
 

Reversible switching between epigenetic states in honeybee behavioral subcastes 

 

 

Brian R. Herb1,2,*, Florian Wolschin3,4*, Kasper D. Hansen 1,6, Martin J. Aryee1,5, Ben 

Langmead6, Rafael Irizarry6, Gro V. Amdam3,4,†, and Andrew P. Feinberg1,2,6,7,† 

 

1Center for Epigenetics, Departments of 2Medicine, 5Oncology, and 7Molecular Biology 

& Genetics, Johns Hopkins University School of Medicine; 3Department of Chemistry, 

Biotechnology and Food Science, Norwegian University of Life Sciences; 4School of 

Life Science, Arizona State University; 6Department of Biostatistics, Johns Hopkins 

Bloomberg School of Public Health 

*Contributed equally 

†Address correspondence to Gro Amdam (Gro.Amdam@asu.edu) or Andrew Feinberg 

(afeinberg@jhu.edu) 

 



Supplementary Figures and Legends

0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

CHARM

W
G

BS

Queen1 sample, Correlation=0.807

1
277
553
829
1104
1380
1656
1932
2208
2484
2760
3036
3312
3587
3863
4139
4415

Counts

a
Worker1 sample, Correlation=0.800

1
299
597
895
1194
1492
1790
2088
2386
2684
2982
3280
3578
3877
4175
4473
4771

Counts

0

0.2

0.4

0.6

0.8

W
G

BS

0.2 0.4 0.6 0.8 1
CHARM

b

●

●

●

●
● ●

● ●

●

●

●
●

● ● ●

●

●

● ● ●

●

●
●

●

●

●

●

●

●

●

●
●

●

●
●

●

● ●

●
●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

● ● ●

●

●

●

●

●

●
●

● ● ●
●

●

●

●
●

●

●

●

●

●

●
● ●

●

●

●

●
●

●
●

●

●

●

●

●

●

●
●

●

● ●

●
● ●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

● ●

●

●

●

●

●

●

●

●
●

●
●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

● ●
●

●
●

●
●

●

●

●
● ●

●

●
●

●

●

●

●

●

●

●
●

●
● ●

●
●

●

●
●

●

●

●
●

●

●

●

● ●
●

●
●

●

●
●

●

●

●

●

●
●

●

●

●

● ●

●

●

● ●
● ●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

● ● ● ● ●

●
●

●

●

●
● ●

●

●
●

● ●
●

●
●

●
●

●

●
●

●

● ●
●

●

●

●

● ●

●

●
●

● ●
● ●

●

●
●

●
●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●
●

●

●
● ● ●

●
●

● ●

●

●

●

●

● ●

●

● ●

●

●
●

●

●
● ●

●

●

●
●

● ●

●

●

●
●

● ● ●

●

● ● ● ● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ● ●

● ●

●

●

●

●

●

● ● ●

●

●
●

●

●

●

●

●

●

●
●

●
●

●
●

●

●
● ●

●

●

●

●
●

●

●

●

●

●

● ● ●

● ●
●

●

●

●
●

●

●

●
●

●

●

● ●

●
●

● ●

●
●

● ●

●

●

●
●

●

●

●
●

●

●

●

●

●

●
● ● ●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

● ●

●

●

● ●
●

●

●

●

● ●

●

●

● ●
●

●

● ●

● ●

●

● ●
●

●

●

●

● ●
●

●

●

●
●

●
● ●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●
●

●

●

●

●

●

●

●
●

●

●

●

●

● ● ●

●

●

●

●

●
●

●

● ●

●

●

●

●
●

●

●

●
●

● ● ●

●

●

● ● ●
●

●

●
●

●
●

●

●
●

●

●
●

●

●

● ●

●

●

●

●

●

●

●

●

● ● ●

●

●

●

●

●

●

●

● ●
● ●

●

● ●

●

●

●

●

●

●

● ●
●

●

●

●
● ●

● ●

●

● ●
●

●

●

●

●

●

●

●
●

●
●

●

●
●

●

●

●
● ●

●
●

●

●

●
● ●

●
●

●
●

●

●

●

●

●

●

●

●

● ●

●
●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●
● ●

●

●

●
●

● ●

●

● ●
●

● ●

●

●

●

●
●

●

●

● ●

●

●

● ●
●

● ●

●
● ●

●

●
●

●

●
●

●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●
●

●
●

●
●

●

● ●

● ●

●

●
●

●

C
H

AR
M

m
et

hy
la

tio
n

20

40

60

80

100

●●

●

●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●● ●●

●

●●●●●●●●●●●●●●●●●● ●●●

●

●●●●●●● ●●●● ●● ● ●●●●●●●●●●●●●●● ●●● ●●●●

●

●

●

●●●●●● ●●● ●●●●●●●●

●

●

●●●

●

●

●

●

●

●●

●

●
●

●
●

●

● ●

●

●

●●●● ● ●● ●● ●●● ●●●●●●●●●● ●●●●●●●●●● ●●●

●

● ●●●●●●● ●●●●●●●●●●●●●●●●

●

●●

●

●●●●●●●●●●●●●● ● ●●● ●●

●

● ●● ● ●●●●●●●●●●●●●●●●●● ●●● ● ●●●●●

●

●●●●●●●●●●●●●●●●●

●

●●●●●●● ●●● ●●●●●●●

●

●●●●●●●●●● ●●●● ●●●●●●

●

●●●

●

●● ● ●●●●●●●●●●●

●

●●● ●●●

●

●●

●

● ●

●

●●

●

●●● ●●● ●●●●●●●●

●

●

●●

●●●●● ●

●

●

●
●●●

●

●

●

●
●

●

●

●

●● ● ●● ●● ●●● ●●●●●●●

●

●● ●●●●

●

●●●●

●
●

●●● ● ●●●

●

●●● ●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●●● ● ●

●

● ●●●● ●● ● ●

●

●

●●●

●

●●●●●●●●●●● ●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●●●●●●●●●

●

●●●

●

●● ●●●● ●●●●●●● ●●●● ●● ● ●●●●●●●●●●●●●●● ●

●

● ●

●

●●● ● ●●●●●●● ●

●

● ●●●●●●●●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●●●

●
●●

●

● ●●● ●●●●●●●●●● ●

●

●●●●●●●● ●●●● ● ●●●●●●● ●●●●●

●

●●●●●●●●●●●●●●

●

●●●●●●●●●●●●● ● ●●● ●●●● ●● ● ●●

●

●●●●●●●●●●●●●●● ●

●

● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●●●●●●●

●

●●●●●●●● ●●●●
●
●●●●●● ●●●● ●● ● ●●●●●

●●

●●●●●●●●

●

●● ●●●●● ● ●●●●●●● ●●● ●●●●●●●●

●

●

●●●

●

●

●

● ●

●

●

●

●
●

●

●

●

●

●

●

●

●
●
●● ● ●● ●● ●

●

● ●●●●●●●●●● ●●●●●

●

●●●● ●●●●
●

●●●●●●● ●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●
●
●●●
●

● ●●● ●●

●

● ●●
●

●●●●●●●●●●●●●●●●●● ●●●

●

●●
●

●

●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●●●

●

●●●●●●●●●●●●
●
●●● ●●●●●●● ●●●● ●● ● ●●●●●●●●●●●●●●

●

●●● ●●●●● ● ●●●●●●

● ●
●● ●●

●

●●●●●

●

●

●●●

●●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●●●● ● ●● ●● ●●● ●●●●

●

●●●●● ●

●

●●●●●●●● ●●●●

●

●●●
●
●●● ●●●●●●

●

●●●●●●●●●●●●●●●●

●

●●●●

●

●●●●● ● ●●● ●●

●

● ●● ● ●●●

●

●●●●●●●●●●●●●● ●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●●●●●●

●

●●●

●

●●●●● ●●●● ●●●●●

●

● ●●●● ●● ● ●●●●●●●●●●●●●●●

●

●● ●●

●

●● ● ●●

●

●●●● ●●● ●●●●●●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●●

●

●

●

●

●

●●●● ● ●●

●

● ●●

●

●●●●●●●●●● ●●●●●●●●●● ●●●● ● ●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●

●

●●●●●●●●● ● ●●● ●●●● ●

●

● ●●●●●●●●●●●●●●

●

●●● ●●● ● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●●●●●●●●●●●●

●
●●
●

●

●
●

●

●

●●●●●● ●

●

●● ●● ● ●●●●●●●●●●●●●●

●

●●● ●●●●● ● ●●●●●●● ●●● ●●●●●

●

●●

●

●

●●●

●
●●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●●●● ● ●● ●● ●●● ●●●●●●●●●● ●●●●●●●●●● ●●●● ● ●●●●●●● ●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●

●

●●●● ● ●●● ●●●● ●● ● ●●●●●●●●●●●

●

●●●●●● ●●● ●
●
●●●

●

●●●

●

●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●

●

●●●●●●●●●●●●●● ●●●● ●●●●●
●
● ●●●

●

●● ● ●●●●

●

●●●●●●●●●● ●●

●

●●●●● ● ●●

●

●●●● ●●● ●●●●●●●●

●

●

●●●

●

●

●

●

●

●

●

●

●
●●

●

●

● ●

●

●

●●●● ● ●● ●● ●

●

● ●●●●

●

●●●●● ●●●●●●●●●● ●●●● ● ●

●
●
●●●● ●●

●

●●●●●●●●●

●

●●●●●●●●●●●●

●

●●●●●●●● ● ●●● ●●●● ●● ● ●●

●

●●●●●●

●

●●●●●●●● ●●

●

● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●● ●●●●●●●●●●●●●●●●●

●

●●●● ●●●●●●

●

●

●●

● ●● ● ●

●

●●●●

●

●●●●●●●● ●●● ●●●●● ● ●●●●●●● ●●● ●●●●●●●●

●

●

●●●

●

●
●●

●

●

●

●

●●●●

●

●

●

●

●

●●●● ● ●● ●● ●●● ●●●●

●

●

●

●●● ●●●●●●●●●● ●●●● ● ●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ●●● ●●●● ●

●

● ●●●●●●●●●●●●●●●●●

●

●●● ● ●●●●●●●●●●●●●●●

●

●●●●●●●●●●●

●

●●● ●●● ●●●●●●●●●●●●●●●●●● ●●●● ●●●●●●● ●●●

● ●

● ● ●●●

●

●●●●●●●●●

●

● ●●● ●●●

●

● ● ●

●

●●●●● ●●● ●●●●●●●●

●

●

●●●●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●
●

●●
●
● ● ●● ●● ●●● ●

●

●●●●●●●● ●●●●●●●●●● ●●●● ● ●

●

●

●

●●● ●●●●●●●●●●●●●●

●

●●●●●●●●●●●●

●

●●●●●● ● ●●● ●●

●

● ●● ● ●●●●

●●

●●●●●●●●●●●● ●

W
G

BS
m

et
hy

la
tio

n

20

40

60

80

100

C
pG

de
ns

ity

0.0

0.1

G
en

es

−
+

Chr14.21: 657241 659206 661170

LOC410505

●

● ●

●
●

●

●

●
●

● ●

●

●

●

●

●

●
●

●

●

●

● ● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

● ●

●

●

●
●

●

●

●

●
●

●

● ●

●

●
●

●
● ● ● ●

●
●

●

●
●

●
●

● ● ●

●

●

●

● ●
●

●
●

●

●

●

●

● ●

●

●

●

●

●
●

●
●

● ●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

● ●

●

●

● ● ●
●

● ●

●

● ●

●

●

●
●

●

●
●

●
● ●

●

●

●

●
●

● ●

●

●

● ●

●

●
●

●

●
●

●

●

●

●

●

●

● ●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●
●

●

●

●

●

● ●
●

●

●
●

●

● ●

●

●

●

● ●
● ●

●

●

●

●

●
●

●

●

●

●

●

● ●

●

● ●

● ●
●

●

●

● ●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●
●

●
● ●

●

●

●

● ●

●

● ●
●

●

●

●
●

●
● ●

●
●

●

●

●

●
●

●
●

● ●

●

●
●

●

●

●

●
●

●
● ●

●

●

●

●

●
● ●

●

●

●

●

●

●

●

●

●
●

●

●
●

●
●

●

●

●

●

●

●

● ● ●

● ●
●

●

●
●

●

● ●

●

●

●
●

●

●

●
●

●

●
●

● ●

● ●

● ●
●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●
● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

● ● ●

●

●

●

●

●

●

●
● ●

●
●

●

●

●

●

●

● ●

●

●
●

●

●

●

● ●

●

●

●

●

●

●
●

●
●

●

●

●

● ●
●

●

●

●

●

●

● ●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

●
●

●
●

● ●
● ●

●
●

●

●

●
●

●

●
●

●
● ● ●

●

●

● ●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

● ●
● ●

●

●
●

●

●
●

●

●
●

●

●

●

●

● ●

●
●

●

●
●

●

●
●

●

●

●

● ● ●
●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

● ● ●

●

●

●

●

●

●

● ● ●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●
●

●

●

●

●

●

●
●

●
●

●

●

● ●

●

●

● ●
●

● ●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

● ●

●

●

●

●
●

● ●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
● ●

●

●

●

●

●

●

● ●

●

●

●

●
●

●
●

●

●

●
●

●

●

●

●
●

●
●

●

●

●

●

●
●

●
●

●

●

●

●

C
H

AR
M

m
et

hy
la

tio
n

20

40

60

80

100

● ●●●● ●●●●● ●●●● ●

●

●●●

●

●● ● ●●● ●●●●● ●●●●● ●● ●● ●●

●

● ●

●

●

●

●●● ● ●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●●●●●● ● ●

●

●● ●● ●● ●

●

● ● ●

●

● ●●●

●

●

●

● ● ●●●●●

●

● ●● ●● ● ● ●●●

●

● ●●●● ●

●

●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●● ●● ●●●● ●●●●●

●

●●● ● ●
●●

●

●

●
●

● ●

●● ●●●

●

● ●●●●● ●● ●

●

●

●

● ● ●

●

●

●

●

●●

● ●

●

●

●

●

●

●

●

●
●

●
●
●

●

●

●

●

●

●

●

●

●

●

●●●●

●

●●● ● ●●●● ●●

●

● ●●● ● ●● ● ●●● ●● ●● ●

●

●●●● ●

●

●● ●● ● ● ●●● ●● ●●●● ●●●● ●●●●●

●

●●●●●●

●

●●●●●●●●●●●●●●●●●

●

●●●●●●● ●●●

●

●●●●●

●

●● ●● ●●●● ●●●●● ●●●● ● ●

●

●●

●

●● ● ●●● ●●●●● ●●●●● ●● ●● ●● ● ●

●

●

●

●

●

●● ● ●●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●●●●●●●● ● ●●

●

● ●● ●●

●

●● ● ●● ● ●●● ●● ●● ● ●●●●

●

●● ●● ●● ● ● ●●● ●● ●●●● ●●●

●

●●●●●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●●●● ●

●

●●●●●●●●●● ●● ●●●● ●●●●● ●●●
●

● ● ●●●

●

●
●

● ●●● ●●●●●
●
●●●● ●● ●● ●

●
● ●

●

●

●
●

●●● ● ●
●●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●
●●

●●●●●●●● ● ●●●● ●● ●●
●
●
●

● ●● ● ●●● ●● ●● ● ●●●●● ●● ●● ●● ● ● ●
●
● ●● ●

●

●●

●

●●● ●●●●●●●●●●●●●●●●●●

●

●●●●●●●●●●●

●

●●●●

●

●● ●●●●

●

●●●●●●● ●● ●●●● ●●●●● ●

●

●● ● ●

●

●●

●

●● ● ●●● ●●●●● ●

●

●●● ●● ●● ●● ● ●

●

●
●

●

●●● ● ●●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●●●●●●●● ● ●●●● ●● ●● ●●● ● ●

● ●

●●● ●● ●● ● ●●●●● ●● ●●

●

● ●

●

●●

●

●● ●●●● ●●●●

●

●●●●●●●●●●●●●●●●●

●

●●●●●●●●

●

●●●●●●●●●●

●

●●●●●●●●●●

●

●● ●●●● ●

●

●●● ●●●● ● ● ●●●

●

●● ● ●●● ●●●●● ●●●●● ●● ●

●

●● ● ● ●

●

●

●

●●●

●

●●●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●●●●●●

●

●

●

●● ●● ●● ●●● ● ●● ● ●●● ●● ●● ● ●●●●● ●● ●● ●● ● ● ●●● ●● ●●●● ●

●

●● ●

●

●●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●●●●● ●●●●●●●●●●●● ●

●

●●●● ●●●●● ●●●● ● ● ●●●

●

●● ● ●●● ●●●●

●

●●●●● ●● ●● ●● ● ● ●

●

●

●

●●● ● ●●●

●

●

●

●

●

●●

●

●
●

●

●
●

●

●●

●

●
●

●

●

●

●

●

●●●● ● ●●●● ●● ●● ●●● ● ●● ●

●

●● ●● ●● ● ●●●●● ●● ●●

●●

● ● ●●● ●● ●●●● ●●●● ●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●

●

●●●●●●●● ●●●●●●●●●●●●

●

● ●●●● ●●●●● ●●●● ● ● ●●

●

●

●● ● ●●● ●
●
●●
●

●●●●● ●● ●● ●● ● ●
●

●
●

●

●●● ● ●●●

●

●

●

●

●

●●

●

●
●

●

●

●

●

●●

●

●

●

●

●●●●●●●● ● ●●

●

● ●● ●●
●
●● ● ●● ● ●●● ●● ●●

●

●●●●● ●● ●● ●● ● ● ●●● ●

●

●●●● ●●●
●

●●●●●

●

●●●●●

●

●●●●●●●●●●●

●

●●

●

●●●●

●

●●●●●● ●●●●●●●●●●●● ●● ●●●● ●●●●● ●●●

●

● ● ●●●

●

●● ● ●●● ●●●●● ●
●
●●● ●● ●

●

●● ● ● ●

●

●

●

●●● ● ●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●●●● ●

●

●●● ●● ●●

●

●● ● ●● ● ●●● ●● ●● ● ●●●●● ●● ●● ●● ● ● ●●● ●● ●●●● ●●●● ●●●●●●●●●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●● ●●●

●

●●●●●●●●

●

● ●●

●

● ●

●

●●● ●●●● ●

●

●●●

●

●● ● ●●● ●●●●● ●●●●● ●● ●● ●● ● ●

●

●
●

●

●●● ● ●●●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●●

●

●●●●●●●● ● ●●●●
●
● ●

●

●

●
●

●

●●

● ●●● ●● ●● ● ●●●●● ●

●

●● ●
● ●

● ●●● ●● ●●●● ●●●● ●

●

●

●

●●

●

●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●● ●●●●●●●

●

●●●

●

●

W
G

BS
m

et
hy

la
tio

n

20

40

60

80

100

C
pG

de
ns

ity

0.0

0.1

G
en

es

−
+

Chr12.30: 1181419 1183312 1185206

LOC408384

● ●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●
● ● ●

●
●

●
●

●
●

●
●

●

●
●

●
●

● ● ●
● ●

●

● ●

●

●
●

●

●

●
●

●

●

● ●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●
●

●

●

●

●

● ● ● ●
●

●

● ●

● ●

●
●

●

●
●

●

● ●

●

●

● ●

●

●

●

●

●

●
●

●
●

●

● ●

●

●

●
●

●

●

●

●

●
●

●

●

●

●
●

●
●

●
●

●

●
● ●

●

●

●
●

●

●

●

●
●

● ●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●
● ● ●

● ●

●
●

●

●

●
●

●

●

● ●

● ●

●

●
● ●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

● ● ●
●

● ●

●

●

●

●

●
●

●

● ●
●

●

● ● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●
●

●

● ●

●

● ●

●

●

●

●

●

● ●

●

●

● ●

●

●

●

●

● ●

● ●

●

●

●

●

●

● ●

●

●

●

●

●

● ● ●
● ● ●

●

●

● ●
●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●
● ●●

●
●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

● ●

●

●

● ●

●

●

● ●
● ●

● ●

●
● ● ●

●

●
● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●
●

●

●

●
●

●

●

● ●

●

●

● ●

●

●

●
●

●
●

●

●
●

●

●
● ●

●
●

●

●●

● ●

●

●

● ● ● ●

●

●

●

●

●

●

●

●

●

●

● ●
●

●

●

●

●
●

●

●
●

●
● ●

●
● ● ●

●

●

●

●

●
●

●

●
●

●
●

●

●
●

●

C
H

AR
M

m
et

hy
la

tio
n

20

40

60

80

100

●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●

●●●●●●●●●●●●●●●●●●●●●● ● ● ●● ● ●● ●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●● ● ● ●● ●●● ●●● ● ●●●● ●●

●

● ● ● ● ●●●●● ●●●●●

●

●●●●●

●

●●●● ●●●●● ●●

●

●●●●● ●●●●● ●● ●●●● ●● ●

●

●●●●●●●●●●● ●●●●●●

●

●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●

● ● ●
●
● ●

●● ●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●
●

● ● ●●

●

●● ●●● ● ●●●● ●●●● ● ● ● ●●●●● ●●●●●● ●●●●●●●●●● ●●●●● ●●●●●●●● ●●●●● ●● ●●●● ●●

●

●●●●●●●

●

●●●● ●●●●●●●●●●●●●●

●

●●

●

●●●●●●●●●●●●●

●

●●

●

●●●●●●●●●●●

●

●●●●●●● ● ● ●

●

● ●● ●
●
●

●

●

●
●

●

●

●

●

●

●

●●
●

●

●●
●

●

●●● ● ●

●

● ●●● ●●● ● ●●●

●

●●●● ● ● ●

●

●

●

●● ●●●●●● ●●●●●●●●●● ●●●●●

●

●

●

●●

●

●● ●●●●● ●● ●●●● ●● ● ●●●●●●●●●●●● ●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●
●●●●●●●● ●

●

●● ● ●● ●●●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●●● ● ● ●
● ●

●● ●●● ● ●●●● ●●●● ● ● ● ●●●●● ●●
●
●●● ●●●●●●●●

●

● ●●●●● ●●●●●●

●

● ●●●●● ●● ●●
●
● ●● ● ●●●

●

●●●●●●

●

● ●●●●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●

●

●●● ● ● ●● ● ●● ●●●

●

●

●

●

●

●

●

●

●
●

●●

●●

●

●

●●

●●● ●

●

●● ●●● ●●● ● ●●●● ●●●● ● ● ● ●●●●● ●●●●●● ●●●●●●●●●● ●●●●

●

●●

●

●●●●● ●●●●● ●● ●●●● ●● ● ●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●● ● ●● ●●●

●

●

●

●

●

●

●

●

●

●

●

● ●●

●● ●● ●●● ● ● ●● ●●● ●●● ● ●●●● ●●●● ● ● ● ●●●

●

● ●●●●●● ●●●●●●●●●● ●●●●● ●●●●●●●● ●●●●●

●

● ●●●● ●● ● ●

●

●●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●

●

●●

●

●

●

●●●●●●

●

● ●● ● ●

●

●●●

●

●

●● ●

●

●

●

●

●

●●

●

●

●

●

●

●

●●● ●

●

●● ●●● ●●● ● ●●●● ●●●● ● ● ● ●●●●● ●●●●

●

●

●

●●●●●●●●● ●●●●● ●●●●●●●● ●●●●● ●● ●●●● ●● ● ●

●

●●●●●●●●●● ●●

●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●

●

●●●● ● ● ●● ● ●●

●

●●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●
●

●
●

●●● ● ● ●● ●●
●

●●● ● ●●●
●

●
●
●● ●

●

●
●●

●

●● ●●●●●● ●●●●

●●

●●●● ●●●●● ●●

●

●●●●● ●●●●● ●●
●●

●● ●● ●

●

●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●

●

●● ● ●● ●●●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●●

●●

●

●● ● ● ●● ●●

●

●●● ● ●●●●

●

●●

●

● ● ● ●
●
●●● ●●●●●● ●●●●●●●●●● ●●●●● ●●●●●●

●

● ●●●

●

● ●● ●●●

●

●● ● ●●●●●●●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ● ● ●● ● ●
●

●●●

●

●

●

●

● ●

●

●

●

●

●●

●

●

●

●

●

●

●●

●

● ● ●● ●●● ●●● ● ●●

●

● ●●●● ● ● ● ●●●●●

●

●●●●● ●●●●●●●●●● ●●●●● ●●●●●

●

●● ●

●

●●● ●● ●●●● ●● ● ●

W
G

BS
m

et
hy

la
tio

n

20

40

60

80

100

C
pG

de
ns

ity

0.0

0.1

G
en

es

−
+

Chr15.35: 125186 127070 128953
LOC409681

c d

e f

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●
● ● ●

● ●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
● ●

●
● ●

●

●

●

●
●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

●

●

●
●

●

●

● ●

●

●

●
● ● ●

●

●

●

●

●

●

●

●

●
●

●

●

●
● ●

●

● ● ●

●

●

●

●
● ●

●
●

● ● ● ●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●
●

●
●

●
●

● ●

●

●

● ● ● ● ●

●

●

●

● ●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ● ●
●

●
●

● ●

●

●

● ●
●

●
●

● ●

●

●

●
●

●
●

●

●

●

●

●

●

●

● ●
●

●

●
●

●
●

●
●

●
● ●

●

●

●

●

●

●

●

● ●
●

●

●

●

●

●

●

●

●

●

●
●

●

● ●

● ●
● ● ● ●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

● ●

●

●

●

●

●

●
●

●

●

●

● ●

● ●

● ●

●
● ●

●

●

●
●

●

●

●
●

●
● ●

●

●

●

●

●

●

●

● ●

●
●

●

●

● ● ●

●

●

●

●
●

● ●

●
●

●

●

●

●

●

●

●
●

●

●

● ●

● ●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●
● ●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

● ● ●

●

●

●

●
●

●

● ●

●

●
●

●
●●

●
● ●

●

●

●

●
●

●

●

●

●
● ● ● ●

●
● ● ● ●

●

●

●

●

●

●

●

●

●

●

●
● ● ●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
● ●

●

●

●
●

●

●
●

●

●

●

● ●

●

●
●

●

●

●

●
● ●

●

●

●

●
● ●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

● ●

●

●

●

●

●

●

●

●

●

●

●

● ●
● ●

●
●

●
●

●

●

●
●

●

●

●
● ●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

● ●

●

● ●

●

●

●
● ●

●
● ●

●
●

●

●

●

●
●

● ●

●

●●
●

●
●

●
●

●

●

●

●

●

●

●

●

●

●
●

●
●

● ●

●

●

●

●

●

●

●

● ●

●

●

● ●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●
● ●

●

●

●

● ●

●

●

●

● ●

●

● ●

●

●

C
H

AR
M

m
et

hy
la

tio
n

20

40

60

80

100

●●

●

●●●●●●●●●● ●●●●●●●●

●

●● ● ●●●● ●● ● ● ●● ●● ●

●

●●●●●● ●●●●●●●●●● ● ● ● ●●●

●

●

●

●

●

●●

●

●

●

●

●

●●●● ●●

●

●

●

●●

●

●●●●● ● ● ● ●

●

●●● ●●●●●● ●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●●●●● ●● ●●●●●●●● ●

●

●

●

●●● ●●●●●●●●●

●

●●

●

●●● ●●

●
●

● ●●

●

●●●●

●

●● ●●●●●●●
●

●●● ● ●●●● ●● ● ● ●● ●● ● ●

●

●●●●●

●

●●●●●●●●● ● ● ● ●●● ● ●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●●

●

●●●

●

● ●

●

● ●

●

●●● ●●●●●●

●

●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●●●●●●●●●

●●

●● ●● ●●●●●●●●

●

●● ● ●●● ●●●●●●●●● ●●

●

●●

●

● ●●

●

●

● ●●●●●●●●●● ●●

●

●●●

●

● ●●● ● ●●●● ●● ● ● ●● ●● ● ●●●●●●

●

●●●●●

●

●●●● ● ● ● ●●● ● ●

●

●

●

●●

●●

●

●

●

●●

●

●

●● ●●●●●

●

●●●●● ● ● ●

●
●

●●

●

●

●

●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●● ●● ●●●●●●●● ●●

●

● ●●● ●●●●●●●●● ●●●●●●● ●●

●

●

● ●
●●●●

●
●●●● ●●●●●●●● ●●● ●

●

●●● ●● ●
●

●● ●●

●

●●●●●●● ●●●●●
●
●●

●

● ● ● ● ●●● ●

●

●

●

●

●

●

●
●

●

●

●

●●●● ●● ●●

●

●●

●

●●●

●

● ● ● ● ●

●

●●● ●●●●●● ●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●

● ●●●●●●●

●

●●● ● ●●● ●●●●●●●●● ●●

●

●●●● ●●

●

●

● ●●●●●

●

●●●● ●●●●●●●● ●●

●

● ●●●● ●● ● ● ●● ●● ● ●●●●●●● ●●●●●

●

●●●● ● ● ● ●●● ● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●● ●●

●

●●

●

●●●●

● ●

● ● ●

●

●●● ●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●●●●● ●● ●●●●
●
●

●

● ●●● ● ●●● ●●●●●●●●● ●●●●●●● ●●

●
●

●

●●

●

●●●●●●● ●●●●●●●● ●●●

●

●●●●

●

● ● ● ●● ●●

●

●●●●●●● ●●●●●●●●●● ● ● ● ●●

●

● ●

●

●

●

●●

●

●
●

●

●

●●●● ●

●

●●

●

●●

●

●●●●● ● ● ●

●

●

●●● ●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●● ●● ●●●●●●●

●

●●● ● ●●●

●

●●●●●●●

●

●●●●●●● ●●

●

●

● ●●●●●●●●

●

● ●●●●●●●● ●●● ● ●●●● ●

●

●

●

●● ●● ● ●●●●

●

●● ●●●●●

●

●●●● ● ● ● ●●● ●

●

● ●

●

●●

●

● ● ●

●

●●●● ●● ●

●

●

●●

●

●●●●●

●

● ● ●

●

●●● ●●●●●● ●

●

●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●

●

●●●● ●● ●●●●●●●● ●●● ● ●●●

●

●●●●●●●● ●●●●●●● ●●

●

●

● ●●

●

●●●●●●

●

●●●●

●

●●● ●
●
● ● ●●●● ●● ● ● ●● ●● ● ●●●●●●●

●

●

●

●

●

●

●●●● ● ● ● ●●● ● ●

●

●

●

●
●

●

●

●

●

●

●●●

●

●

●

●

●

●

●●

●

●●●●● ● ● ● ●

●

●●● ●●●

●

●● ●●●●

●

●●●●●●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●● ●
●

●

●

●●●●●● ●●●

●

●●● ●●●●●●●●● ●●●●●●● ●●

●

●

●
●●●●●●●●●

●

●●●●

●

●●● ●●

●

● ●●●● ●● ● ● ●

●
●

● ● ●●●●●●● ●

●

●●●●●●●● ● ● ● ●●● ● ●

●

●

●

●●

●

●

●

●

●

●

●●

●

●●

●

●

●

●●

●

●●●●● ● ● ● ●

●

●●● ●●●●●● ●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●

●●●●●●●●●●●●●● ●● ●●●●●●●● ●●● ● ●●● ●●●●●●●●● ●●●●●●● ●●

●

●

● ●●●●●●●●

●

● ●●

●

●●●●● ●
●
● ● ●●●● ●● ●

●
●
●

●

●

● ●●

●

●●●

●

●

●

●●●●●●●● ● ●

●

●●● ● ●

● ●

●

●

●●

●

● ● ●

●●

●

●

●● ●

●

●

●●

●

●

●●●● ● ● ●

●

●

●●● ●●●●●● ●●●●●●●●●

●

●●●●●●●●●●●●●●

●

●●●●

●

●●●●●●●●●

●

●●

●

●

●

●

●● ●●●●●●●● ●●●

●

●●● ●

●

●●●●●●● ●●●●●●● ●●

W
G

BS
m

et
hy

la
tio

n

20

40

60

80

100

C
pG

de
ns

ity

0.0

0.1

G
en

es

−
+

Chr11.31: 387624 389619 391614
LOC410316

Queen
Worker

Supplementary Figure 1. CHARM correlates with WGBS.  
a-b Genome-wide DNA methylation levels for queen and worker brain samples were determined by both 
CHARM and WGBS analysis. To determine the correlation between the two techniques, genes were broken 
into1000 bp windows and the average methylation for each window was calculated for each technique. Each 
window was required to contain at least 4 CHARM probes and 8 CpG’s. Sample and correlation value is 
indicated above each plot. c-f  Since methylation is sparse throughout the bee genome, it is important that 
genome-wide methods are able to identify regions of methylation. Both CHARM and WGBS are able to 
determine the location of clusters of methylation, and correctly determine the boundaries of these clusters. 
These four plots show the CHARM methylation in the top panel, with the same profile detected by WGBS in 
the second panel. CpG density and gene position information is displayed in the bottom two panels.  
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Supplementary Figure 2. Confirmation of negative CHARM result. 
Newly emerged queens and workers were compared by CHARM, and no differences in 
methylation were found (FDR cutoff of 0.05). To confirm this negative result, we tested 
three regions by bisulfite pyrosequencing and compared to WGBS and found no 
difference in methylation between queens and workers. a-c, The left panel depicts the 
CHARM and WGBS data, where solid lines indicate the smoothed methylation levels 
over the region. The right panels show bisulfite pyrosequencing data of the CpGs in the 
CHARM plots indicated by a red box. 0%, 25%, 50%, 75%, 100% methylated controls 
are shown in right panel. Bisulfite Pyrosequencing data shows no evidence of caste-
specific methylation.  
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Supplementary Figure 3. Bisulfite Pyrosequencing confirmation of DMRs. Top 
panel depicts the percent DNA methylation, as assessed by CHARM, in 5 genes 
associated with CHARM DMRs. Individual biological replicates are represented by 
colored points, and average methylation for each phenotype is shown as a solid colored 
line. Average CpG dinucleotide density is calculated by using a standard density 
estimator, and individual CpGs are represented by tick marks at the bottom of the CpG 
density plot. The gene information is shown at the bottom of the DMR plot, with purple 
boxes representing exons, and the direction of the gene indicated by the + or - strand. 
Bisulfite pyrosequencing data is shown in the bottom panel depicts the percent 
methylation of individual CpGs. Asterisks indicate P-value < 0.05 by student’s t-test. 
Individual CpGs correspond to CpGs in the top panel outlined by the red boxes. 0%, 
25%, 50%, 75%, 100% methylated controls are shown in right panel. 
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Supplementary Figure 4. Genes that contain DEAD-like and helicase domains 
exhibit similar patterns in methylation. Genes that contain DEAD-like and helicase 
domains play a role in RNA processing and gene regulation, which may assist the nurse 
to forager transition. These twelve plots show methylation relative to gene position(gene 
shown in purple). In all cases, DMRs are located over genes, and methylation increases 
from nurse to forager. 
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Supplementary Figure 5. Reversion DMRs are present at a higher frequency than 
expected by chance. To determine if the methylation changes that occur during the nurse 
to forager transition co-localize with those that occur during the forager to nurse 
transition, we performed a permutation test. We created random DMRs that were the 
same size, GC content and quantity as the nurse to forager transition DMRs and 
quantified how many overlapped with the forager to nurse transition DMRs. 1000 such 
permutations are depicted by the histogram in blue and are all much less than the 
observed 57 Reversion DMRs shown in red. 
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Supplementary Figure 6. CHARM DMRs correlate with WGBS DMRs. 
WGBS was performed on 6 additional pools each of forager and reverted nurse 
brains. The CHARM DMRs were expanded by 500 bp on either side, and the top three 
WGBS CpGs by t-test within the CHARM DMRs were averaged, and then compared to 
average methylation in CHARM. 45/57 reversion DMRs change in the same direction in 
both data sets, correlation = 0.643 and r2 = 0.414. Numbers in graph indicate the number 
of points in each quadrant.  
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Chr 12.16: 15118 15913
LOC412260 / CG12034
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Supplementary Figure 7. Alternative splicing events colocalize with DMRs .  
Six examples of alternative splicing occurring in DMRs  a-f, Top panels show percent 
methylation for both CHARM and WGBS data sets, with points representing individual 
samples, and the smoothed lines representing the average for the phenotype. The t-test 
panel displays the top 1% differentially methylated CpGs by t-test. Color of point 
indicates which phenotype has greater methylation at that CpG. The RNAseq expression 
panel is a t-statistic based on the number or reads detected within the annotated exons, 
with the color indicating the higher expressed phenotype. The Exon junctions panel is a 
t-statistic based on the number or reads detected spanning the exon junctions, as predicted 
by the TopHat program, with the color indicating the higher expressed phenotype. 
Switching between higher expressed nurse and forager exon junctions is indicative of 
alternative splicing events. The RNA reads panels indicate the number of reads per 
phenotype as compiled by TopHat program. The bottom two panels show the CpG 
density, and the relative position of the gene. 
 

Reverted Nurse NurseForager
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Supplementary Figure 8. DNA methylation represses gene expression. Six examples 
(a-f)  of genes that contain DMRs and exhibit differential gene expression. Top panel 
depicts CHARM data, and bottom panel shows real time analysis comparing twelve 
individual brains from continuous foragers and reverted nurses. In all cases, higher levels 
of methylation correspond to lower levels of gene expression.  

Forager
Reverted nurse
Nurse

Forager
Reverted nurse
Nurse



●

●●
●

●
●●
●

●
●

●●
●●●●
●●
●●
●●
●●
●●

●

●

●●

●

●
●

●

●●

●
●

●

●

●

●

●

●●
●
●
●

●

●

●

●

●

●
●

●

●
●

●

●
●

●

●

●

●
●

●
●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

−0.6 −0.4 −0.2 0 0.2 0.4 0.6

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

Forager − Nurse

R
ev

er
te

d 
nu

rs
e 

− 
N

ur
se

●

●

●●

●
●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●●●●

●

●
●●
●

●

●●

●

●
●
●

●

●

●
●

●

●

●

●
●

●●

●

●

●
●
●

●
●
●●

●

●

●

●●
●

●

●
●

●
●●

●
●●

●
●
●●●

●

●
●

●●

●●

●●
●

●

●

● ●
●

●
●
●

●

●
●

●

●

●

Nurse
Forager
Reverted nurse

●

●

●

Reversion DMR
Nurse to forager transition DMR
Reverted nurse independent DMR

Supplementary Figure 9. Classifying DMRs by methylation profile. DMRs cluster 
into three classes; Reversion, Nurse to forager transition, and Reverted nurse 
independent. Methylation differences relative to continuous nurses were calculated for 
reverted nurses and continuous foragers to determine the relative methylation of all 
samples at each DMR.  DMRs were grouped based on the methylation profile for each 
DMR. Cartoon representations of DMR profiles are depicted at the edge of the graph. 57 
Reversion DMRs show similar methylation levels for both nurse types, with foragers 
showing hypo and hypermethylation in  27 and 30 DMRs respectively. 98 DMRs show 
a change in methylation only during the nurse to forager transition, and the majority 
(88), involve an increase in methylation during this transition. 50 DMRs show an unique 
profile for reverted nurses, and in all cases, reverted nurses are hypermethylated.  


