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Abstract

Ecological interactions between yucca moths (Tegeticula, Prodoxidae) and their host plants
(Yucca, Agavaceae) are exemplary of obligate plant–pollinator mutualism and co-evolution.
We describe a multiplex microsatellite DNA protocol for species identification and sibship
assignment of sympatric larvae from Tegeticula synthetica and Tegeticula antithetica, pollin-
ators of the Joshua tree (Yucca brevifolia). Bayesian clustering provides correct diagnosis of
species in 100% of adult moths, with unambiguous identification of sympatric larvae. Sibship
assignments show that larvae within a single fruit are more likely to be full-sibs or half-sibs
than larvae from different fruit, consistent with the hypothesis that larval clutches are
predominantly the progeny of an individual female.
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Joshua trees (Yucca brevifolia, Agavaceae) are pollinated
exclusively by yucca moths of the genus Tegeticula (Tege-
ticula antithetica, Tegeticula synthetica, Prodoxidae). Con-
versely, yucca moths reproduce by laying eggs in Joshua
tree flowers, which are deliberately pollinated using spe-
cialized mouthparts, thereby ensuring that the flower
will develop and provide food for the larvae. This inter-
dependence has made yucca moths and yuccas a princi-
pal example of obligate mutualism. While T. synthetica
and T. antithetica are parapatrically distributed in the
western and eastern portions of the range for Y. brevifolia
(Pellmyr & Segraves 2003), the two species occur in
sympatry at Tikaboo Valley, Nevada (Smith et al. 2008).
To facilitate ongoing research related to the yucca moth ⁄
Joshua tree system, we report the development of novel
microsatellite DNA markers for Tegeticula and demon-
strate a reliable protocol for species identification and
sibship assignment of moth larvae, which cannot be
identified to taxon by morphology.

Genomic DNAwas extracted from: (i) 114 adult moths
from across the range of Y. brevifolia (T. antithetica, n = 53;

T. synthetica, n = 61); and (ii) 73 larvae from the Tikaboo
Valley contact zone. Extractions followed the standard
protocol for DNeasy tissue kits (QIAGEN). An enriched
DNA library for T. synthetica was obtained from Ecogen-
ics GmbH using size-selected genomic DNA ligated into
SAULAA ⁄ SAULB linker oligonucleotides and hybrid-
ized with magnetic streptavidin beads and biotin-labelled
oligonucleotide repeats: (GT)13, (CT)13, (TAC)10, (ATC)10
(e.g. Armour et al. 1994). Hybridization screening of 352
recombinant colonies revealed 216 positive clones, and 48
positive clones were sequenced. Primers were designed
for 16 loci, and polymerase chain reaction (PCR) products
were tested on high-resolution agarose for successful
amplification yielding a total of nine candidate loci.

MultiPLX 1.2 (Kaplinski et al. 2004) was used to predict
suitable combinations of primer pairs for two multiplex
PCR comprising four and five reactions, respectively.
Multiplex PCR panels with fluorescent dye-labelled
primers were optimized using the reaction conditions
shown in Table 1. Genotyping was performed on an ABI
3130 capillary instrument (Applied Biosystems) with 1 lL
of multiplex PCR product in 10 lL HiDi formamide
and 0.15 lL Genescan 500 LIZ size standard (Applied
Biosystems).
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Because microsatellite DNA genotypes may be prone
to error (Bonin et al. 2004; Dakin & Avise 2004; Hoffman
& Amos 2005; Pompanon et al. 2005), we used the follow-
ing approach to design an objective and reproducible for-
mat for scoring alleles. Provisionary bins were developed
in GeneMapper 4.0 (Applied Biosystems) to identify true
peaks vs. PCR and ⁄or electrophoresis artefacts. Raw frag-
ment sizing data were exported to a spreadsheet and
used to compile cumulative frequency plots of estimated
size distributions in FlexiBin 2.0 (Amos et al. 2007). New
bins for the inferred number of repeats were then con-
structed around these distributions where discrete breaks
in periodic size classes were evident. Blind replicate
genotypes were obtained from a random sample of indi-
viduals (20.2–30.3%).

Summary statistics for each locus (Table 1) were cal-
culated for known adults of each species using GENEPOP

4.0 (Rousset 2008), MSA 4.05 (Dieringer & Schlötterer
2003), FreeNA (Chapuis & Estoup 2006) and PEDANT 1.0
(Johnson & Haydon 2007a, b). Exact tests (Guo &
Thompson 1992) for Hardy–Weinberg equilibrium
(HWE) indicated three loci (Tegsyn01, Tegsyn06, Teg-
syn15) with significant deviations from HWE after
Bonferroni correction for multiple tests (P < 0.005).
Rejection of HWE may be symptomatic of: (i) biological
processes such as population substructure and nonran-
dom mating; or (ii) genotyping artefacts resulting from
null alleles, PCR dropout and other types of scoring
error (Bonin et al. 2004; Pompanon et al. 2005). Maxi-
mum likelihood (ML) estimation of error rates (Johnson
& Haydon 2007a, b) and null allele frequencies
(Chapuis & Estoup 2006) suggested that these three
loci are associated with elevated frequencies of null
alleles (13.8–38.9%), whereas the remaining loci

(a)

(b)

(c)

Fig. 1 Species identification and sibship assignment of Tegeticula synthetica and Tegeticula antithetica from microsatellite DNA genotype
data: (a) Bayesian clustering of adults across the range of Yucca brevifolia, with bar plot showing ancestry coefficients (Q) for k = 2; (b)
Bayesian clustering of larvae at Tikaboo Valley; (c) maximum likelihood estimates of pairwise sibship (black = full-sib, dark grey = half-
sib, light grey = unrelated) among larvae isolated from different trees (dashed lines) and fruit (solid boxes) at Tikaboo Valley.
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recovered low to moderate levels of null alleles
(0.0–12.3%), allelic dropout (0.0–4.1%) and false peaks
(0.0–2.3%). Exact tests (Raymond & Rousset 1995) for
linkage disequilibrium showed that no pairs of loci
exhibited significant linkage after Bonferroni correction
for multiple tests (P < 0.001), consistent with effectively
independent segregation.

We then evaluated the utility of the full panel of nine
loci for: (i) species identification of adult and larval moths
using Bayesian clustering in Structure 2.3.2 (Pritchard
et al. 2000; Falush et al. 2007); and (ii) sibship assignment
among larval clutches isolated from different fruit using
ML in COLONY 2.0 (Wang 2004). Few microsatellite DNA
markers are free from genotyping error. However, there
are advantages to retaining marginally problematic loci
when error can be quantified and modelled effectively
using methods that incorporate estimates of null allele
frequencies and ⁄ or genotyping error (e.g., Wang 2004;
Falush et al. 2007).

Bayesian clustering of adult moths (k = 2) without a
priori designation of groups assigned 100% of individu-
als to the correct morphospecies (Fig. 1a) based on 95%
CI values for ancestry coefficients (Q). Likewise, larvae
from Tikaboo Valley were assigned unambiguously to
species (Fig. 1b). ML estimates of sibship indicated that
larvae sampled within the same fruit were more likely to
be full-sibs or half-sibs than larvae sampled from differ-
ent fruit (Fig. 1c). These results are consistent with prior
taxonomical studies (Pellmyr & Segraves 2003) and
behavioural observations of female oviposition (O. Pell-
myr & C. Smith, unpublished).

We have described the development and imple-
mentation of a multiplex microsatellite DNA protocol
for species identification and sibship assignment of
yucca moths in the Prodoxidae. These markers can be
used to identify sister species of Tegeticula including
larvae that cannot be identified to taxon by morphol-
ogy. We also are able to assign sibship among larval
clutches isolated from different fruit. Based on these
results, this panel of microsatellite DNA markers is
sufficient to yield reliable and biologically informative
results when used with analyses that model genotyp-
ing error, providing new opportunities to ask ques-
tions about co-evolution between yucca moths and
Joshua trees.
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