per colony and per tree were calculated using the
Groups/Summary command in the statistical software
In order to examine whether the genetic differences package.JMI.’ 5.0.1] @AS 2002). The (flopal diversity of
among host-associated populations, if any, vary season- 1. quercicola in an aphid colony and within a tree were
ally for both the aphids and ants, F, values were ana- calculated using s = G/n (Llewellyn et al. 2003), where G
lyzed with two-way ANOVA model in which Fy is the number of different genotypes in an aphid colony
between two consecutive seasons on each tree was and 7 is the number of individuals examined.
Additionally, the Shannon-Wiener (S-W) diversity index
Journal of Insect Science | www.insectscience.or: 4
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Grass land

An oak forest

The Ishikari coast

/

Figure 1. Distribution of trees used in the present study. Tree height (m) is given in parentheses. Distances among
trees (m) are given as an actual measurement (solid line) and estimated measurement (broken line) of aerial photos.

(H) with the binary logarithm was used to determine with JMP 5.0.1 J. The G/n ratio was transformed to

clonal diversity as follows: arcsine square-root in order to satisfy the requirement of
g ) normality. Welch statistics was used in testing ANOVA
H=- zp iln pi because of its robustness against violations of

- assumptions.

where G is the number of clones and pi the proportion of
individuals in the sample that belong to clone i. The ef-
fects of seasons and host trees on the clonal diversity in a
colony (s and H) were tested using a two-way ANOVA
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Table 1. Collection data for the aphid Tuberculatus quercicola and the ant Formica yessensis from the oak tree Quercus dentata.
1-4/June/04 31/)July/04 12/October/04
T':e N n G s | s-w N n G s | s-w N n G s | s-w
| |8 colonies | 46731 | 41731 | 0.9/1 55'30/ 8 colonies | 57/33 | 35/33 | 0.6/1 ‘:‘:)/ 8 colonies | 64/16 | 42/16 |0.7/1 i‘f.’
16/12 6/4 6/4 | 262 26/7 8/5 55 | 061 | 2223 152 812 82 | 1 | 3
8/4 5/4 5/4 | 232 39/11 6/4 54 | 081 | 231 2712 812 g2 | in | 3n
226 7/4 7/4 | 282 57/13 813 63 | 08/1 |24/1.6 152 812 72 | o9n | 281
17/7 6/4 6/4 | 262 56/11 8/4 6/4 | 081 | 251 212 812 82 | | 3
13/9 6/4 6/4 | 262 36/13 8/5 55 | o6/l | 223 2502 812 82 | in | 281
20/10 6/4 6/4 | 262 10/9 6/4 6/4 | 2612 28/3 81 62 | o8 | 251
8/4 5/4 5/4 | 232 42/14 8/4 714 | o9n | 281 30/4 812 w o3|
6/4 5/3 5/3 | 2306 15/9 5/4 44 | o8l | 1912 172 812 32 |o4n | Lin
2 | 8 colonies | 44728 | 35/29 | 0.8/1 | 5/4.9 | 6 colonies | 36724 | 28/24 | 0.8/1 1;77/ 8 colonies | 64/23 | 30/23 |0.5/1 ‘:55/
6/3 512 512 | 2310 18/5 5/4 44 | osn | 1912 12/4 812 w2 | o031 | o5/
6/3 5/3 5/3 | 2306 18/6 6/4 6/4 | 262 18/3 83 73 | 091 | 28116
713 5/3 5/3 | 2316 19/9 7/4 54 | 071 | 2212 1213 83 63 |08/ | 2416
713 6/3 6/3 | 2606 25/6 6/4 6/4 | 262 25/4 812 62 | o8 | 251
6/4 5/3 5/3 i |23n6| s410 7/3 43 | o6l | 1714 13/4 8/4 34 |04/l | 1312
14/6 7/4 6/4 | 091 | 251 40/8 5/5 5/5 | 2323 22 812 32 | o4n | 131
11/6 5/5 5/5 | 2323 15/5 83 43 |osn | 1816
10/4 6/5 6/5 | 2623 28/8 8/4 54 |06/l | 22
3 |5 colonies| 28718 | 23/18 | 0.8/1 ‘;'42/ 8 colonies | 64/37 | 32/37 ‘:;59/ 45‘6|/ 8 colonies | 52/20 | 18/20 | 0.4/1 ‘2‘05/
8/5 5/3 33 | 06/ | 1516 24/6 8/4 44 | osi | 1812 713 3/0 20 |[07/0 | 090
20/11 7/5 7/5 i |2823] 33110 8/5 75 | oon | 2823 16/3 83 23 |03/ |osi16
5/4 5/4 4/4 | 1en3 | 3410 8/5 8/5 | 323 19/5 812 42 |osn | 1sn
9/4 6/4 6/4 | 262 43/10 8/5 75 | 091 | 2823 8/4 62 32 | o5 | 13
512 512 512 | o230 59/19 8/5 35 | 041 | 14123 16/7 8/5 35 | 04/1 | 1523
23/9 8/4 54 | 06/l | 2212 5/4 5/3 43 |osn | 1916
34/9 8/4 34 | 041 [ 14019 10/6 612 52 | o081 [ 2311
4716 8/5 65 | 081 |2423 26/6 83 23 o3| e
4 |2colonies| 9/8 | 7/8 |o0.8/1 23'63/ 8 colonies | 55/31 | 34/31 | 0.6/1 45":)/ 8 colonies | 64/20 | 26/20 | 0.4/1 1.02/
8/5 5/5 35 | 06/l | 1423 4513 8/4 6/4 | 081 | 251 2713 83 62 |08/ | 24116
6/5 413 413 | 21e 44/15 8/4 714 | o9n | 281 30/5 812 42 |osn | 1sn
28/18 6/4 44 | o7n | 1812 18/3 83 33 |04/ | 13716
15/9 713 53 | 071 |2216| 434 812 72 | o9 | 280
13/7 6/4 6/4 | 262 40/4 8/4 714 | o9 | 2812
13/11 6/4 44 | o7n | 1812 2812 812 42 |osn | 1sn
23/7 7/4 54 | 071 | 2212 2812 812 42 |osn | 1en
35/10 7/4 24 | 031 | 0612 4802 812 62 | o8/ | 24/
5 |8 colonies | 40728 | 28728 | %7/ | 4%/ |g colonies | 58736 | 21736 | 0.41 | +%/
09 | a7 5.1
6/10 5/4 5/4 | 236 82/9 7/5 35 | 041 | 1423
7/10 62 42 | o711 | 260 19/6 8/4 24 | 031 | 08n2
6/5 512 42 | o8 | 1o 34/7 8/5 75 | oon | 2823
5/5 5/5 5/5 | 2323 28/5 6/5 6/5 | 2623
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Table | (cont.)
| 1-4/June/04 31/July/04 12/October/04
T;ee N n G s S-w N n G s S-W N n G s S-wW
9/5 5/3 4/3 0.8/1 1.9/2.3 25/8 8/4 6/4 0.8/1 2.5/2
6/5 4/5 4/5 1/1 2/2.3 12/5 7/5 1/5 0.1/1 0/2.3
5/5 5/4 4/4 0.8/1 1.9/2.0 10/5 8/4 1/4 0.1/1 0/2
7/3 5/3 4/3 0.8/1 1.9/1.6 39/6 6/4 2/4 0.3/1 0.9/2
6 2 colonies | 10/9 8/8 %89/ 2299/ 5 colonies | 35/21 8/21 0.2/1 241‘/
7/10 5/5 4/5 0.8/1 1.9/2.3 10/5 8/5 1/5 0.1/1 0/2.3
5/5 5/4 4/3 0.8/0.8 | 1.9/1.5 14/8 7/4 3/4 0.4/1 1.4/2
9/5 8/4 3/4 0.4/1 1.3/2
9/5 6/4 2/4 0.3/1 0.7/2
8/4 6/4 2/4 0.3/1 0.7/2
33 177/ 130/ 6.8/ 43 305/ 146/ 6.7/ 32 244/ | 110/ 6.3/
colonies 122 ns | %71 68 colonies 182 169 |91 | 74 colonies 79 78 |%%/1] 6.3
The two numbers divided by '/' indicate the number for T. quercicola and for F. yessensis, respectively.
N indicates the size of a T. quercicola colony
n indicates the number of individuals used for genetic analysis.
G indicates the number of genotypes detected in n.
s indicates G/n ratio
S-W indicates the Shannon-Wiener diversity index
The first column on each tree shows the total numbers of colonies, n, G, s, and S-W calculated per tree per season.
The bottom line indicates grand total of the total numbers of colonies, n, G, s, and S-W calculated per season.
Results different genotypes within a colony (Table 1). All but six
colonies (94%) contained multiple clones of 7. quercicola
Allelic variation and genotyping across seasons, and almost all F. yessensis workers visiting
The average number of allelic variants detected per locus T. quercicola colonies had different genotypes (Table 1).
for tree-associated populations of 7. quercicola and F. yes- 317 genotypes within 726 aphids and 356 genotypes
sensis ranged from two (Tql7 and Tql8) to 15 (Tql5), within 383 ants were detected across seasons. Although
with a mean of 5.8 + 4.79 SD and ranged from two (Fy4) common genotypes across the six trees were not found in
to nine (Fy3 and Fy7), with a mean of 6.2 + 2.79 SD, re- populations of both species, a single genotype of 7. quer-
spectively. The gene diversity estimates for populations of cicola and 19 genotypes of F. yessensis were found to be
1. quercicola and F. yessensis ranged from 0.40 (Tq18) to common in four trees and in several pairs of trees,
0.73 (Tq23), with an average value of 0.55 = 0.13 SD respectively.
and ranged from 0.43 (Fy4) to 0.74 (Fy7), with an aver-
age value of 0.61 = 0.12 SD, respectively. Only two loci Differences in genetic structure between
(Tql5 and Tq23) had private alleles (an allele found in trees and between seasons
only one subpoplation) (Hartl and Clark 1997) with a fre- For both of the populations of 1. guercicola and F. yessensis,
quency of more than 1% in each locus (Supplemental AMOVA indicated that significant levels of genetic parti-
Data 1). Heterozygosity deviations from the Hardy- tioning was explained by trees (Table 2). Percentage of
Weinberg equilibrium to heterozygosity excess for each variation in analysis with partitioning the data among
locus across populations were significant at two loci of 7. trees was higher in 7. quercicola than in F. yessensis, which
quercicola (Tq15 and Tq23) and F. yessensis (Fy7 and Fyl5) explained 10.5% and 4.1% of total genetic variation, re-
(Fisher’ s exact probability test; P < 0.0083 for both 7. spectively. Irrespective of setting the hierarchical subpop-
quercicola and F. yessensis) (Supplemental Data 2). Linkage ulation to trees or aphid colonies, partitioning the data
disequilibrium was not detected for any pair of loci across among seasons provided a significant effect for F. yessensis
all 7. quercicola populations and F. yessensis populations but 7. quercicola, indicating that season is the best predict-
with the Bonferroni correction for multiple comparisons. or of genetic discontinuity for F. yessensis.
The combined five microsatellite loci of T. quercicola and Pairwise comparisons of Fy; values between the tree-asso-
I yessensis had a high resolution for discriminating ciated population in each season indicated that genetic
Journal of Insect Science | www.insectscience.or; 7
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s N
Table 2. AMOVA results for populations of (a) T. quercicola and (b) F. yessensis partitioned by trees and seasons nested with trees or
colonies.

Source of variation df. Sum of Variance Percepta.ge of Ifixal'tion
squares components variation indices
(a) T. quercicola
Among trees 5 136.524 0.15537 Va*** 10.50 FCT = 0.10504
Among aphid colonies within trees | 102 187.371 0.06081 Vb*** 4.11 FSC = 0.04593
Within aphid colonies 914 1154.450 1.26307 Vc*#* 85.39 FST = 0.14615
Total 1021 1478.345 1.47926
Among seasons 2 5.724 —-0.03044 Va -2.06 FCT = -0.02059
Among trees within seasons 13 122.15 0.16137 Vb*** 10.91 FSC = 0.10694
Within trees 8lé 1099.656 1.34762 Vc*+* 9l1.14 FST = 0.08855
Total 831 1227.531 1.47855
Among seasons 2 9.504 0.00450 Va 0.31 FCT =0.00310
Among aphid colonies within 1 o5 | 314397 0.18362 Vbt 12,65 FSC = 0.12693
seasons
Within aphid colonies 914 1154.45 1.26307 Vc*#+* 87.04 FST = 0.12693
Total 1021 1478.345
(b) F. yessensis
Among trees 5 53.326 0.06569 Va*** 4.05 FCT = 0.04049
Among aphid colonies within trees | 101 235.161 0.12649 Vb*** 7.80 FSC =0.08125
Within aphid colonies 657 939.683 1.43026 Vc*+* 88.16 FST = 0.11845
Total 763 1228.170 1.62244
Among seasons 2 70.716 0.12256 Va*** 7.38 FCT =0.07378
Among trees within seasons 13 73.709 0.08972 Vb*** 5.40 FSC = 0.05831
Within trees 748 1083.745 1.44886 Vc** 87.22 FST = 0.12779
Total 763 1228.170 1.66114
Among seasons 2 70.716 0.13824 Va*** 832 FCT = 0.08320
Among aphid colonies within | 14 | 51777 0.09303 Vb 5.60 FSC = 0.06107
seasons
Within aphid colonies 657 939.683 1.43026 V¥ 86.08 FST =0.13919
Total 763 1228.170
L )

summer, averaging 0.021 * 0.008 SE between summer
and autumn).

differentiation among populations was greater in 7. quer-
cicola than in F. yessensis (the averages were as follows: for
1. quercicola, for spring, 0.219 * 0.127 SD, range
0.023-0.514, for summer, 0.159 £ 0.081 SD, range
0.020-0.329, for autumn, 0.151 * 0.062 SD, range
0.067-0.201; for F. yessensis, for spring, 0.096 £ 0.067
SD, range 0.018-0.233, for summer, 0.053 + 0.040 SD,
range 0.004—0.129, for autumn, 0.045 £ 0.039 SD, range
0.002-0.108) (Table 3). Isolation by distance analysis
showed that a significant positive relationship between
Iy and geographical distance (In-transformed) was found
for F. yessensis but not for 7. quercicola (Figure 2).

PCO analysis showed that in spite of a drastic change of
genetic difference in F. yessensis between spring and sum-
mer, the relative position among the six populations was
maintained from spring to summer (Figure 3b). In con-
trast, the pattern of genetic differentiation in 7. quercicola
changed greatly between spring and summer (Figure 3a).

The results of Structure analysis for the entire data set in-
cluding the label of seasons revealed that the number of
cryptic populations (K) were 10 for 7. quercicola and three

A significant difference in the level of genetic differenti-
ation between two consecutive seasons was found in F.
_yessensts but not in 1. quercicola (Table 4). For F. yessensts,
pairwise Fyr between spring and summer samples was
greater than between summer and autumn samples

(averaging 0.135 * 0.006 SE between spring and

for F. yessensis (Figure 4). Clear segmentation between the
spring and summer populations was found in F. yessensis,
but not in 7. quercicola (Figure 4). Analyses for the sample
belonging to each season showed that five to eight clus-
tering and one to two clustering existed in the population
of T. quercicola and F. yessensis, respectively.
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dividuals were assigned to different clones (i.e. a G/n ra-
tio = 1) accounted for 67% (22 out of 33 colonies) in
spring, 21% (seven of 43 colonies) in summer, and 13%
(four of 32 colonies) in autumn (Table 1). Common geno-
types that were found through all three seasons were de-

tected only in 7. quercicola and accounted for 4% (13 of

the 317 genotypes).
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Table 3. Pairwise Fi; between host trees in each season.
Tree Tree Tree Tree Tree Tree
| 2 3 4 5 6
T':e Month | June | July |October| June | July |October| June | July |October| June | July |October| June | July | June | july
Trlee June - |0.002"| 0.010% |0.0677|0.056™| 0.067 |o.1117]0.134™| 0.127" |0.1177|0.124™| 0.175™ |0.112"|0.087" | 0.308™ | 0.166™
july [o.107%| - 0.001" [0.094[0.087"| 0.083" [0.145"[0.168™| 0.158" [0.157" [0.150™| 0.191™ [0.119"[0.097" [0.329" [0.184"
October [0.199” | 0.045 - 0.138™(0.1257| 0.107" [0.1857|0.2117| 0.199™ [0.1497 [0.139™| 0201 |0.1377 [0.105"|0.376" [0.218™
Trzee June |0.058™|0.087| 0.158" - |0001™| 0052 | 0023 | 0028 | 00357 [0.221"|0.1677| 02257 |0.184"|0.130™|0.273" | 0.182"
July 01877 [0.021™| 0005 [0.1237| - | 0028™ | 0016|0020 | 0026 [0.18070.1357 | 0.183" [0.1397[0.0977[0.231™|0.147”
October [0.196™ [0.064” | 0.002 |0.140”| 0.015 - 0067 [0.071™| 0.067" [0.183" [0.1127 | 0.119™ [0.123"0.074™|0.169™ | 0.122"
Tr;e June |0.2007(0.1097| 0.152" |0.063"|0.086™| 0.133" - |-0.002| 0002 |02547|0.148™| 0218 |0.171™|0.090"|0.279"| 0.209"
july [0.198"[0.056™| 0026 [0.129 0.009 | 0.004 [0.1057| - -0.003 (02877 (0.197™[ 0234 [0.189"[0.120" [0.234" [ 0.197"
October [0.1957 [0.069 [ 0.037 [0.153"| 0019 | 0013 [0.127" | 0.012 - 0284701937 0215 01727 [0.1047 02177 [0.179™
T:fe June |0.0817°| 0.057 | 0.108™ | 0.032 |0.083"| 0.111™ | 0.036 |0.105"| 0.125" - | 0080 | 0.146™ 0305|0240 |0.514"|0.309"
July [0208™[0.034"| 0003 [0.158™[ 0.004 [ 0.040™ [0.130" [0.040™| 0.045 [0.1127[ - 0.140" (0207 [0.116™[0.398" [ 0.295™
October [0.208™ | 0.037 | 0000 [0.186™ | 0.031 [ 0041 [0.176 [0.058" | 0070 |0.106" | 0.011 - 0.1957(0.159"0.293" [0.234™
Trsee June | 0.018 [0.105™| 0.182" [0.059™|0.169”| 0.182" [0.160"|0.173™| 0.169™ | 0.032 [0.180™| 0.181™ | - [0.038™|0.347" [0.246™
July  [0206™[0.032™[ 0.051 [0.153™[ 0.033 [ 0.082™ [0.123"[0.060™| 0.080" [0.0937| 0.009 | 0027 [0.1597| - [0.3117[0.229"
Tr:e June |0.2337(0.2027| 02607 |0.1527]0.2097| 02317 |0.1207]0.2007| 02217 | 0.054 {0.2237| 0253 |0.138™|0.1897| - | 0.113
July 0230 [0.129™| 0.108"™ [0.209"[0.119™| 0.125™ [0.212[0.106™| 0.086™ [0.159[0.076™| 0.093™ [0.159 [0.066™ [0.206™| -
* and “indicate significant values adjusted with a sequential Bonferroni multiple comparisons (*P < 0.024, **P < 0.012).
Fs above and below the diagonal shows the aphid T. quercicola and the ant F. yessensis, respectively.
Seasonal changes in clonal mixing in T. quer- f )
. . Table 4. Two-way ANOVA for the effects between seasons on
cicola colonies o e ) -
Lo , . the genetic differentiation in T. quercicola and F. yessensis. **P < 0.0
Two-way ANOVA indicated that both the G/ ratio and
S-W index of 7. quercicola in each colony decreased with df. | Ss F P
the advance in season (G/n ratio, F, ,,, = 26.92, P < T. quercicola
00001, S-W index, FQ_ 100 — 4‘97, P= 00087> Both the Tree 5 0.02 0.81 0.612
G/n ratl'o and S-W index were high in spring colonies Between seasons | 016 016 0714
(G/n ratio averaging 0.89 = 0.04 SE; S-W index aver- Error 3 Yy
aging 2.17 £ 0.11 SE) and low in autumn colonies (G/n ; - .
ratio averaging 0.55 = 0.04 SE; S-W index averaging : yessens®
1.68 £ 0.12 SE) (Figures 5a and 5b). Significant effect on Tree > 0.01 771 0.062
both the G/n ratio and S-W index was found in trees Between seasons I 0.02 78.68 | 0.003*
(G/n ratio, F; oo = 6.34, P < 0.0001; S-W index, F; 1o = Error 3 81.99
6.23, P < 0.0001). The colony in which all 7. quercicola in- L )

Discussion

Differences in genetic structure between
trees and between seasons

Analysis of microsatellite loci revealed that a significant
genetic difference was maintained on the microgeograph-
ic scale in both 7. quercicola and F. yessensis populations,
and most of the genotypes were found only once on re-
spective  host  trees  throughout the  seasons.



Journal of Insect Science: Vol. 9 | Article 9

T. quercicola

Ln (distance)

0.59y - 0.028x +0.033,r 2=0.098
P=0.272 .
0.4
o 034 e
£ R
=3 ]
2 0.2 ?
= Y ®
& 0.1+ L ™
®
[ ]
0 1 T T 1
3 4 5 6 7
0-57 y=0.023x-0.000,r 2=0.280
P=0.070
0.4
5
£ 0.37
5 .
2 0.2
= .
W { ]
W 0_1—M
[ ]
0 -
3 4 5 6 7
0-37,_ 0.000x+0.128,r 2-0.000
P=0.662
0.4+
c
E 0.34
3
5
T 0.24 e e
( -—
L0.11 . K
°
0 T T T 1

F. yessensis

0.2577y=0.031x-0.059,r Z=0.291
P=0.035 hd
0.2 L]
0.154
0.14

0.051

o

0.257y-0.031x-0.101,r 2=-0.788

P=0.009
0.2
0.15+
[ ]
0.1
0.054
0 S ' !
3 4 5 6 7
0.257y-0.007x-0.012,r 2=0.115
P=0.014
0.2-
0.154
0.14
[ ]
0.05—”.’/
0 re 2 T T |
3 4 5 6 7

Ln (distance)

Figure 2. Analysis for isolation by distance for seasonal populations of T. quercicola and F. yessensis.

Microgeographic genetic differences have been reported
in a number of studies (De Barro et al. 1995; Sunnucks et
al. 1997; Haack et al. 2000; Vorburger 2006), where the
authors postulate that stochastic genetic drift or founder
effects were mainly responsible for changes in the fre-
quency of genotypes. In the present example, a marked
genetic differentiation was evident among the host-associ-
ated populations separated by an average of 240m, des-
pite the fact that all 7. quercicola adults have wings. No
1solation by distance, however, was found in 7. quercicola
populations (Figure 2). Moreover, the Structure analysis
for 1. quercicola in each season revealed a close match
between genetic partitions and actual trees (Figure 4).
Private alleles with a frequency of more than 1% at each
locus were found in two loct (Tql5 and Tq23)
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(Supplemental Data 1). These results suggest that 7. quer-
cicola has such a low migratory ability that they cannot
disperse among the host trees. Attending ants may also
inhibit the dispersal of aphids because the aphids are al-
ways surrounded by the ants. Besides the limitation of
gene flow, selective pressures under heterogeneous host
environments would serve to maintain a high level of ge-
netic differences. A number of studies have documented
that the performance of herbivores with low migratory
ability, such as gall-formers, leafminers, and scale insects,
are particularly susceptible to the heterogeneity of their
host plants, which sometimes leads to a large amount of
genetic variance in insect hatch dates in relation to syn-
chrony with host budburst (Feeny 1970; Akimoto and
Yamaguchi 1994; Karban 1989; Komatsu and Akimoto

Yao et al.
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Figure 3. Principal coordinate analysis (PCO) showing the similarities among seasonal populations of (a) T.
quercicola and (b) F. yessensis. PCO axis | explains 95.7% and 83.2% of the contribution and PCO axis 2 ex-
plains 4.2% and 12.7% for T. quercicola and F. yessensis, respectively. The numbers in the graphs indicate indi-
vidual trees. Convex hulls were drawn to compare the relative similarities among six populations between
spring and summer-.

1995). In the present system, significant differences in
honeydew excretion behavior were reported between 7.
quercicola populations on the respective host trees (Yao
2004). This fact supports that 7. quercicola is affected by

heterogeneous environmental conditions.

In contrast to 7. quercicola, the average of pairwise Fy; for
F. yessensis was much lower (Table 3). These results sug-
gest that a weak genetic differentiation exists between
trees, and populations of F. yessensis have a high related-
ness to neighbors, as seen in Formica paralugubris type B,
which 1is highly polygynous and has supercolonies
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(Chapuisat et al. 1997). In F. paralugubris B, the number of
migrants entering a population per generation was 2.5,
which implies that about 99.5 % of the queens are re-
cruited from within the same nest. Chapuisat et al. (1997)
suggests that the continuous isolation by distance in the
supercolony may be due to nest budding or dispersal of
sexual individuals to nearby nests. In the present study,
all Structure analyses for F. yessensis indicated a partition
with the most likely A below the actual value of trees
(Figure 4). The discrepancy between the numbers of
clusters and sampled trees is attributed to differentiation

between populations corresponding to the two-

Yao et al.
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Figure 4. Summary plots of estimates of Q for T. quercicola and F. yessensis calculated with the entire data set and with the data
divided into each season. Q indicates the estimated membership coefficients for each individual in each cluster. Each individual is

represented by a single vertical line broken into K colored segments with lengths proportional to each of the K inferred clusters.
The graph on the right indicates Bayesian posterior probabilities estimated for K. Higher values represent a higher probability of
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dimensional model. Genetic differentiation between F. trees where F. yessensis workers are actively entering and
yessensis populations occurred at distance smaller than exiting the nest have been observed not to dislocate their
half of the width of the habitat (see Table 3 and Figure position for nine consecutive years, new nests appear to
1), indicating that isolation by distance follows the two- be founded close to natal nests near trees where honey-
dimensional model (Rousset 1997). Isolation by distance dew could be available during all seasons. Experimental
refers to the idea that individuals with slow dispersal may studies have shown that in F. paralugubris B, new queens
be spatially distributed across a region. In this situation, can mate and stay in their natal nest or seck adoption in
allele frequencies vary gradually across the region. The a foreign nest after a mating flight (Cherix et al. 1991). If
underlying Structure model is not well suited for data F. yessensis queens have a similar philopatric behavior, ge-
from this kind of scenario, except for one-dimensional netic similarities may be kept in a nest that exploits an
1solation by distance (Pritchard et al. 2000). The insemin- aphid population on a host tree as a honeydew resource.
ated new F. yessensis queens have been observed returning It is suggested that the limited distribution of susceptible
to the natal nests after mating (Higashi 1983), supporting Q. dentata trees enables aphid colonies to persist on a lim-
that genetic differentiation occurred within close nests ited number of trees for a long time, resulting in long-
and can be maintained by limited gene flow. Thus, newly lasting mutualistic interactions between 7. quercicola aph-
founded nests will therefore tend to be genetically similar 1ds and the attending ant F. yessensis on such trees.
to the nest from which they originated.

Seasonal changes in clonal mixing in T.
A striking, significant genetic difference was found quercicola
between spring and summer samples in F. yessensis but The present study also showed that a high level of clonal
not in 7. quercicola (Tables 2 and 4, Figures 3 and 4), in- mixing occurred in 7. guercicola colonies during summer.
dicating that changes of genetic composition occurred in Both the G/n ratio and S-W index of 7. quercicola within a
F. yessensis nests. The demographic pattern of F. yessensis colony were high in the spring and slowly decreased dur-
was characterized by a sharp increase from late July to ing summer and into autumn, indicating that aphids of
late August. Ito (1973) also observed many pupae and the same genotype gradually increased within a single
new workers in F. yessensis nests from mid-June to late colony. This is due to an increase by parthenogenesis or
September. A large genetic difference in attending work- selection among clones. Several phenomena, such as high
ers over summer may therefore be due to eclosion of the temperatures during summer, a decline in nutritional
first workers and addition of newly-eclosed workers to the quality of leaves, and an increase in natural enemies,
foraging force. have been considered as seasonal factors affecting the dy-
namics of the aphid population (Hales et al. 1997; Karley
It should be noted that even after an alternation of ant- et at. 2004). In our previous studies, 1. quercicola popula-
attended workers, a significant microgeographic genetic tions increased exponentially until early August (Yao
difference and isolation by distance were consistently de- 2004), and a following significant reduction was found in
tected among I yessensis populations on the host trees both total free amino acid concentration in phloem sap
through the seasons (the averages of pairwise Fy: 0.096 of Q. dentata (Yao and Akimoto 2002) and fecundity of
for spring, 0.053 for summer, 0.045 for autumn). aphids (Yao et al. 2000; Yao 2004). If there is interclonal
Moreover, PCO analysis of F. jyessensis populations variation, selection may favor some types of clones
showed that after the addition of newly-eclosed workers, equipped with a tolerance to high temperatures or high
the pattern of genetic similarity between ant populations fecundity through interclonal competition. A number of
on the host trees was kept almost constant (Figure 3b). studies demonstrated that under the seasonal selective
These findings imply that new nests are founded close to pressures, a few clone types predominantly increased as
natal nests near trees. A number of studies have docu- the season progressed (Carvalho 1987; Carvalho and
mented that ant nests often move in response to seasonal Crisp 1987; De Barro et al. 1995; Fuller et al. 1999; Vor-
shifts in weather (Gordon et al. 2001; Heller and Gordon burger 2006). In the present study, 13 common clones
2006), disturbances, and changes in food availability were found throughout the seasons, but their frequency
(Holway and Case 2000). Furthermore, polydomous in autumn (12 %) was lower than reported for other aph-
colonies that live in more than one nest, bud into many id species (Fuller et al. 1999; Vorburger 2006). This may
new nests, which may enable colonies to maintain ad- be because of the differences in selective pressures acting
vantageous nutritive, reproductive, or micro-environ- on maintenance of polymorphisms between monocultur-
mental conditions (Banschbach and Herbers 1996, 1999). al host plants and heterogeneous long-lived trees.
Cherix (1987) examined the diet composition of F. yessen-
sts in our study region and found that the ants depend
mainly on aphid honeydew as a food resource. In ant
nests experiencing difficulty in foraging new protein re-
sources, inheritance of honeydew resources in the same
nest would be advantageous and favored by natural se-
lection. Given that some of the mounds near the study
Journal of Insect Science | www.insectscience.or: 13
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Supplemental Data I. Frequencies of alleles of microsatellite loci for (a) the aphid Tuberculatus quercicola and
(b) the ant Formica yessensis.

(@)
Tql5| 212 [ 214 [ 222|224 | 226 | 236 | 238 | 240 | 242 | 244 | 248 | 282 | 284 | 286 | 288
Tree | 0.258 0.026 0.036 [0.232{0.129 | 0.062 0.021 [0.222{0.010[0.005
Tree 2 0.599 0.216]0.006 0.056 [ 0.031 0.037 [ 0.056
Tree 3 0.685[0.008]0.115[0.015 [ 0.062 | 0.062 | 0.015 | 0.008 0.031
Tree 4 0.008 0.032[0.008{0.032[0.339 | 0.347 0.040 0.048[0.113]0.032
Tree 5 0.1440.156 0011 [0.156]0.122]0.022 0.211[0.089]0.044 | 0.044
Tree 6[0.071 0.929
Total |0.003 |0.018]0.380{0.001 [ 0.081 |0.005|0.027 [ 0.162 | 0.118]0.021 | 0.007 [ 0.040 | 0.091 [ 0.033 [ 0.012

Tq17[228 (230 Tqi8 | 113 | 115| Tq23 [226]232]234 238 240 [ 242 | 244

Tree 1(0.184]0.816 0.485)0.515 0.44910.332 0.153]0.066

Tree 2|0.426 [ 0.574 0.3640.636 0.340(0.321 0.130(0.179]0.031
Tree 3(0.421]0.579 0.205]0.795 0.37910.280 0.18210.061 [0.098
Tree 4(0.484)0.516 0.419)0.581 0.371]0.242|0.0080.185[0.0480.129]0.016
Tree 5|0.200 [ 0.800 0.0780.922 0.344(0.300 0.178(0.144]0.022]0.011
Tree 6(0.250]0.750 0.071]0.929 0.28610.107 0.35710.107(0.143

Total |0.335(0.665 0.331(0.669 0.380(0.292(0.001 | 0.169]0.098 | 0.055 | 0.004

Tq26 | 168 [ 172174 | 176 | 178

Tree | 0.153]0.699(0.117]0.031
Tree 2(0.006|0.068 [ 0.623 | 0.302
Tree 3 0.069 [ 0.446 | 0.438 | 0.046
Tree 4 0.0320.597]0.371
Tree 5 0.289(0.489 (0.222
Tree 6(0.036|0.069 [ 0.446 | 0.438 | 0.046
Total (0.003]0.110(0.589]0.2670.032

(b)
Fy3 | 190 [ 192|196 | 198 | 200 | 202 | 204 [ 206 [ 208 | Fys | 276 | 284
Tree | 0.006 | 0.281 0.025 [ 0.563 0.125 0.444 [ 0.556
Tree 2 0.006 | 0.370 0.019[0.383 0.221 0.513 | 0.487
Tree 3 0.297 0.007 [ 0.446 0.243 [ 0.007 0.6420.358
Tree 40.025 0.325 0017[0517 0.100[0.017 0.500 | 0.500
Tree 5(0.008 0.565]0.435
Tree 6 0.2740.008{0.065 [ 0.573 [ 0.008 [ 0.065 0.931[0.069
Total [0.005 [ 0.003{0.308]0.003 [ 0.029{0.499 | 0.001 [ 0.145 | 0.008 0.561 [ 0.439
Fy7 | 228 | 230 [ 232 [ 234 [ 236 | 240 | 242 [ 244 | 246
Tree 1]0.138]0.213 0.163[0.144[0.081[0.263
Tree 2[0.154]0.199]0.006 [ 0.128 [ 0.199 0.128 | 0.167 [ 0.019
Tree 3[0.151|0.274 0.068[0.219[0.082[0.1990.007
Tree 40.093 | 0.449 0.017[0.178]0.0340.212 [ 0.008 | 0.008
Tree 5[0.287|0.434 0.057 [ 0.049{0.049 0.098 [ 0.025
Tree 6]0.310]0.569 0.017[0.034]0.069
Total [0.174[0.321]0.001 [0.086 | 0.15 [0.075]0.182[0.011 [0.001

Fyl5 | 220 [ 222 [ 224 226 (228 (230 (232 FLI2 [100 106 | 108 110

Tree 1[0006|  [0.044[0525]0263]0163] | | [  [o544[0.250 0206
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Supplemental Data. (cont.)

(b)
Tree 2 0.032]0.279(0.299]0.312(0.078 0.654)0.115{0.231
Tree 3 0.076 (0.1250.3680.375 | 0.056 0.691(0.013]0.296
Tree 4 0.0080.034(0.144]|0.441 ( 0.347 | 0.025 0.017]0.450(0.3330.200
Tree 5 0.065]0.427 | 0.403 | 0.105 0.54010.258(0.202
Tree 6 0.069(0.310|0.345]|0.259]0.017 0.534(0.2760.190
Total (0.001]0.001 (0.051]0.307(0.347]0.260 | 0.032 0.003]0.579(0.192]0.226

Supplemental Data 2. Characteristics of the five Tuberculatus quercicola and Formica yessensis microsatellite loci in each tree.

| Tree

1 ] GL T L [ T <]
Locus | n |nall/h ’;_',eo/ n |nall/h ’:::,/ n |nall/h ’:::/ n |nall/h ':,:/ n |nall/h ’;'_,:/ n |nall/h ’:::,/
Tqls |97 ol.g/| 738;3/ 81| 7/0.59 427(;?’ 63| 91051 3%'35/ 62 0'_3/5 4|6|'?/ 45 ol.(s)ﬁ) 3|9i’|‘/ 14 2013 | 1.90
Tq17 |97 2/0.30 ng’ 81| 21049 3:;’ 63| 21049 3;;’/ 62 2/0.50 3;'22’ 45| 20049 ":'46’ 14| 20038 | 5417
Tq18 |97 2/0.50 4§'|7/ 81| 2/0.46 3;'77/ 63| 2/0.33 ngl 62| 21049 32':/ 45| 20046 | 6513 |14] 20013 | 1900
Tq23 |97 4/0.66 6;29/ 81| 5073 53'|7/ 63| 5/0.73 4:65/ 62| 7/0.75 425’ 45| 5073 33‘86/ 14| 5/0.75 '?g/
Tq26 |97 410.47 42'30’ 81| 4/0.52 4%;?’ 63| 4/0.60 3’;;” 62 3/0.51 3;'26’ 45| 4052 Zg;’/ 14| 31052 | 7.5/8
Fy3 |80 5/0.59 4‘71;” 75| 5/0.67 52:’ 72| 5/0.66 4;6/ 58 6/0.62 3‘;"52/ 61| 7/0.58 33;’ 29 6/0.59 'T;‘”
Fy4 |80] 2/049 33:,’7’ 75| 2/0.50 31'(’ 72| 2/0.47 3;;?7/ 58 2/0.50 23'32’ 61| 2/0.49 3‘3)‘43’ 29| 200,13 | 382
Fy7 |80| 6081 62'05’ 75| 8/0.84 63'52/ 72| 71080 5?'33/ 58| 8/0.70 4"“2’ 61| 7/0.71 4236"1/ 29 5/0.57 | 16.9/6"
Fyls |80 5/0.63 52°é§/ 75| 5/0.74 5356'}’ 72| 5/0.70 52'37/ 58 6/0.67 3:?’ 61| 4/0.64 3;’53’ 29 5/0.71 2;‘?’
FLI2 [80] 3/0.60 4;)2’ 75| 3/0.50 3;;;” 72| 3/0.44 3;?’ 58 4/0.69 3;?’ 61 3/0.61 3;'62’ 29 3/0.60 ';'IS’

n indicates the number of allelic genotypes found across the seasons.

n, and h show the number of alleles across the seasons and gene diversity.

He and Ho mean expected frequency of heterozygotes and observed frequency of heterozygotes.

*
indicates significance of deviation in expected genotype frequencies from Hardy-Weinberg expectation calculated by Fisher's exact test
with a sequential Bonferroni multiple comparisons.
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