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combination of mechanical and physical 

properties resulting from the low-cost Ca 

additions make the Mg-Al-Ca alloys prom-

ising for a variety of lightweight, high-tem-

perature automotive powertrain components 

produced by die casting ( 15).

The optimization of multicomponent 

materials has largely been accomplished 

empirically, with the appreciable cost, time, 

and effort presenting a major barrier to use 

of new materials ( 16). However, break-

throughs in the understanding of the basic 

thermodynamics and kinetics of multicom-

ponent metallic systems have led to more 

rapid design of new alloys with favorable 

compositions and mixtures of phases ( 17). 

A new development in this design approach 

for Mg alloys is the direct input of fi rst prin-

ciples calculations to the design process. Ab 

initio codes have been used to predict lat-

tice parameters, elastic properties, enthal-

pies of formation, and the relative stabilities 

of the complex series of Laves phases that 

exist in quaternary and higher-order Mg-

Al-Ca-X systems ( 18,  19). This informa-

tion can be input to newly developed ther-

modynamic databases ( 20) and can then be 

used to select compositions with desirable 

combinations of phases and corresponding 

thermal processing paths. The availability 

of high-fi delity modeling tools permits a 

greater compositional space to be explored, 

increasing the likelihood that new, optimal 

solutions are identifi ed.

Other unique properties of magnesium-

based systems motivate new application 

realms. The electrochemical properties 

of Mg make it an interesting material for 

rechargeable batteries ( 21), including all-

liquid batteries for storage of solar energy. 

Corrosion, another electrochemical process, 

can be controlled in a manner such that Mg-

based implants with controlled rates of bio-

degradation are feasible ( 22). Good elec-

tromagnetic and radio frequency shielding 

along with high specifi c strength make Mg 

attractive for cell phones, computer cases, 

cameras, and other communication devices 

( 2). Unlike aluminum, magnesium alloys 

can be cast to sections as thin as 0.5 mm, 

providing further incentive for incorporation 

of Mg into lightweight mobile electronics.

Will Mg alloys be considered with equal 

confidence in comparison with polymers 

and other metallic systems as solutions 

for energy and lightweight-materials chal-

lenges? The answer is likely “yes,” partic-

ularly if the rapidly evolving fundamen-

tal understanding of the properties of this 

unique class of materials is captured in 

models that can be integrated and used for 

the design of new materials and for predic-

tion of their performance. 

References and Notes

 1. G. S. Cole, in Magnesium Technology 2007, R. S. Beals 
et al., Eds. (Minerals, Metals, and Materials Society, 
Warrendale, PA, 2007), pp. 35–40.

 2. E. Aghion, B. Bronfi n, Mater. Sci. Forum 350–351, 19 
(2000).  

 3. S. Mathaudhu, E. Nyberg, in Magnesium Technology 

2010, S. R. Agnew et al., Eds. (Minerals, Metals, and 
Materials Society, Warrendale, PA, 2010), pp. 27–33.

 4. J. Koike, Metall. Mater. Trans. 36, 1689 (2005).  
 5. C. J. Neil, S. R. Agnew, Int. J. Plast. 25, 379 (2009).  
 6. R. Decker, S. Kulkarni, J. Huang, S. Lebeau, in Magne-

sium Technology 2009, H. J. Kaplan, Ed. (Minerals, 
Metals, and Materials Society, Warrendale, PA, 2009), 
pp. 357–361.

 7. J. Swiostek, J. Goken, D. Letzig, K. U. Kainer, Mater. Sci. 

Eng. A 424, 223 (2006).  
 8. K. Matsubara, Y. Miyahara, Z. Horita, T. G. Langdon, 

Acta Mater. 51, 3073 (2003).  
 9. D. St. John, M. Qian, M. A. Easton, P. Cao, Z. Hildebrand, 

Metall. Mater. Trans. 36, 1669 (2005).  
 10. H.-S. Di et al., Mater. Sci. Forum 488–489, 615 

(2005).  

 11. S. M. Zhang, Z. Fan, Z. Zhen, Mater. Sci. Technol. 22, 
1489 (2006).  

 12. W.-J. Kim, G. Lee, J. Lee, Adv. Eng. Mater. 11, 525 (2009).  
 13. G. Cao et al., Mater. Sci. Eng. A 494, 127 (2008).  
 14. A. Suzuki, N. D. Saddock, J. W. Jones, T. M. Pollock, 

Acta Mater. 53, 2823 (2005).  
 15. B. R. Powell, A. A. Luo, V. Rezhets, J. J. Bommarito, 

B. L. Tiwari, “Development of Creep-Resistant Magnesium 
Alloys for Powertrain Applications: Part 1 of 2,” SAE 
Paper 2001-01-0422, SAE, Pittsburgh, PA (2001).

 16. National Research Council, Integrated Computational, 
Materials Engineering (National Academies Press, 
Washington, DC, 2008).

 17. G. B. Olson, Science 288, 993 (2000).  
 18. Y. Zhong, J. Liu, R. Witt, Y. Sohn, Z. Liu, Scr. Mater. 55, 

573 (2006).  
 19. W.-Y. Yu et al., Solid State Sci. 11, 1400 (2009).  
 20. A. Janz et al., Acta Mater. 57, 682 (2009).  
 21. E. Levi, Y. Gofer, D. Aurbach, Chem. Mater. 22, 860 (2010).  
 22. N. Hort et al., Acta Biomater. 6, 1714 (2010).  
 23. I acknowledge useful discussions with J. E. Allison, R. D. 

Decker, J. W. Jones, S. N. Mathaudhu, and B. R. Powell. 
I gratefully acknowledge N. D. Saddock for input on the 
fi gure. I also acknowledge the Nationoal Science Founda-
tion for support of research on Mg alloys.

Stochastic Emergence 
of Groupthink

BIOCHEMISTRY
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O
scillations are found at nearly every 

level of biology. From the dynamic 

instability of cytoskeletal elements 

in an individual cell to the circadian rhythms 

that regulate a multitude of operations at the 

organismal level, it is clear that periodicity 

is an essential characteristic of living sys-

tems. On page 1021 of this issue, Gregor et 

al. ( 1) describe how cell aggregation and 

development of the amoeba Dictyostelium 

discoideum is guided by emergent rhythmic 

behavior arising from the stochastic pulsing 

of individual cells with a chemical cue. By 

combining experimental and computational 

approaches, the authors present the exciting 

story of the dynamical onset of collective 

behavior in this organism. The fi ndings raise 

the question of whether biology uses oscil-

lations to solve problems typically assumed 

to have static or unidirectional solutions.

D. discoideum is a “social” amoeba in 

that it transitions from a collection of uni-

cellular organisms to a multicellular slug 

and fi nally to a fruiting body during its life 

cycle (see the fi gure). Cell aggregation and 

the commit ment to form a fruiting body are 

regulated through cell-to-cell signaling by 

the small molecule cyclic adenosine mono-

phosphate (cAMP). With the rhythmic syn-

thesis and release of the chemoattractant 

cAMP, D. discoideum coordinates its collec-

tive behavior by aggregating to the region of 

highest cell density and initiating the forma-

tion of a fruiting body only when suffi cient 

accumulation of cAMP is achieved. Before 

this threshold is met, cells act independently 

and do not aggregate. This marked synchro-

nization, called dynamical quorum sensing, 

occurs when individual oscillators are cou-

pled through a common fi eld, often compris-

ing extracellular signaling molecules in bio-

logical settings ( 2,  3). This highly dynamic 

process ensures that the cell population 

behaves effi ciently and differentiates only 

when conditions are desirable. Whether this 

synchronized behavior is initiated and gov-
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Oscillations in the synthesis and release of a chemical signal synchronize the behavioral response 

of a cell population.
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erned by the activities of a few specialized 

cells or is an emergent collective phenom-

enon has been an open question.

In the study by Gregor et al., individ-

ual cells and populations were observed in 

a perfusion chamber to study their dynam-

ics in a controlled environment. A fl uores-

cence resonance energy transfer (FRET)–

based sensor monitored the amount of cyto-

solic cAMP directly. The authors probed 

the behavior of the system under varying 

amounts of extracellular cAMP, measuring 

the oscillatory frequency of intracellular 

cAMP production by cells each time. It is 

this precise variation of parameters that per-

mits the analysis of a complex system such 

as the D. discoideum collective. Gregor et al. 

found that intracellular oscillations in cAMP 

concentration could occur even when the 

environmental concentration of cAMP was 

held constant and far above the saturation 

level of the cAMP receptors, demonstrat-

ing that the origin of oscillations is internal 

to the cell and does not require extracellular 

cAMP to be periodically cleared. By driv-

ing the internal cAMP oscillation system 

with periodic fl uctuations in extracellular 

cAMP, the authors identifi ed a single domi-

nant frequency of internal cAMP oscillation 

above and below which the population-level 

oscillation diminished over time. This nat-

ural frequency is determined by the intra-

cellular oscillation machinery and provides 

an internal timekeeping mechanism. Future 

biochemical studies on the origin of oscil-

lations may use this frequency as a starting 

point in thinking about the types of biologi-

cal processes that match the time scale.

In their computational modeling, Gregor 

et al. used a phase equation to describe the 

oscillatory state of a single cell. Equations 

like this are sometimes called “theta models” 

because the state of the system is given by a 

periodic variable θ, often represented as an 

angle on a circle. Such models naturally lend 

themselves to cyclical processes and have 

been used to describe oscillations in a variety 

of engineering and biological contexts such 

as the synchronization of flashing in fire-

fl ies. Upon coupling many of these single-

cell models together computationally via the 

common fi eld (cAMP), the behavior of the 

single-cell models began to synchronize and 

dynamical quorum sensing emerged. The 

population of single-cell models switched 

to a synchronized oscillatory state when a 

critical cell density was reached, as observed 

experimentally. They reproduced the experi-

mentally measured relationship between cell 

density and frequency of collective cAMP 

oscillation only when the stochastic puls-

ing of individual cells in response to low, 

subthreshold concentrations of extracellu-

lar cAMP was included in the model. This 

is perhaps the most intriguing result because 

it confi rms that random pulses of cAMP pro-

duction at subthreshold levels of extracellu-

lar cAMP can affect the collective interac-

tions of individual cells and initiate rhythmic 

synthesis of cAMP across a population. That 

is, organized group behavior originates from 

random individual behavior. When the popu-

lation is at very low density, individual cells 

are “excited” by external cAMP infrequently 

and randomly without regard for their neigh-

boring cells. With each pulse of excitation 

by extracellular cAMP, cAMP is synthe-

sized intracellularly and secreted, increasing 

the local probability of excitation and creat-

ing chain reactions that produce patches of 

synchronized cAMP synthesis. These syn-

chronized patches continue to excite nearby 

cells, producing a snowball effect. Multiple 

oscillatory patches can arise in this way, and 

a competition between them ensues. Those 

that produce more cAMP can “pulse” (syn-

thesize cAMP) at higher frequencies, entrain-

ing and attracting patches that pulse at lower 

frequencies. As each new patch is conquered, 

the size and oscillatory frequency of the vic-

torious patch increases. A single dominant 

frequency is ultimately reached, coordinat-

ing the behavior of the population.

In addition to providing a beautiful 

description of collective behavior in D. dis-

coideum, the work of Gregor et al. offers 

new insights into the underlying mecha-

nisms of control in living systems. It pro-

vides a detailed look at emergent biologi-

cal phenomena—unpredictable, complex 

behaviors arising from a large number of 

relatively simple interactions. Although the 

mechanism of oscillation remains elusive, 

clues may be found in recent synthetic cir-

cuits that produced similar emergent behav-

ior ( 4). Using simple gene circuits, emergent 

oscillatory behavior was achieved by a pop-

ulation of cells with a common extracellular 

signaling molecule, N-acyl homoserine lac-

tone (AHL), which performs the dual roles 

of activating the genes necessary for intra-

cellular oscillations of AHL and mediating 

the coupling between cells ( 4). It may be that 

cAMP acts similarly in D. discoideum.

Cellular aggregation and differentiation 

are behaviors critical to the survival of an 

organism, and yet the work of Gregor et al. 

demonstrates that random, decentralized 

processes initiate them in D. discoideum. 

It may seem surprising that biology would 

take this approach rather than leaving this 

decision in the hands of specialized pace-

maker cells with more elaborate timekeep-

ing and nutrient-sensing mechanisms. Is 

such stochasticity merely limited to lower 

organisms, or might it be an underlying 

property that guides all of biology? If so, 

how can this be reconciled with the homeo-

static picture we observe macroscopically? 

Contending with these questions may reveal 

new fundamental properties of living cells 

and their methods of control.  
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Emergent phenomena. The social amoeba D. discoideum is a single-cell organism that, when collected 
together at suffi ciently high density, exhibits emergence in its cellular aggregation (left). A common exam-
ple of emergent phenomena in nature is the snowfl ake, where the macroscopic shape is dictated by the 
molecular geometry of the water molecule (right).
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