allowing only the next nearest position (i.e., shifts
of +2) did not reproduce the measured diffuse
scattering as well. The disorder shown schemat-
ically in Fig. 2B reflects the approximate fre-
quency found for the different shifts. Further
fine-tuning revealed that there is no correlation
between the positions of the 12-rings in the two
halves of the unit cell along the long ¢ axis.

The disordered structure described above is ful-
ly consistent with the HRTEM images (5), which
show predominantly single-step displacements
from layer to layer. The fact that none of the
images shows larger 12-ring openings is also
consistent with the lack of open 12-ring chan-
nels. The ladderlike regions between the ZSM-11
regions are those in which 12-rings are partially
blocked by 10-rings (Fig. 2). Although the basic
channel system of SSZ-57 is the same as that of
ZSM-11, there are additional bulges in the chan-
nels where the 12-rings occur (Fig. 4). That is,
SSZ-57 has a 3D 10-ring channel system with a
dilute population of larger isolated cavities. These
loosely ordered cavities must be the reason for
the different catalytic properties observed for
this material.

It has been shown for the zeolites SSZ-25
(MWW) and SSZ-35 (STF), which have 10-
ring apertures leading to larger cavities, that their
catalytic selectivities reflect the presence of these
less-restricted regions (24). The situation with SSZ-
57 is different in that the larger cavities are more
highly dispersed in the 10-ring channel system.
In the idealized structure (Fig. 1A), which does
not actually exist as an extended structure, there
would be just single 12-ring channels embedded
in the 10-ring ZSM-11 framework. Only as a
result of the disorder are the 12-ring pockets dis-
tributed throughout the structure, thereby pro-

viding SSZ-57 with its unique properties. The
12-ring pockets provide space for larger inter-
mediates (e.g., for bimolecular transition states)
in a catalytic reaction and/or faster diffusion,
whereas the 10-ring channel system preserves
the shape-selective sorption and desorption prop-
erties of a classical pentasil framework structure.
This could be particularly valuable in forming
products for fine chemicals, where modification
of the substituents of single rings, either by acid-
catalyzed or partial oxidation reactions, is often
required.

The crystallization mechanism of SSZ-57
remains to be clarified, but the synthesis is quite
reproducible. This structure could be viewed as
a first step along the way to a hierarchical ma-
terial (microporous system with mesopores to fa-
cilitate diffusion) with well-defined mesopores.
Other attempts in this direction have involved
carving mesoporosity into zeolite crystals, co-
templating the formation of both types of pores
(25), and producing a material with arrested crys-
tallization (26). SSZ-57 offers a fourth option.
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optix Drives the Repeated
Convergent Evolution of Butterfly
Wing Pattern Mimicry

Robert D. Reed,**t Riccardo Papa,™?*t Arnaud Martin,* Heather M. Hines,?
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Mimicry—whereby warning signals in different species evolve to look similar—has long served
as a paradigm of convergent evolution. Little is known, however, about the genes that underlie
the evolution of mimetic phenotypes or to what extent the same or different genes drive such
convergence. Here, we characterize one of the major genes responsible for mimetic wing pattern
evolution in Heliconius butterflies. Mapping, gene expression, and population genetic work all
identify a single gene, optix, that controls extreme red wing pattern variation across multiple
species of Heliconius. Our results show that the cis-regulatory evolution of a single transcription
factor can repeatedly drive the convergent evolution of complex color patterns in distantly
related species, thus blurring the distinction between convergence and homology.

ome of the most dramatic examples of nat-
ural selection involve Miillerian mimicry—
a phenomenon in which two or more spe-

cies share predator avoidance signals. This type
of mimicry is one of the main forces driving the
evolution of warning coloration in Heliconius

(1), a neotropical butterfly genus of ~40 spe-
cies famous for its extensive intraspecific wing
pattern variation. The two best-studied Heliconius
species are the comimics Heliconius erato and
Heliconius melpomene (Fig. 1); each has more
than 25 named geographic races, most of which
mimic co-occurring Heliconius species, other un-
related butterflies, and day-flying moths. Mimetic
wing pattern radiations like those seen in H. erato
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and H. melpomene have resulted in the evolution
of hundreds of wing pattern races within the
genus (2). Despite increasing evidence that the
same genomic regions contribute to wing pat-
tern variation in different Heliconius species, the
specific genes that underlie the repeated conver-
gent evolution of wing patterns have remained
unknown (3).

Three genomic regions control most wing
pattern variation in Heliconius—in both co-
mimetic species like H. erato and H. melpomene
and also in highly dissimilar species such as
Heliconius numata and Heliconius cydno (3).
The region that controls the major red color
patterns (the hindwing rays, forewing band,
and basal forewing patch) maps to a 380-kb
genomic interval corresponding to the D locus
in H. erato and H. melpomene (4, 5) and the
G locus in H. cydno (6). To pinpoint transcrip-
tion units in this interval involved in wing pat-
tern variation we screened for differential color
pattern—related RNA transcription across the en-
tire region. We examined two H. erato forewing
phenotypes: one with a red midwing band, and
one with a yellow midwing band and a red basal
patch (Fig. 2A). For both phenotypes, we com-
pared transcription in basal, midwing, and apical
wing sections from five different developmental
stages (Fig. 2A). This strategy allowed us to
perform separate comparisons of each distinct
red color pattern element, while also including
comparisons between invariant apical forewing
tips to control for population-associated expres-
sion differences unrelated to phenotype. A glob-
al analysis of all stages and tissue sections from
the two phenotypes identified a single major
cluster of red color pattern—associated probes
at the position of optix (Fig. 2A), an intronless
homeobox transcription factor gene with an 801—

A PR
H. cydno H. pachinus H cydﬁb
galanthus alithea

melpomene Xxenoclea plesseni

microclea notabilis

H. eleuchia
eleuchia

H. sapho H. hewitsoni

leuce

H. sapho
candidus

Fig. 1. Mimicry rings show convergent and divergent evolution within
Heliconius. (A) Comimetic Heliconius species are typically distantly related as
shown in this phylogenetic tree of selected Heliconius species. Illustrated are
two major mimicry groups: the blue mimics represented by the H. cydno/
H. pachinus complex and the H. sapho/H. hewitsoniilH. eleuchia complex,
and the red/yellow mimics represented by H. erato and H. melpomene. In
addition to local convergence, wing patterns often vary markedly across the
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base pair coding region. Further analysis of the
data revealed that this pattern-specific differ-
ential expression of optix begins between 12 and
60 hours after pupation and persists throughout
pupal development (fig. S1). No other genes
in the map interval besides optix were consist-
ently expressed in association with color pat-
tern variation.

The finding that optix is differentially ex-
pressed in association with red color patterns in
two H. erato phenotypes raised the question of
whether optix expression is also associated with
red patterns in other H. erato races and other
Heliconius species. We thus examined in situ
spatial expression patterns of opfix mRNA in
72-hour pupal forewings and hindwings across
a diversity of phenotypes and species. Across
three geographic races of H. erato, three races
of H. melpomene, and one race of H. cydno, we
found that all red wing patterns, including red
hindwing rays in both H. erato and H. melpomene,
were perfectly prefigured by optix expression
(Fig. 2, B and C). optix also prefigured forewing
bands in H. melpomene plesseni that consist of
both red and white scales (Fig. 2B), consistent
with the activity of an unlinked modifier locus
that modulates the amount of red in forewing
bands (7). Overall, optix expression predicted
color pattern shapes with such precision that it
was possible to identify samples to species and
race by optix expression alone.

The concurrence of mapping and expression
data led us to hypothesize that optix is the major
gene that controls red color pattern variation in
H. erato, H. melpomene, and H. cydno. To test
this, we examined optix genotype-by-phenotype
associations in hybrid zones where there is nat-
ural variation for optix-associated red color patterns
(Fig. 3). These hybrid zones consist of populations

B Nicaragua
Costa Rica
H. cydno Panama
alithea

malleti meriana

amalfreda

that represent thousands of generations of re-
combination between wing pattern types; there-
fore, DNA sequence associations are due to
linkage with functional variation and not other
phenomena like population structure (8, 9). In a
Peruvian H. erato hybrid zone where linkage
disequilibrium is reported to decay to background
levels within 1 kb (8), we examined DNA se-
quence variation in a series of red color pattern
interval genes from 73 individuals (Fig. 3B).
optix showed by far the strongest association,
with 13 of 30 variable nucleotides having sig-
nificant associations of P < 1 x 107", with the
strongest being P < 1 x 103? (Fig. 3B and table
S2). Similarly, we sampled 62 individuals from
the parallel Peruvian H. melpomene hybrid zone
and found that optix showed the most significant
associations of any sampled marker, with 5 of
29 variable nucleotides having significant asso-
ciations of P < 1 x 10", with the strongest
being P < 1 x 1072 (Fig. 3C and table S3). In
H. melpomene, a cluster of genes (slu7, kinesin,
GPCR) ~150 kb away from optix showed a total
of six nucleotide associations with P <1 x 10~
(Fig. 3C), though none of these genes displayed
color pattern-related spatial expression and they
showed only marginal associations in H. erato.
This broad spread of associated nucleotides in
H. melpomene is consistent with the observation
that linkage disequilibrium in this hybrid zone
can extend 100 kb or more at wing pattern—
associated sites (9). Lastly, we assessed optix
genotype-by-phenotype associations in 32 indi-
viduals collected from the Costa Rican H. cydno/
H. pachinus hybrid zone wherein, as with H. erato,
highly significant associations are only expected
within 1 kb of functional variation (6). Of all the
sampled genes, optix had the most significant
association with a nucleotide that showed P <1 x

X ™

1000mi

2000km
—

Bolivia

geographic range of a species to match local mimicry rings. For H. cydno, we
show three of more than a dozen color pattern races. For the red/yellow
mimicry ring, we show five of more than 25 different geographic races of
H. erato and H. melpomene. (B) Simplified geographic distribution of the
H. erato and H. melpomene color pattern forms shown in (A), as color-
coded by the dots. The entire range of H. erato and H. melpomene is much
larger (gray shaded region).
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102 (Fig. 3E and table S4). Together, these three
independent population genetic analyses all pin-
point optix as the major gene that controls red
color pattern variation.

Because optix alleles from different geo-
graphic races of Heliconius show clear differ-
ences in spatial expression patterns (Fig. 2B), it
follows that there are cis-regulatory differences
between alleles. To rule out allelic variation in
optix protein amino acid sequences, we sequenced
the entire coding region of optix from H. erato

emma, H. erato favorinus, H. erato petiverana,
H. melpomene rosina, H. melpomene melpomene,
H. pachinus, and H. cydno galanthus. All varia-
tion that we observed was synonymous, meaning
that despite 12 to 25 million years of evolution
(10) the optix amino acid sequence has remained
invariable. This was true between highly divergent
races of the same species (within H. erato), be-
tween divergent phenotypes of closely related
species (H. cydno versus H. melpomene), and
between convergent phenotypes of distantly re-

REPORTS

lated species (H. erato versus H. melpomene).
Thus, when considered in the context of the
mapping work, we deduce that the functional
variation between optix alleles is cis-regulatory.

To make an initial assessment of whether
optix is associated with color pattern determina-
tion in non-Heliconius butterflies and moths, we
examined in situ optix mRNA expression in 72-
hour pupal wings of the nymphalid butterflies
Vanessa cardui (Fig. 2D) and Agraulis vanillae
(fig. S2), and the pyralid moth Ephestia kuehniella

H. erato petiverana

H. erato hybrid
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o
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Fig. 2. optix expression prefigures red wing patterns in Heliconius. (A) H. erato
genomic expression tiling microarrays spanning the entire red color pattern
genomic map interval pinpoint optix as the only gene strongly differentially
expressed in association with red forewing pattern elements. Details are pro-

""

%
2w
>

H. melpomene malleti

2

7

vided in the SOM and fig. S1. (B) optix mRNA expression in 72-hour pupal
wings of different species and races of Heliconius shows spatial association with
all red wing patterns and (C) discrete patches of acute scales. (D) In V. cardui,
optix expression is associated with acute scale patches but not color patterns.

Vanessa cardui
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Fig. 3. optix shows highly significant genotype-by-phenotype
associations in three independent Heliconius hybrid zones. (A)

H. erato

1N
<}

)
a

-log10 p-value
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01| H. pachinus / H. cydno
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-log10 p-value

b ¥ S

Overlapping H. erato and H. melpomene hybrid zones in Peru,
where optix shows the strongest genotype-by-phenotype association across all the genes surveyed in (B) H. erato and (C) H. melpomene. (D) A Costa
Rican H. cydno/H. pachinus hybrid zone where (E) optix shows the most significant genotype-by-phenotype association out of all the surveyed genes.
The horizontal lines mark a false discovery rate of 0.001.

(fig. S2). None of these species showed color
pattern—related expression of optix, even though
both butterflies have red color patterns and
A. vanillae is from a heliconiine genus closely
related to Heliconius. In all lepidopteran spe-
cies sampled, however, optix precisely prefig-
ured small, discrete patches of specialized acute
(pointed) scales (Fig. 2, C and D). We have
identified several H. melpomene mutants that
show homeotic transformations of normal red
scales into acute scales (fig. S2), suggesting a
simple regulatory switch between “red” and
“acute” identities and demonstrating how optix
might serve a dual function in determining these
two scale types. In sum, our observations sug-
gest that optix is ancestrally associated with acute
scale morphology in lepidopteran pupal wings
and that its color patterning function in Helico-
nius may be derived.

optix provides a compelling example of a
gene that drives adaptation because its various
alleles are regulatory variants that have pro-
nounced effects on complex large-scale patterns.
Because red color pattern variation is primarily
achieved through optix cis-regulatory variation,
we hypothesize that the different races within a
given Heliconius species share a common wing
prepattern that is interpreted by different optix
alleles in different ways. Although the nature of
this prepattern remains a mystery, the ability of

26 AUGUST 2011

optix to produce a complex variety of readouts
from a common regulatory background suggests
that it acts as a signal-integrating “input-output”
regulatory gene (/7). On the basis of this model,
we speculate that Heliconius color pattern var-
iation evolves primarily through the gain and
loss of pattern-specific cis-regulatory elements,
as do Drosophila wing melanin patterns (12, 13),
although we have yet to identify any specific
optix cis-regulatory elements. That a single gene
drives the evolution of both convergent and di-
vergent color patterns across a range of species
also presents a conceptual conundrum: Conver-
gence and homology are often presented as con-
trasting explanations of similarity, yet the color
patterns of comimetic Heliconius species could
be considered both convergent and homologous
under many modem definitions (/4, 15). The
challenge now is to elucidate the functional role
of optix in color pattern formation in order to
understand how it was co-opted and why it
served as such an efficient catalyst for the evo-
lutionary radiation of Heliconius wing patterns.
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Chaperonins Facilitate KNOTTED1
Cell-to-Cell Trafficking and Stem

Cell Function

Xianfeng Morgan Xu, Jing Wang, Zhenyu Xuan,* Alexander Goldshmidt, Philippa G. M. Borrill,
Nisha Hariharan,} Jae Yean Kim,§ David Jackson||

Cell-to-cell communication in plants includes the selective trafficking of transcription factors and
other signals through plasmodesmata. The KNOTTED1 (KN1) homeobox (KNOX) family transcription
factors, which use this pathway, are essential for stem cell establishment and/or maintenance. Here
we show that KN1 trafficking requires the chaperonin complex, which belongs to a group of cytosolic
chaperones that fold specific substrate proteins. Genetic and physical interaction data show a
functional relevance for chaperonins in KNOX family-dependent stem cell maintenance. Furthermore,
tissue-specific complementation assays indicate a mechanistic basis for chaperonin function during
the posttranslocational refolding process. Our study shows that chaperonins are essential for the
cell-to-cell trafficking of a subset of mobile transcription factors and demonstrates the importance of
chaperonin-dependent protein trafficking for plant stem cell function.

ell-to-cell communication plays critical
‘ roles in specifying cell fate and coordi-

nating development in all multicellu-
lar organisms. One way in which plant cells
communicate is by the selective trafficking of
transcription factors and other signals through
plasmodesmata (PD), channels that traverse the
cell wall and connect neighboring cells (/-5).
The KNOTTED]1 (KN1) homeodomain transcrip-

tion factor was the first plant protein found to
traffic selectively through PD. Subsequent dis-
coveries identified a growing array of mobile
signaling factors, including transcriptional reg-
ulators and small RNAs (3, 4, 6-8). Despite our
increasing recognition of the importance of this
pathway for transmitting signals between cells,
the molecular factors that contribute to selec-
tive trafficking are largely unknown. Here, we

identify chaperonins as essential for the cell-
to-cell trafficking of transcription factors and
demonstrate that chaperonin-dependent pro-
tein trafficking is required for plant stem cell
function.

Previously, we established a trichome res-
cue system in Arabidopsis to follow KNI cell-
to-cell trafficking in vivo (9). This system
relies on the observation that maize KN/ can
functionally replace its Arabidopsis homolog
SHOOTMERISTEMLESS (STM), and STM pro-
tein has also been shown to traffic (9, 10). Tri-
chomes are leaf hairs that develop from the
epidermis, and require the cell-autonomous activ-
ity of a MYB transcription factor, GLABROUSI1
(GL1) ({1). In our system, trichome development
is rescued in the g// mutant by expressing a GL1
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Fig. 1. Identification of a chaperonin, CCT8, essential for KN1 trafficking. (A and
B) The starting line for mutagenesis (A) (g1; pRbcS::GFP~GL1~KNI®) showing
trichome rescue (arrowhead), whereas the 25-277 mutant (B) lost trichome rescue
(arrows) and had upwardly curled leaves (asterisk). (C and D) Scanning electron
microscopic images of leaf epidermis from the starting line (C) or mutant (D).
(E and F) Confocal image of a leaf cross section from the starting line (E) shows
accumulation of GFP~GL1~KN1€ in both the mesophyll and the epidermis,
whereas the 25-177 mutant (F) has normal accumulation of GFP~GL1~KN1in
the mesophyll but a severe reduction in the epidermis. Dashed lines denote the
epidermis; arrows point to nuclei with fusion protein. Chlorophyll autofluorescence
is shown in red. Corresponding genotypes are marked in each image. (G) Western

blotting shows a similar expression of the pRbcS::GFP~GLI~KNIC transgene in
both the starting line (control) and the 25-177 mutant. Ponceau staining was used
as the loading control. (H) CCT8 gene structure, showing different mutant alleles.
Black bars indicate exons; lines and gray bars represent introns and untranslated
regions, respectively. T-DNA insertions are shown as open triangles. (I) Control
experiments: (1) Mesophyll-expressed GL1~KN1 could rescue trichomes in gl1
but failed to rescue in gl1; cct8-1. (2) Expression of the GFP~GL1~KN1¢ fusion in
the gl1; cct8-1 epidermis was sufficient to rescue trichomes. Trichome rescue
efficiency was scored as the percentage of T1 transformants (n > 40) with trichome
rescue. (J) A pfd6-1; gl1; pRbcS::GFP~GL1~KNI€ plant showing normal trichome
rescue. Scale bars: 0.5 cm (A and B), 400 um (C and D), 25 um (E and F).
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