
entraining cues or intercellular communica-

tion (32), which suggests that the circadian

network is strongly resistant to biochemical

noise. Recent work has asserted that this

oscillator relies on posttranslational molecular

events (33). Perhaps a core posttranslational

oscillator, which can rely on large numbers of

molecules and avoid the small-number sto-

chasticity of gene expression, is required for

robust oscillations.

Cellular control mechanisms may exist to

enable the switch between globally noisy or

globally ‘‘quiet’’ states of gene expression.

Queitsch et al. demonstrated that reduction of

heat-shock protein 90 (Hsp90) chaperone

activity in Arabidopsis tha-

liana increases morpho-

logical diversity in inbred

lines, in addition to reveal-

ing otherwise silent genetic

variation among different

lines (34). Hsp90 chaper-

one activity is hypothesized

to reduce the effect of sto-

chastic molecular events that

might otherwise result in de-

velopmental variability.

There may exist buffer-

ing agents that reduce ei-

ther the magnitude of noise

in gene expression or the im-

pact of such noise on cellular

or organismal phenotype.

These buffering agents may

be regulated, especially in

times of stress, to produce

a phenotypically diverse pop-

ulation. Waddington’s the-

ories of canalization and

genetic assimilation propose

that wasteful phenotypic var-

iability in a population is

suppressed when the popula-

tion is well adapted to its

environment (35). However,

if environmental conditions

shift, phenotypic noise be-

comes advantageous because

a noisy population will pro-

duce some members that

are better adapted to the new environment.

Recent work supports the idea that it is ad-

vantageous to increase variability in times of

stress and decrease variability when organisms

are well adapted to the environment (36).

Regulation of global noise factors could pro-

vide a molecular basis for such evolutionary

flexibility.

Concluding Remarks

Many questions remain concerning the gen-

eration of noise in gene expression and its

consequences for cellular behavior. The

presence of stochasticity in gene expression

has been confirmed to result in noise in pro-

tein abundance, but other sources of noise

may result in phenotypic variability. Beyond

the identification of true examples of pheno-

typic consequence, much work must be

done to understand how cellular processes be-

have robustly in the presence of underlying

stochasticity. Such work often requires a

nontraditional collaboration between mathe-

maticians, physicists, and in vivo experimen-

talists. Many biologists are beginning to

focus on the limitations and benefits that

stochasticity creates for biological systems,

and we expect that future investigations will

reveal results both unexpected and un-

predictable.

References and Notes
1. N. G. van Kampen, Stochastic Processes in Physics

and Chemistry (North-Holland, Amsterdam, 1992).

2. P. S. Swain, M. B. Elowitz, E. D. Siggia, Proc. Natl.
Acad. Sci. U.S.A. 99, 12795 (2002).

3. J. M. Raser, E. K. O’Shea, Science 304, 1811 (2004).

4. J. M. Pedraza, A. van Oudenaarden, Science 307, 1965
(2005).

5. M. B. Elowitz, A. J. Levine, E. D. Siggia, P. S. Swain,
Science 297, 1183 (2002).

6. E. M. Ozbudak, M. Thattai, I. Kurtser, A. D. Grossman,
A. van Oudenaarden, Nat. Genet. 31, 69 (2002).

7. H. H. McAdams, A. Arkin, Proc. Natl. Acad. Sci.
U.S.A. 94, 814 (1997).

8. A. M. Kierzek, J. Zaim, P. Zielenkiewicz, J. Biol. Chem.
276, 8165 (2001).

9. T. B. Kepler, T. C. Elston, Biophys. J. 81, 3116 (2001).
10. M. Thattai, A. van Oudenaarden, Proc. Natl. Acad. Sci.

U.S.A. 98, 8614 (2001).

11. W. J. Blake, M. Kaern, C. R. Cantor, J. J. Collins, Nature
422, 633 (2003).

12. N. Rosenfeld, J. W. Young, U. Alon, P. S. Swain, M. B.
Elowitz, Science 307, 1962 (2005).

13. K. Ahmad, S. Henikoff, Cell 104, 839 (2001).
14. M. Bix, R. M. Locksley, Science 281, 1352 (1998).
15. I. Riviere, M. J. Sunshine, D. R. Littman, Immunity 9,

217 (1998).
16. T. Pastinen et al., Physiol. Genomics 16, 184 (2004).
17. R. Kemkemer, S. Schrank, W. Vogel, H. Gruler, D.

Kaufmann, Proc. Natl. Acad. Sci. U.S.A. 99, 13783
(2002).

18. J. A. Magee, S. A. Abdulkadir, J. Milbrandt, Cancer Cell
3, 273 (2003).

19. A. Chess, I. Simon, H. Cedar, R. Axel, Cell 78, 823 (1994).
20. S. Serizawa, K. Miyamichi, H. Sakano, Trends Genet. 20,

648 (2004).
21. A. Arkin, J. Ross, H. H. McAdams, Genetics 149, 1633

(1998).
22. F. J. Isaacs, J. Hasty, C. R.

Cantor, J. J. Collins, Proc.
Natl. Acad. Sci. U.S.A. 100,
7714 (2003).

23. E. M. Ozbudak, M. Thattai,
H. N. Lim, B. I. Shraiman, A.
van Oudenaarden, Nature
427, 737 (2004).

24. J. Hasty, J. Pradines, M.
Dolnik, J. J. Collins, Proc.
Natl. Acad. Sci. U.S.A. 97,
2075 (2000).

25. S. Hooshangi, S. Thiberge, R.
Weiss, Proc. Natl. Acad. Sci.
U.S.A. 102, 3581 (2005).

26. M. S. Ko, J. Theor. Biol. 153,
181 (1991).

27. H. B. Fraser, A. E. Hirsh, G.
Giaever, J. Kumm, M. B. Eisen,
PLoS Biol. 2, e137 (2004).

28. M. Kellis, B. W. Birren, E. S.
Lander, Nature 428, 617
(2004).

29. A. Becskei, L. Serrano, Na-
ture 405, 590 (2000).

30. H. H. Ng, F. Robert, R. A.
Young, K. Struhl, Mol. Cell
11, 709 (2003).

31. M. B. Elowitz, S. Leibler,
Nature 403, 335 (2000).

32. I. Mihalcescu, W. Hsing, S.
Leibler, Nature 430, 81
(2004).

33. J. Tomita, M. Nakajima, T.
Kondo, H. Iwasaki, Science
307, 251 (2005).

34. C. Queitsch, T. A. Sangster,
S. Lindquist, Nature 417,
618 (2002).

35. C. H. Waddington, Nature
183, 1654 (1959).

36. M. Pigliucci, C. J. Murren,
Evolution Int. J. Org. Evolu-
tion 57, 1455 (2003).

37. A. K. Jain et al., Pattern
Recognition 35, 2653 (2002).

38. T. Shin et al., Nature 415, 859 (2002).
39. We regret not acknowledging numerous contributors

to this topic. We thank A. Arkin, M. Elowitz, and A.
van Oudenaarden for critical commentary. Sup-
ported by the Howard Hughes Medical Institute,
NIH grant GM51377, the David and Lucile Packard
Foundation (E.K.O.), the Burroughs Wellcome/UCSF
Interfaces of Science Fellowship program, and the
UCSF Medical Scientist Training Program (J.M.R.).
E.K.O. is a member of the science board and
occasional consultant for Chiron Corporation.

Supporting Online Material
www.sciencemag.org/cgi/content/full/309/5743/2010/
DC1
SOM Text
References

10.1126/science.1105891

X

A B

C D

Fig. 4. Control of noise. (A) Infrequent transcription followed by efficient translation
results in high intrinsic noise in protein levels (left); frequent transcription and
inefficient translation results in low intrinsic noise (right). (B) Infrequent promoter
transitions between inactive and active states followed by efficient transcription result
in high intrinsic noise in mRNA levels (left); frequent promoter transitions followed by
inefficient transcription result in low intrinsic noise (right). (C) Increases in gene copy
number through polyploidy (top right) or gene duplication (bottom right) result in
decreased intrinsic noise relative to a single gene copy (left). (D) Negative feedback, as
when a transcription factor represses its own transcription (right), results in decreased
noise relative to a linear pathway (left).
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