Susb.

Wasp Gene Expression Supports an Evolutionary
Link Between Maternal Behavior and Eusociality
Amy L. Toth, et al.

Science 318, 441 (2007);

AVAAAS DOI: 10.1126/science.1146647

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of October 29, 2007 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/cgi/content/full/318/5849/441

Supporting Online Material can be found at:
http://www.sciencemag.org/cgi/content/full/1146647/DC1

This article cites 25 articles, 11 of which can be accessed for free:
http://www.sciencemag.org/cgi/content/full/318/5849/441#otherarticles

This article appears in the following subject collections:
Genetics
http://www.sciencemag.org/cgi/collection/genetics

Information about obtaining reprints of this article or about obtaining permission to reproduce
this article in whole or in part can be found at:
http://www.sciencemag.org/about/permissions.dtl

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2007 by the American Association for the Advancement of Science; all rights reserved. The title Science is a

registered trademark of AAAS.

Downloaded from www.sciencemag.org on October 29, 2007


http://www.sciencemag.org/cgi/content/full/318/5849/441
http://www.sciencemag.org/cgi/content/full/1146647/DC1
http://www.sciencemag.org/cgi/content/full/318/5849/441#otherarticles
http://www.sciencemag.org/cgi/collection/genetics
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org

REPORTS

Atlantic are available, except a recent record in the ice core show rapid increases from their am-  16. ). J. Ottens, Oceanol. Acta 14, 123 (1991).
from the Irish margin by Peck ef al. (23). The bient concentration during stadials. Abrupt, many-  17- W- G. Deuser, J. Foraminifer. Res. 17, 14 (1987).
. . 18 . . . 18. R. G. Fairbanks, P. H. Wiebe, A. W. B€, Science 207, 61
authors recorded identical 8 °O N. pachyderma (s) ~ fold increases of these chemical species suggest (1980).
and G. bulloides values during the LGM that were  that storminess during the glacial period caused  19. G. Ganssen, D. Kroon, J. Geol. Soc. 157, 693 (2000).
attributed to a continuous discharge of meltwater  stronger vertical mixing at the atmosphere/ocean  20. S. Mulitza, A. Diirkoop, W. Hale, G. Wefer, H. S. Niebler,
from the British Ice Sheet and year round mixing ~ boundary at the subpolar and subtropical fronts. Geology 25, 335 (1997).
. . o 21. J. R. Luyten, A. ]. Pedlosky, H. Stommel, J. Phys. Oceanogr.
that homogenized the upper waters. The question of why weaker homogenization 13, 192 (1983)
Several processes can create variability in the  of near-surface waters occurred during other D/O 2. 1. Labeyrie et al., AGU Monagr. 112, 77 (1999).
5'%0 of foraminifera. Seasonal variability was  cycles not associated with HEs could be raised, ~ 23. V. Peck et al., Earth Planet. Sci. Lett. 243, 476 (2006).
interpreted by Ganssen and Kroon (/9) to explain ~ because Greenland ice core data show similar 24 g‘ L P‘Ckade; V‘zP] Emery, ge;f”é’f’vs P hJ’S’gfgé )
. 18 .- . . . S ceanography (Pergamon, Oxford, ed. 5, 1 .
Why G. bul{gzde_s 4“0 was more positive t.han patt_ems of glaciochemical species. Or}e poss1_b11 25. 5. K. Gulev, B. Barnier, H. Knochel, ].-\. Molines, M. Cottet,
G. inflata .6 O in the .modern North Atlantic at ity is that unfavorable compos1t19n or insufficient J. Clim. 16, 3085 (2003).
57°N, which was attributed to a later seasonal  volumes of meltwater were available to perturb  26. K. Hanawa, T. Suga, in Ocean-Atmosphere Interactions,
period of G. bulloides production further south.  the near-surface waters during these D/O ice- Y. Toba, Ed. (Kluwer Academic, Tokyo, 2003), pp. 63-109.
The uniform 8'*0 of the foraminifera during HEs  rafting cycles as the icebergs originated from 27+ M- K. Robinson et al., Atlas of the North Atllantic-indian
Lo . . . Ocean Monthly Mean Temperatures and Mean Salinities
would require 1mpr0bable ecologlcal_ changesin  the §ma11§r ice sheets. Hence, even thoggh the of the Surface Layer (U.S. Naval Oceanogr. Office
preferred depth-habitat zones or in seasonal glacial climate was windier and stormier, the Reference Publication 18, Washington, DC, 1978).
behavior if these values were not the result of  near-surface waters continued to be stratified. 28. M. Sarnthein, U. Pflaumann, M. Weinelt,
uniform upper—water-mass conditions. Upwell- 2 Za[é?lzza,n%g(?ehy;:]}, ;7;/7(53503;['0”5 2 Soc. London
. . i Gl P = A | , 110S. . K. .
ing of '"O-depleted water produced by brine- References and Notes Sor A 361 193‘)5‘)(2003)
. . . . 18, 1. H. Heinrich, Quat. Res. 29, 143 (1988). : g o
rejection at higher latitudes might affect the 5 "O 2. G. C. Bond et al, Nature 365, 143 (1993). 30. P. A. Mayewski et al., Science 263, 1747 (1994).
of deeper-dwelling foraminifera; however, it is 3. H. Rashid, R. Hesse, D. J. W. Piper, Paleoceanography 31. We thank E. Goddard for helping to acquire part of the

difficult to imagine it influencing 5'*0 values in
all three taxa. Without a decrease in temperature
by ~2.5°C, it is impossible to lower the salinity
by 0.8 per mil (%o) (24) (and by extension to
lower 5'%0 by 0.5%o) while remaining along the
same isopycnal surface, which by itself would
correspond to a 0.5%o increase in the §'0 of
calcite. Because these effects cancel each other

18, 1077 (2003).
4. R. B. Alley, D. R. MacAyeal, Paleoceanography 9, 503
(1994).
. C. Huber et al., Earth Planet. Sci. Lett. 243, 504 (2006).
. S. Manabe, R. ). Stouffer, Nature 378, 165 (1995).
. D. Rind et al., J. Geophys. Res. 106, 27335 (2001).
. J. Fliickiger, R. Knutti, J. W. C. White, Paleoceanography
21, 1204 (2006).
9. E. A. Boyle, L. Keigwin, Earth Planet. Sci. Lett. 76, 135
(1985/86).

© ~ o U

isotope data and D. ]. W. Piper and B. P. Flower for
discussions to improve an initial version of the manu-
script. H.R. thanks Fonds pour la Formation de
Chercheurs et |'Aide & la Recherche, Québec, for its
support through a postdoctoral fellowship. E.A.B. was
supported by grants from NSF and the Cambridge—
Massachusetts Institute of Technology.

Supporting Online Material
www.sciencemag.org/cgi/content/full/1146138/DC1

out, such a mechanism is inadequate to explain  10. . F. Ruddiman, Geol. Soc. Am. Bull. 88, 1813 SOM Text

the anomalously low 5'%0 values in all three (1977). Fig. 51

planktonic foraminifera (Fig. 3B). 11. L Ke1gyv1n, S. Lehmgn, Paleogeanography 9,185 (1994).  Table S1
12. M. Stuiver, P. ]. Reimer, Radiocarbon 35, 215 (1993). References

Intensified vertical mixing and deepening of
the mixed layer during HEs is the mechanism
remaining to explain the data. Atmospheric con-
ditions directly influence the mixed layer through
turbulence, and wind driven Langmuir circula-
tion could be the prime driver of the turbulence
(25, 26). As a result, the upper ocean often be-
comes well mixed to depths as great as 600 m
(27). Our 8'%0 data from planktonic foramini-
fera that live at different depth ranges illustrate
the extent of this process, suggesting that during
the times of HEs the near-surface waters were
homogenized by stronger mixing.

During the last glacial cycle, large ice sheets
in the Northern Hemisphere and steeper merid-
ional temperature gradients in the atmosphere
must have reorganized atmospheric circulation.
As a result, winter sea-ice cover extended fur-
ther south, and glacial winds were stronger and
more zonal (28, 29). These winds would have
intensified the vertical mixing and turbulence in
the upper water masses. It is counterintuitive to
visualize such a mechanism during HEs when
the glacial North Atlantic was flooded with melt-
water resulting in stronger stratification. However,
our 8'®0 data demonstrate that homogeniza-
tion of upper water masses did occur, suggesting
that this mechanism functioned at the core site.
Additional evidence of this mechanism comes

13. R. G. Fairbanks et al., Quat. Sci. Rev. 24, 1781 (2005).

14. H. Rashid, R. Hesse, D. . W. Piper, Earth Planet. Sci. Lett.
208, 319 (2003).

15. H. Rashid, E. Grosjean, Paleoceanography 21, 1240
(2006).

6 June 2007; accepted 11 September 2007
Published online 20 September 2007;

10.

1126/science.1146138

Include this information when citing this paper.

Wasp Gene Expression Supports an
Evolutionary Link Between Maternal
Behavior and Eusociality

Amy L. Toth,** Kranthi Varala,? Thomas C. Newman,* Fernando E. Miguez,?
Stephen K. Hutchison,? David A. Willoughby,? Jan Fredrik Simons,® Michael Egholm,?
James H. Hunt,* Matthew E. Hudson,? Gene E. Robinson*®

The presence of workers that forgo reproduction and care for their siblings is a defining feature of
eusociality and a major challenge for evolutionary theory. It has been proposed that worker behavior
evolved from maternal care behavior. We explored this idea by studying gene expression in the
primitively eusocial wasp Polistes metricus. Because little genomic information existed for this species,
we used 454 sequencing to generate 391,157 brain complementary DNA reads, resulting in robust hits
to 3017 genes from the honey bee genome, from which we identified and assayed orthologs of 32
honey bee behaviorally related genes. Wasp brain gene expression in workers was more similar to
that in foundresses, which show maternal care, than to that in queens and gynes, which do not.
Insulin-related genes were among the differentially regulated genes, suggesting that the evolution of
eusociality involved major nutritional and reproductive pathways.
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