
In this large multicenter sample, we 
were unable to detect a schizophrenia sus- 
ceptibility locus of major effect on chromo- 
some lq. It remains possible that the genes 
identified as disrupted in the Scottish trans- 
location finding (10, 11), or genes in the 
regions supported by the Finnish (9) and/or 
Canadian (6) samples, will be shown to 
have small effects on schizophrenia suscep- 
tibility in other populations, or that the 
pathways in which these genes participate 
will have more major effects. Identifying 
such genes to elucidate the pathogenesis of 
this devastating disorder remains a major 
goal of schizophrenia research. 
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Genes can affect natural behavioral variation in different ways. Allelic variation 
causes alternative behavioral phenotypes, whereas changes in gene expression 
can influence the initiation of behavior at different ages. We show that the 
age-related transition by honey bees from hive work to foraging is associated 
with an increase in the expression of the foraging (for) gene, which encodes a 
guanosine 3',5'-monophosphate (cGMP)-dependent protein kinase (PKG). 
cGMP treatment elevated PKG activity and caused foraging behavior. Previous 
research showed that allelic differences in PKG expression result in two Dro- 
sophila foraging variants. The same gene can thus exert different types of 
influence on a behavior. 
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occurring variation in insect behavior (1). 
Two for alleles are commonly present in 
populations of Drosophila melanogaster: 
forR (rover) flies have higher levels of for 
mRNA and PKG activity and collect food 
over a larger area than do fors (sitter) flies. 
Patchy food and high population densities 
provide a selective advantage for rovers; 
more uniformly distributed food and low 
population densities favor sitters (2). These 
results suggest that behavioral evolution in 
flies has involved selection for alternativefor 
alleles under different ecological conditions. 

We used the honey bee (Apis mnellifera) to 
study the possibility that for also is involved 
in developmentally regulated behavioral vari- 
ation. Unlike in flies, foraging in honey bees 
unfolds as part of a complex process of be- 
havioral maturation, and in a social context. 
Honey bee colonies exhibit an age-related 
division of labor; adult worker bees perform 
tasks in the hive such as brood care ("nurs- 
ing") when they are young, and then shift to 
foraging for nectar and pollen outside the 
hive. The transition to foraging typically oc- 
curs at about 2 to 3 weeks of age, is preceded 
by a series of orientation flights, and involves 
changes in brain chemistry, brain structure, 
endocrine activity, and gene expression (3). 
The age at onset of foraging is not rigid; it 
depends on the needs of the colony, mediated 
in part by inhibitory social interactions with 
older individuals and pheromones from the 
brood and queen (3). Foraging in honey bees 
is also different from flies because foragers 
collect food for their colony, and not neces- 
sarily when they themselves are hungry (4). 

We hypothesized that foraging in honey 
bees is associated with an up-regulation of 
the for transcript in the brain, with foragers 
having higher levels than nurses. This hy- 
pothesis was based on the notion that nurse 
bees loosely resemble sitter flies because they 
obtain food only in the more restricted con- 
fines of the beehive, whereas forager bees 
display rover-like behavior by ranging widely 
throughout the environment. Specifically, we 
investigated whether the same gene that re- 
sults in alternative allelic-based phenotypes 
(sitters and rovers in Drosophila) is also in- 
volved in developmentally regulated alterna- 
tive phenotypes, nursing, and foraging in 
honey bees. 

To test this hypothesis, we cloned a honey 
bee for ortholog (Amfor) (5). The predicted pro- 
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tein sequence of Amfor contains all regulatory, 
cGMP binding, and kinase domains typical of a 
PKG and is >80% similar to PKGs from other 
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organisms (5). Northern blot analysis (6) indi- 
cated the presence of a single transcript in the 
head and suggested higher expression in forager 
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ioral maturation. (A) < 3 
Northern blot analysis Z 2 
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(5 !Lg of mRNA from 
five heads per lane). Behavioral Groups 
The same blot was 
probed with Amfor-specific probe, stripped, and reprobed with Efl/ probe as RNA loading control. 
Lane 1, nurse head; lane 2, forager head. (B) qRT-PCR analysis of Amfor expression in individual 
brains of nurses and foragers from three unrelated typical colonies (colony 1, bees of unknown age; 
colonies 2 and 3, nurses 7 days old and foragers >21 days old; N = 8 brains per group). Data are 
means ? SE (converted to the same arbitrary scale as the mean). Results of ANOVA for each trial 
are shown (**P < 0.01). Two-way ANOVA showed significant (P < 0.001) differences between 
nurses and foragers (task) overall, significant differences (P < 0.001) between colonies, and a 
significant task x colony interaction (P < 0.01). (C) qRT-PCR analysis of Amfor expression in 
individual brains of nurses and precocious foragers (7 to 9 days old) from four unrelated 
single-cohort colonies. Sample sizes and analyses were as in (B). Two-way ANOVA showed 
significant (P < 0.001) differences between nurses and foragers (task) overall, significant differ- 
ences between colonies (P < 0.001), and a significant task x colony interaction (P < 0.05). The 
data for each colony are normalized relative to a control gene (7) and hence cannot be compared 
in absolute terms. However, PKG activity data (see text) indicate similar levels for nurses in both 
typical and single-cohort colonies. Bee colonies can differ as a result of both genotypic and 
environmental factors, and these factors may have influenced the magnitude of the relative 
difference between nurses and foragers; differences were in the same direction in all seven colonies 
studied, and they were significantly different in six of the colonies. 
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Fig. 2. Effects of treatment with cGMP or cAMP on honey bee foraging behavior. (A) Treatment 
with 8-Br-cGMP (500 JLM), but not 8-Br-cAMP (1000 pIM), significantly increased PKG activity 
[ANOVA, N = 8 heads per group; PKG activity measured as in (1)]. (B) Treatment with 8-Br-cGMP 
induced precocious foraging. Two trials were performed with no significant differences between 
them (P = 0.62), allowing the data to be pooled. P value on the graph is based on a survival analysis 
for dose dependence [Cox proportional hazards test, see (28)]; N = 35 to 45 bees per trial for each 
treatment. One-day-old bees were treated for 4 days in the laboratory and then introduced to 
single-cohort colonies. Observations at the hive entrance were made (9) to ensure that the onset 
of foraging was identified; the graph indicates the cumulative percentage of bees initiating foraging 
on each of the first 4 days of observation, when they were 4 to 10 days old. (C) Treatment with 
8-Br-cAMP did not induce precocious foraging. Design and analysis were as in (B). One trial was 
performed: N = 44 to 49 bees per group. No significant (P = 0.22) effect on precocious foraging 
was found in a second trial with 3000 mM 8-Br-cAMP (11). 0, 0 IM; 0, 100 pIM; V, 250 pIM; V, 
500 !pM; *, 1000 !pM. 
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heads relative to nurse heads (Fig. 1A). Real- 
time quantitative reverse-transcription polymer- 
ase chain reaction (qRT-PCR) (7) demonstrated 
that foragers had significantly higher brain lev- 
els ofAmfor mRNA (by a factor of 2 to 8) than 
did nurses in all three colonies studied (Fig. 1, A 
and B). Foragers also exhibited about four times 
as much PKG activity as did nurses [34.9 +? 3.1 
versus 12.5 ? 1.2 pmol min~' mg'~ protein 
(+?SE), foragers and nurses, respectively; N = 8 
heads per group, analysis of variance 
(ANOVA), P < 0.001; assayed as in (1)]. 

These results are consistent with our hypoth- 
esis; however, foragers typically are also older 
than nurses. To resolve whether for up-regula- 
tion is associated primarily with foraging behav- 
ior or with the foragers' advanced age, we ma- 
nipulated colony social structure to obtain pre- 
cocious foragers. We established "single-cohort 
colonies" initially composed only of 1-day-old 
bees (8); the absence of foragers results in some 
colony members initiating foraging as much as 
2 weeks earlier than usual (9). In support of our 
hypothesis, 7- to 9-day-old precocious foragers 
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had significantly higher levels ofAmfor mRNA 
(by a factor of 2 to 4) than did same-age nurses 
in three of four colonies (Fig. 1C). 

We used a pharmacological approach to test 
the hypothesis that increased PKG activation 
causes an increase in the likelihood of preco- 
cious foraging. Bees were chronically treated 
with 8-Br-cGMP (10), a membrane-permeable 
analog that is relatively resistant to degradative 
phosphodiesterases. As expected, the treatment 
significantly elevated PKG activity (Fig. 2A); 
treated bees had forager-like levels of PKG 
activity, whereas control bees had levels similar 
to nurse bees. This treatment significantly in- 
creased the likelihood of precocious foraging in 
a dose-dependent manner (Fig. 2B). In contrast, 
8-Br-cAMP treatment, which elevated cAMP 
(adenosine 3 ',5'-monophosphate)-dependent 
protein kinase activity (11), did not elevate 
PKG activity and did not affect the likelihood 
of precocious foraging (Fig. 2C). These results 
demonstrate a specific treatment effect and sug- 
gest that PKG activation can influence the ini- 
tiation of foraging behavior. 

C '''., 

Fig. 3. Amfor expression in the honey bee brain. OL, optic robes; KC, Kenyon cells. (A) Coronal 
section. Squares delineate regions shown magnified in (B) and (C). No labeling was seen in sections 
probed with a sense control (11, 12). There were no obvious spatial differences between nurses and 
foragers in expression patterns (N = 5 brains per group); these images are from a forager brain. 
Results suggest that the differences in Amfor mRNA levels between nurses and foragers detected 
with qRT-PCR may represent increased expression in the same cells. Brains were sectioned from 
anterior (antennal lobes) to posterior (subesophageal ganglion). 

In situ hybridization analysis was performed 
(12) to explore where Amfor might exert its 
effects in the brain (Fig. 3). Amfor is highly 
expressed in the lamina of the optic lobes and in 
the mushroom bodies. The mushroom bodies 
constitute the main center for multimodal sen- 
sory processing in the insect brain (13). In the 
mushroom bodies, Anrfor is preferentially ex- 
pressed in a central column of intrinsic (Ke- 
nyon) cells that receive mainly visual input 
(14). On the basis of these results, we speculate 
that Amfor is involved in higher order integra- 
tion of visual information associated with ori- 
entation and foraging behavior; involvement in 
other neural functions related to division of 
labor is also possible. 

Division of labor in honey bees involves 
intricate processes that integrate the effects of 
age, social interactions, colony needs, and re- 
source availability on the likelihood of engaging 
in foraging behavior. Other genes show changes 
in brain expression in association with the tran- 
sition from hive work to foraging (3), and quan- 
titative trait loci for pollen versus nectar forag- 
ing also have been identified (15). Our results 
suggest that the up-regulation of Amfor in the 
brain and the resultant increase in PKG activity 
is causally related to the transition from hive 
work to foraging outside. Hence, Amfor appar- 
ently influences the division of labor in honey 
bees and is one of only a few genes implicated 
in the organization of an animal society (16, 17). 

Both fly (1) and bee foraging involvefor, 
and PKG plays a role in the control of feeding 
arousal in some other invertebrates and ver- 
tebrates (18-20). This suggests that the re- 
sponsiveness of for expression over evolu- 
tionary (flies) and ontogenetic (bees) time 
scales reflects aspects of a phylogenetically 
conserved process of regulation of feeding. 
We propose that evolutionary changes in 
food-related behaviors, including complex 
social foraging, are based in part on changes 
in the regulation of for and other related 
genes. Given the importance of gene regula- 
tion in generating biological complexity, fur- 
ther studies of for and other genes that are 
both under selection and subject to regulation 
by extrinsic factors (21, 22) should provide 
important insights into the influences of 
genes on behavior. 
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AF469010) was obtained by probing a honey bee brain 
cDNA library with the positive PCR fragment. Overall 
similarity to Drosophila for (dg2), 87%; Drosophila dgl, 
70%; mammalian pkgl, 73%; Caenorhabditis elegans 
pkg, 70%. 

6. Each Northern blot lane contained 5 p.g of mRNA 
from heads. Hybridization was performed with a 
742-base pair DIG-labeled riboprobe (corresponding 
to nucleotides 1561 to 2302 of Amfor), using Easy- 
Hyb buffer (Roche) at 65?C. Efla loading control was 
as in (23). 

7. To measure mRNA levels of Amfor in individual bee 
brains, we used real-time qRT-PCR with TaqMan tech- 
nology (ABI). Total brain RNA from an individual brain 
was isolated with the RNeasy mini kit (Qiagen). Reverse 
transcription was performed according to protocol 
(TaqMan Reverse Transcription Reagents kit, ABI) with 
100 ng of total RNA. PCR was performed with the 
default parameters of the ABI Prism 5700 sequence 
detector. PrimerExpress software (ABI) was used to 
design highly specific primers and probe for Amfor. 
Forward probe, 5'-AATATAACTTCCGGTGCAACGTATT; 
reverse probe, 5'-CGTTTGGATCACGGAAGAAAG; Taq- 
Man probe (ABI), 5'-FAM6-AGGCGTGCCGCAGAAG- 
GTCCA-TAMRA. Levels of Amfor were quantified rela- 
tive to 18S rRNA (ABI kit); there were no differences in 
18S rRNA levels between nurses and foragers (11). Each 
sample was analyzed in triplicate, and each data point 
was calculated as the average of the three. Quantifica- 
tion was based on the number of PCR cycles (Ct) 
required to cross a threshold of fluorescence inten- 
sity, using the 2-AAct technique (ABI User Bulletin 
2) described in (24). Identification of nurses and 
foragers was as in (25). Bees were collected into 
liquid nitrogen immediately upon identification so 
that mRNA measurements accurately reflected 
gene activity under natural conditions. Bees were 
stored at -80?C until brain dissection. 

8. One-day-old (0 to 24 hours) adult bees were ob- 
tained by removing honeycomb frames containing 
pupae from a typical colony in the field and trans- 
ferring them to an incubator (33?C, 95% relative 
humidity). We marked -1000 1-day-old bees with a 
paint spot on their thorax and placed them in a small 
beehive with a queen (unrelated to the workers), one 
honeycomb frame of honey and pollen, and one 
empty honeycomb frame (for the queen to lay eggs). 
Each single-cohort colony was placed in an incubator 
for the first 4 days and then moved outdoors. 

9. Z. Y. Huang, G. E. Robinson, Proc. Natl. Acad. Sci. 
U.S.A. 89, 11726 (1992). 

10. We marked groups of 50 1-day-old bees and placed 
each group in a wooden cage (6 cm by 12 cm by 18 cm) 
placed in an incubator (33"C, 95% relative humidity) for 
4 days. Bees were treated orally with a 50% sucrose 
solution containing 8-Br-cGMP (Sigma) at the specified 
dose (control bees received sucrose alone). This com- 
pound is known to increase PKG activity (26). A freshly 
mixed solution was given daily. On day 5, all surviving 
bees from each cage were counted (90 to 100% sur- 
vival) and placed into a single-cohort colony with 
-1000 1-day-old bees (without cGMP treatment). Ob- 
servations at the hive entrance were made as in (9) to 
ensure that the onset of foraging was identified; obser- 
vations then occurred for 4 hours per day, 2 hours in the 
morning and 2 hours in late afternoon-times of peak 
foraging activity for these colonies. All bees initiating 
foraging during the first 4 days of observation were 
marked with a second spot of paint (so they were 
counted just once) and recorded, and the cumulative 
percentage of each group that foraged precociously was 
calculated. Oral treatment was used because it is a 
noninvasive way of achieving chronic treatment; it does 
not allow effects to be conclusively ascribed to brain 
elevation, even though assays of PKG activity in the 
head suggest that elevation in the brain did occur. 

11. Y. Ben-Shahar, A. Robichon, M. B. Sokolowski, G. E. 
Robinson, data not shown. 

12. Brains were dissected fresh in saline. Bees were cold- 
anesthetized before dissection. Once dissected, brains 
were immediately freeze-mounted on dry ice with an- 
terior side (identified by antennal lobes) up, and trans- 
ferred to the cryostat (Bright Inst. Co., -20?C). Brains 

AF469010) was obtained by probing a honey bee brain 
cDNA library with the positive PCR fragment. Overall 
similarity to Drosophila for (dg2), 87%; Drosophila dgl, 
70%; mammalian pkgl, 73%; Caenorhabditis elegans 
pkg, 70%. 

6. Each Northern blot lane contained 5 p.g of mRNA 
from heads. Hybridization was performed with a 
742-base pair DIG-labeled riboprobe (corresponding 
to nucleotides 1561 to 2302 of Amfor), using Easy- 
Hyb buffer (Roche) at 65?C. Efla loading control was 
as in (23). 

7. To measure mRNA levels of Amfor in individual bee 
brains, we used real-time qRT-PCR with TaqMan tech- 
nology (ABI). Total brain RNA from an individual brain 
was isolated with the RNeasy mini kit (Qiagen). Reverse 
transcription was performed according to protocol 
(TaqMan Reverse Transcription Reagents kit, ABI) with 
100 ng of total RNA. PCR was performed with the 
default parameters of the ABI Prism 5700 sequence 
detector. PrimerExpress software (ABI) was used to 
design highly specific primers and probe for Amfor. 
Forward probe, 5'-AATATAACTTCCGGTGCAACGTATT; 
reverse probe, 5'-CGTTTGGATCACGGAAGAAAG; Taq- 
Man probe (ABI), 5'-FAM6-AGGCGTGCCGCAGAAG- 
GTCCA-TAMRA. Levels of Amfor were quantified rela- 
tive to 18S rRNA (ABI kit); there were no differences in 
18S rRNA levels between nurses and foragers (11). Each 
sample was analyzed in triplicate, and each data point 
was calculated as the average of the three. Quantifica- 
tion was based on the number of PCR cycles (Ct) 
required to cross a threshold of fluorescence inten- 
sity, using the 2-AAct technique (ABI User Bulletin 
2) described in (24). Identification of nurses and 
foragers was as in (25). Bees were collected into 
liquid nitrogen immediately upon identification so 
that mRNA measurements accurately reflected 
gene activity under natural conditions. Bees were 
stored at -80?C until brain dissection. 

8. One-day-old (0 to 24 hours) adult bees were ob- 
tained by removing honeycomb frames containing 
pupae from a typical colony in the field and trans- 
ferring them to an incubator (33?C, 95% relative 
humidity). We marked -1000 1-day-old bees with a 
paint spot on their thorax and placed them in a small 
beehive with a queen (unrelated to the workers), one 
honeycomb frame of honey and pollen, and one 
empty honeycomb frame (for the queen to lay eggs). 
Each single-cohort colony was placed in an incubator 
for the first 4 days and then moved outdoors. 

9. Z. Y. Huang, G. E. Robinson, Proc. Natl. Acad. Sci. 
U.S.A. 89, 11726 (1992). 

10. We marked groups of 50 1-day-old bees and placed 
each group in a wooden cage (6 cm by 12 cm by 18 cm) 
placed in an incubator (33"C, 95% relative humidity) for 
4 days. Bees were treated orally with a 50% sucrose 
solution containing 8-Br-cGMP (Sigma) at the specified 
dose (control bees received sucrose alone). This com- 
pound is known to increase PKG activity (26). A freshly 
mixed solution was given daily. On day 5, all surviving 
bees from each cage were counted (90 to 100% sur- 
vival) and placed into a single-cohort colony with 
-1000 1-day-old bees (without cGMP treatment). Ob- 
servations at the hive entrance were made as in (9) to 
ensure that the onset of foraging was identified; obser- 
vations then occurred for 4 hours per day, 2 hours in the 
morning and 2 hours in late afternoon-times of peak 
foraging activity for these colonies. All bees initiating 
foraging during the first 4 days of observation were 
marked with a second spot of paint (so they were 
counted just once) and recorded, and the cumulative 
percentage of each group that foraged precociously was 
calculated. Oral treatment was used because it is a 
noninvasive way of achieving chronic treatment; it does 
not allow effects to be conclusively ascribed to brain 
elevation, even though assays of PKG activity in the 
head suggest that elevation in the brain did occur. 

11. Y. Ben-Shahar, A. Robichon, M. B. Sokolowski, G. E. 
Robinson, data not shown. 

12. Brains were dissected fresh in saline. Bees were cold- 
anesthetized before dissection. Once dissected, brains 
were immediately freeze-mounted on dry ice with an- 
terior side (identified by antennal lobes) up, and trans- 
ferred to the cryostat (Bright Inst. Co., -20?C). Brains 
were sectioned (10 I,m) and dry-mounted on glass 
slides. Hybridization was performed in 50% formalde- 
were sectioned (10 I,m) and dry-mounted on glass 
slides. Hybridization was performed in 50% formalde- 

hyde buffer with a digoxigenin-labeled antisense RNA 
probe (Roche) at 60?C [same as in (6)]. Sense probe was 
used as control. 

13. M. Heisenberg, Learn. Mem. 5, 1 (1998). 
14. W. Gronenberg, J. Comp. Neurol. 435, 474 (2001). 
15. R. E. Page Jr., J. Gadau, M. Beye, Genetics 160, 375 (2002). 
16. L. J. Young, M. M. Lim, B. Gingrich, T. R. Insel, Horm. 

Behav. 40, 133 (2001). 
17. M. J. B. Krieger, K. G. Ross, Science 295, 328 (2002). 
18. M. A. Della-Fera, C. A. Baile, S. R. Peikin, Physiol. 

Behav. 26, 799 (1981). 
19. J. E. Morley, S. A. Farr, M. D. Suarez, J. F. Flood, 

Pharmacol. Biochem. Behav. 50, 369 (1995). 
20. L L. Moroz, T. P. Norekian, T. J. Pirtle, K. J. Robertson, 

R. A. Satterlie, J. Comp. Neurol. 427, 274 (2000). 
21. Y. Gilad, S. Rosenberg, M. Przeworski, D. Lancet, K. 

Skorecki, Proc. Natl. Acad. Sci. U.S.A. 99, 862 (2002). 
22. Y.-C. Ding et al., Proc. Natl. Acad. Sci. U.S.A. 99, 309 

(2002). 
23. D. P. Toma et al., Proc. Natl. Acad. Sci. U.S.A. 97, 

6914 (2000). 

hyde buffer with a digoxigenin-labeled antisense RNA 
probe (Roche) at 60?C [same as in (6)]. Sense probe was 
used as control. 

13. M. Heisenberg, Learn. Mem. 5, 1 (1998). 
14. W. Gronenberg, J. Comp. Neurol. 435, 474 (2001). 
15. R. E. Page Jr., J. Gadau, M. Beye, Genetics 160, 375 (2002). 
16. L. J. Young, M. M. Lim, B. Gingrich, T. R. Insel, Horm. 

Behav. 40, 133 (2001). 
17. M. J. B. Krieger, K. G. Ross, Science 295, 328 (2002). 
18. M. A. Della-Fera, C. A. Baile, S. R. Peikin, Physiol. 

Behav. 26, 799 (1981). 
19. J. E. Morley, S. A. Farr, M. D. Suarez, J. F. Flood, 

Pharmacol. Biochem. Behav. 50, 369 (1995). 
20. L L. Moroz, T. P. Norekian, T. J. Pirtle, K. J. Robertson, 

R. A. Satterlie, J. Comp. Neurol. 427, 274 (2000). 
21. Y. Gilad, S. Rosenberg, M. Przeworski, D. Lancet, K. 

Skorecki, Proc. Natl. Acad. Sci. U.S.A. 99, 862 (2002). 
22. Y.-C. Ding et al., Proc. Natl. Acad. Sci. U.S.A. 99, 309 

(2002). 
23. D. P. Toma et al., Proc. Natl. Acad. Sci. U.S.A. 97, 

6914 (2000). 

24. G. Bloch et al., J. Biol. Rhythms 16, 444 (2001). 
25. Y. Ben-Shahar, G. E. Robinson, J. Comp. Physiol. A 

187, 891 (2001). 
26. S. H. Francis et al., Mol. Pharmacol. 34, 506 (1988). 
27. E. O. Wilson, Sociobiology (Belknap/Harvard, Cam- 

bridge, MA, 1975). 
28. D. R. Cox, J. R. Stat. Soc. Ser. B 34, 187 (1995). 
29. We thank B. White for use of the ABI 5700 TaqMan 

machine; A. Ross and A. Cash for technical assistance 
in the field; S. Hartz for statistical assistance; S. E. 
Fahrbach and R. Velarde for help with in situ hybrid- 
ization; and D. F. Clayton, K. G. Ross, J. H. Willis, and 
members of the Robinson and Sokolowski laborato- 
ries for helpful comments on the manuscript. The 
"time scale perspective" on genomic responsiveness 
resembles Wilson's model for organismic responsive- 
ness (27). Supported by grants from the NIH and 
Burroughs-Wellcome Trust (G.E.R.) and MRC and the 
Canada Research Chair Program (M.B.S.). 

16 January 2002; accepted 20 March 2002 

24. G. Bloch et al., J. Biol. Rhythms 16, 444 (2001). 
25. Y. Ben-Shahar, G. E. Robinson, J. Comp. Physiol. A 

187, 891 (2001). 
26. S. H. Francis et al., Mol. Pharmacol. 34, 506 (1988). 
27. E. O. Wilson, Sociobiology (Belknap/Harvard, Cam- 

bridge, MA, 1975). 
28. D. R. Cox, J. R. Stat. Soc. Ser. B 34, 187 (1995). 
29. We thank B. White for use of the ABI 5700 TaqMan 

machine; A. Ross and A. Cash for technical assistance 
in the field; S. Hartz for statistical assistance; S. E. 
Fahrbach and R. Velarde for help with in situ hybrid- 
ization; and D. F. Clayton, K. G. Ross, J. H. Willis, and 
members of the Robinson and Sokolowski laborato- 
ries for helpful comments on the manuscript. The 
"time scale perspective" on genomic responsiveness 
resembles Wilson's model for organismic responsive- 
ness (27). Supported by grants from the NIH and 
Burroughs-Wellcome Trust (G.E.R.) and MRC and the 
Canada Research Chair Program (M.B.S.). 

16 January 2002; accepted 20 March 2002 

A Tomato Cysteine Protease 

Required for Cf-2-Dependent 
Disease Resistance and 

Suppression of Autonecrosis 

Julia Kriiger,1 Colwyn M. Thomas,1'2 Catherine Golstein,.'3 
Mark S. Dixon,1'4 Matthew Smoker,1 Saijun Tang,1'5 

Lonneke Mulder,1 Jonathan D. G. Jonesl* 

Little is known of how plant disease resistance (R) proteins recognize pathogens 
and activate plant defenses. Rcr3 is specifically required for the function of Cf-2, 
a Lycopersicon pimpinellifolium gene bred into cultivated tomato (Lycopersicon 
esculentum) for resistance to Cladosporium fulvum. Rcr3 encodes a secreted 
papain-like cysteine endoprotease. Genetic analysis shows Rcr3 is allelic to the 
L. pimpinellifolium Ne gene, which suppresses the Cf-2-dependent autonecro- 
sis conditioned by its L. esculentum allele, ne (necrosis). Rcr3 alleles from these 
two species encode proteins that differ by only seven amino acids. Possible roles 
of Rcr3 in Cf-2-dependent defense and autonecrosis are discussed. 
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Plant disease R proteins activate defense mech- 
anisms upon perception of pathogen-derived 
molecules. Intracellular and extracellular race- 
specific elicitors are recognized by structurally 
distinct classes of R proteins (1, 2). Tomato Cf- 
genes confer resistance to the fungus Clados- 
porium fulvum. During infection numerous 
peptides are secreted into the apoplast (3), and 
some are products of fungal avirulence (Avr) 
genes. Cf- genes encode transmembrane pro- 
teins with extracellular leucine-rich repeats 
(LRRs) and short (23 to 36 amino acid) cyto- 
plasmic domains (1, 2). In tomato, Avr peptide 
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peptides are secreted into the apoplast (3), and 
some are products of fungal avirulence (Avr) 
genes. Cf- genes encode transmembrane pro- 
teins with extracellular leucine-rich repeats 
(LRRs) and short (23 to 36 amino acid) cyto- 
plasmic domains (1, 2). In tomato, Avr peptide 
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recognition activates a defense reaction depen- 
dent on Cf- genes, the hypersensitive response 
(HR), which results in localized cell death and 
the arrest of pathogen ingress. In tobacco cells 
expressing Cf-9, elicitation with Avr9 leads 
within 5 to 15 min to reactive oxygen produc- 
tion, protein kinase activation and novel gene 
expression (4). How Cf proteins activate de- 
fense responses is unknown. 

Cf-2 confers Avr2-dependent resistance to 
C. filvum. Mutations in Rcr3 suppress Cf-2 
function (2). Rcr3 is unlikely to be a component 
shared by multiple Cf- signaling pathways, be- 
cause it is dispensable for the function of Cf-9 
and even Cf-5, an ortholog of Cf-2 (5). 

We isolated Rcr3 by positional cloning (6). 
Rcr3 encodes a protein of 344 amino acids that 
is 43% identical to papain from Carica papaya 
(Fig. 1A). Rcr3 expressed from its own promot- 
er restores Cf-2-dependent resistance to rcr3 
mutants (Fig. 1B). Rcr3 contains conserved 
amino acid residues of the active site of eukary- 
otic thiol proteases (C154, H286, and N307 (7). 
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