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cells (17) fixed 14C-HCO
3
j into cell carbon

(2051 T 1282 dpm; n 0 3 T 1, mean T SD)

when provided with both sulfide and As(V),

whereas no activity occurred with live controls

incubated without sulfide (80 T 69 dpm; n 0
2) or in a heat-killed control containing both

sulfide and As(V) (30 dpm). Strain SLAS-1

was unable to metabolize H
2
; however, we

have subsequently cultivated enrichments from

Searles Lake sediments that use H
2

as an

electron donor to support chemolithoautotro-

phic growth on As(V) (20).

Phylogenetic alignment by 16S ribosomal

RNA (rRNA) gene sequences taxonomical-

ly assigned strain SLAS-1 within the order

Halanaerobacteriales in the Domain Bacteria

(Fig. 4). With the exception of the selenate-

respiring Selenihalanaerobacter shriftii isolated

from the Dead Sea (8), all other strains are

moderate or extremely halophilic, ferment-

ative anaerobes. Strain SLAS-1 was only re-

motely related to these other species, having

the closest sequence similarity to Halothermo-

thrix orenii (83.9%) and Halocella cellulytica

(83.5%). Clearly, strain SLAS-1 is sufficiently

genetically distant from these other strains to

merit eventual designation as a new species.

Our results show that a full biogeochem-

ical arsenic cycle is operative in the sediments

of this salt-encrusted lake, and we have iso-

lated at least one bacterium that can account

for some of these observed dynamics. Our

demonstration that the abundant As(V) oxy-

anions present in the brine can be used as a

terminal electron acceptor broadens our under-

standing of the types of processes occurring in

such extreme environments, which has impli-

cations for possible exobiological life in dense

brines (26). However, basic research can also

aid our interpretation of the interaction of hy-

drologic and microbial processes affecting

arsenic solubility and partitioning in less ex-

treme environments, such as drinking-water

aquifers (27).
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Physical Limits and
Design Principles for Plant

and Fungal Movements
Jan M. Skotheim1,2 and L. Mahadevan2,3*

The typical scales for plant and fungal movements vary over many orders of
magnitude in time and length, but they are ultimately based on hydraulics
and mechanics. We show that quantification of the length and time scales
involved in plant and fungal motions leads to a natural classification, whose
physical basis can be understood through an analysis of the mechanics of
water transport through an elastic tissue. Our study also suggests a design
principle for nonmuscular hydraulically actuated structures: Rapid actuation re-
quires either small size or the enhancement of motion on large scales via
elastic instabilities.

From the twirling circumnutation of grow-

ing tendrils to the opening and closing of

stomata to the growth of fungal hyphae (1),

plants and fungi are moving all of the time,

often too slowly to notice. Rapid movements,

though rarer, are used by many plants in es-

sential functions such as seed or sporangium

dispersal (Dwarf mistletoe, Hura crepitans,

and the fungus Pilobulus); pollen emplace-

ment (Catasetum orchids and Stylidium trig-

gerplants); defense (Mimosa); and nutrition

(Venus flytrap, carnivorous fungi). The mecha-

nisms involved in these movements are varied:

Hura crepitans (2) uses explosive fractures to

disperse seeds at speeds as great as 70 m/s,

the Venus flytrap (3) uses an elastic buckling

instability to catch insects in 0.1 s, and the

noose-like carnivorous fungus Dactylaria bro-

chophaga (4) traps nematodes in less than

0.1 s by swelling rapidly.

The diversity of these nonmuscular hydrau-

lic movements, often referred to as nastic

movements, raises two related questions: Is

there a physical basis for their classification?

What, if any, are the principles underlying

the biological designs for rapid movements

in plants and fungi? To address these, we note

that plants and fungi have a common feature

that allows us to consider them together here:

a cell wall that allows their cells to sustain a

large internal (turgor) pressure of up to 10 at-

mospheres that can be harnessed for growth

and motion. Indeed, movements are eventually

driven by differential turgor, which may be

regulated actively Ee.g., by osmotic control

as in stomata (5)^ or passively Ee.g., by dif-

ferential drying as in Hura crepitans (2)^. In

either case, the speed is limited by the rate

of fluid transport. Thus, a biophysical charac-

1Department of Applied Mathematics and Theoretical
Physics, Centre for Mathematical Sciences, University
of Cambridge, Cambridge CB3 0WA, UK. 2Division of
Engineering and Applied Sciences, Harvard University,
Pierce Hall, 29 Oxford Street, Cambridge, MA 02138,
USA. 3Department of Organismic and Evolutionary
Biology, Harvard University Biological Laboratories,
16 Divinity Avenue, Cambridge, MA 02138, USA.

*To whom correspondence should be addressed.
E-mail: lm@deas.harvard.edu.

R E P O R T S

27 MAY 2005 VOL 308 SCIENCE www.sciencemag.org1308



terization of these movements requires knowl-

edge of both the duration of the movement t
and the distance through which the fluid is

transported L, which is usually the smallest

macroscopic dimension of the moving part.

In Fig. 1, we plot t vs. L and see two cat-

egories of movements dominated either by

swelling or by elastic instabilities, separated

by a dashed line.

To understand this boundary, we recall the

physics of water movements through a porous

elastic material such as plant tissue. One limit

to the speed of movement is determined by the

time taken to transport water across the tissue,

of characteristic thickness L. Because the fluid

and the tissue material are approximately in-

compressible, the movement of water is com-

pensated by that of the tissue relative to it.

Consequently, a flow across a tissue will ex-

pand the cells on one side and contract the

cells on the other, thereby creating a differen-

tial strain. If the typical tissue displacement

is denoted by u, the typical fluid velocity field

is denoted by v, and the volume fraction of

fluid is denoted by 8, the continuity relation

embodied in the previous statement reads as

8v 0 –(1 – 8)¯
t
u È – E(1 – 8)u^/t

p
, where t

p

is the characteristic time for this movement,

which is to be determined. Furthermore, the

velocity v of the interstitial fluid of viscosity

m in the porous tissue with hydraulic perme-

ability k obeys Darcy_s law (6), which states

that the fluid velocity relative to the medium

is proportional to the fluid pressure gradient.

Then, if the pressure in the fluid (7) p varies

over a characteristic length L, we may write

8Ev – (u/t
p
)^ È kp/mL. This flow is coupled to

the tissue elastic stress so that a local balance

of forces in the fluid-infiltrated medium yields

Eu/L È 8p, where E is the elastic modulus of

the tissue (8). Substituting the latter expression

for the pressure in the expression for the flu-

id velocity and using the continuity relation

written earlier, we find a time scale known as

the poroelastic time (9, 10)

tp È mL2=kE ð1Þ

The poroelastic time characterizes the time

for the diffusive equilibration of pressure via

fluid transport in soft, wet tissues and is thus

of crucial importance in determining the rate

of hydraulic actuation in these systems. In

Fig. 1, the dotted line corresponds to t
p
/L2 0

1.6 s/mm2, consistent with typical values for

soft plant tissue (3, 11). This line separates

all naturally occurring movements into two

categories: slow movements (t 9 t
p
), whose

duration is limited by fluid transport; and rap-

id movements (t G t
p
), which rely on elastic

instabilities to cross the boundary t 0 t
p
.

The elastic instabilities used by plants and

fungi can be divided into two broad catego-

ries: snap-buckling and explosive fracture. To

sufficiently understand the instability mecha-

nism a particular plant uses requires a detailed

study of its geometry Efor example (3)^. The

main difference between these two instabili-

ties is the release mechanism: Snap-buckling

involves the rapid geometric changes associ-

ated with the buckling of thin shells, whereas

explosive fracture involves the rapid geometric

changes due to tearing the plant tissue.

The boundary t 0 t
p

separating the two

categories of movement is clearly length-scale

dependent and provides a significant barrier

for rapid large-scale movements. Elastic in-

stabilities provide the only way to cross the

line t 0 t
p
. To illustrate this, we compare

Aldrovanda (12) (circled 1 in Fig. 1) with

the closely related Venus flytrap (circled 2 in
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Fig. 1. Classification of plant and fungal movements. The duration of the movement t is plotted as
a function of L, the smallest macroscopic dimension of the moving part (see SOM for detailed
references). The dashed line tp 0 1.6 L2 s/mm2 characterizes the poroelastic time, whereas the
solid line ti 0 10–5L s/mm characterizes the inertial time. These lines set performance limits on
plant and fungal movements while classifying them into two categories: those limited by fluid
transport, i.e., tp G t, and those that use elastic instabilities to go beyond, eventually limited by
inertia, i.e., ti G t G tp. The elastic instabilities can be further categorized as either snap-buckling or
explosive fracture. Both types of instabilities rely on geometries capable of gradually storing elastic
energy and suddenly releasing it. The difference between the two groups is a matter of how the
energy is released: Snap-buckling is associated with a rapid geometric change of a thin shell that
does not rupture; explosive fracture involves a rapid geometric change from tissue tearing. The
order of the labels in the figure legend coincides with their order in the figure from top to bottom.
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Fig. 1), both of which close their leaves rap-

idly to capture prey; Aldrovanda closes its

leaves in È0.02 s, whereas the Venus flytrap

closes in È0.2 s. However, although the leaves

of the Venus flytrap snap by reversing their

curvature, Aldrovanda_s leaves are already ini-

tially curved inward so that closure does not

produce a snap. To understand how the snap-

less Aldrovanda can be more rapid than the

snapping Venus flytrap, we use Eq. (1) for the

poroelastic time: for a Venus flytrap leaf of

typical thickness L 0 0.5 mm, t
p
0 1.6 s/mm2

(0.5 mm)2 È 0.4 s, whereas for an Aldrovanda

L 0 0.05 mm, the value of t
p

is È0.004 s.

Because an Aldrovanda leaf is about 1/10th

the size of the Venus flytrap, it can be actu-

ated 100 times more rapidly and does not

require an elastic instability to catch prey,

whereas the Venus flytrap does, which is

consistent with our classification.

The absolute physical limit of motion in

self-actuated mechanical systems is deter-

mined by the speed of elastic waves in them,

which propagate at a speed that scales as

¾(E/r). This yields an estimate for the inertial

time given by

ti È L¾ðr=EÞ G t ð2Þ

The inertial time scale characterizes the

time for wave propagation in mechanical

signalling in systems and must be less than

t, the time scale of the motion. In Fig. 1, the

solid line denotes t
i
/L È 10–5 s/mm, consist-

ent with typical values for soft plant tissue

(3, 11), beyond which there can be no natural

nastic movements. For the fungus Pilobolus_s
sporangium discharge (13), L È 0.05 mm, so

that t
i
È 10–7 s G 10–5 s È t, whereas for fruit

of Hura crepitans (2), L È 5 mm, so that t
i

È10–5 s G 10–4 s È t, as shown in Fig. 1.

These explosive movements characterize Na-

ture_s best attempts to reach the physical lim-

its of autonomous motion in elastic tissues.

In conclusion, we see that the size-

dependent inertial-elastic time t
i
and the poro-

elastic time t
p

given by Eqs. (1) and (2)

provide us with a physical basis for the

classification of the hydraulic movements in

plants and fungi and yield limits on their

performance. This implies that the engineering

of soft, nonmuscular hydraulically actuated

systems for rapid movement requires either

small size or the enhancement of motion on

large scales via elastic instabilities. Nature has

already implemented many such designs

exquisitely; we simply need to follow her lead.
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The Effects of Artificial Selection
on the Maize Genome

Stephen I. Wright,1,3 Irie Vroh Bi,4* Steve G. Schroeder,4

Masanori Yamasaki,4 John F. Doebley,5 Michael D. McMullen,4,6

Brandon S. Gaut1,2.

Domestication promotes rapid phenotypic evolution through artificial selection.
We investigated the genetic history by which the wild grass teosinte (Zea mays
ssp. parviglumis) was domesticated into modern maize (Z. mays ssp. mays).
Analysis of single-nucleotide polymorphisms in 774 genes indicates that 2 to
4% of these genes experienced artificial selection. The remaining genes retain
evidence of a population bottleneck associated with domestication. Candidate
selected genes with putative function in plant growth are clustered near
quantitative trait loci that contribute to phenotypic differences between maize
and teosinte. If we assume that our sample of genes is representative, È1200
genes throughout the maize genome have been affected by artificial selection.

Maize domestication has resulted in highly

modified inflorescence and plant architecture

(1). Improvement after domestication has also

resulted in striking changes in yield, plant hab-

it, biochemical composition, and other traits.

At the genetic level, these phenotypic shifts are

the result of strong directional (artificial) selec-

tion on target genes. With rare exceptions (2),

targeted genes have not been identified.

Most domesticated plants and animals have

experienced a Bdomestication bottleneck[ that

reduced genetic diversity relative to their wild

ancestor (3). This bottleneck affects all genes

in the genome and modifies the distribution of

genetic variation among loci. The magnitude

and variance of the reduction in genetic di-

versity across loci provide insights into the

demographic history of domestication. How-

ever, in genes targeted by artificial selection,

genetic diversity is reduced above and beyond

that caused by the domestication bottleneck

(4). Selection is similar to a more severe bottle-

neck (5) that removes most (or all) of the

genetic variation from a target locus.

Here, we report single-nucleotide polymor-

phism (SNP) diversity in 774 gene fragments

(100 to 900 base pairs) in a sample of 14 maize

inbred lines (representing modern maize) and

16 inbred teosintes (tables S1 and S2). In this

gene set, we have identified 3463 SNPs in

maize and 6136 SNPs in teosinte. The poly-

morphism data are generally consistent with a

population bottleneck during the domestication

of maize.

Diversity, as measured by Watterson_s es-

timator of the population mutation parameter

q (6), is reduced in maize relative to teosinte

(Fig. 1). Our maize sample has about 57%

of the variability found in its progenitor. This

is somewhat lower than previous estimates

that were based on a smaller number of genes

(7, 8). The difference in part reflects differ-

ences in sampling and the presence of sev-

eral loci with no polymorphism in maize; 65

maize genes in our data set contain no seg-

regating sites.
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Supplementary information for “Physical limits and design principles for plant and 
fungal movements” by J.M. Skotheim and L. Mahadevan. 

Here, we present the references we used to construct Fig. 1. 
  
Aldrovanda vesiculosa (Waterwheel plant): Ashida, J.  Studies on the leaf movement of  
Aldrovanda vesiculosa L., I. Process and mechanism of the movement. Mem. Coll. Sci., 
Kyoto Imp. Univ. B  9, 141-244 (1934). 
 
Arabidopsis thaliana: (i) 
http://www.plantphysiol.org/content/vol135/issue2/images/large/pp038844F01_4C.jpeg  
(ii) Hatakeda, Y., Kamada, M., Goto, N., Fukaki, H., Tasaka, M., Suge, H. & Takahashi, 
H.  Gravitropic response plays an important role in the nutational movements of the 
shoots of Pharbitis nil and Arabidopsis thaliana. Pysiol. Plantarum 118, 464-473 (2003).  
(iii) www.bio.psu.edu/People/Faculty/Assmann/Lab/guardcells.html  (iv) Roelfsema, 
M.R.G. & Hedrich, R. Studying guard cells in the intact plant: modulation of stomatal 
movement by apoplastic factors.  New Phytol. 153, 425-431 (2002). 
 
Arceuthobium (Dwarf mistletoe): (i) Hawksworth, F.G. & Wiens, D. Dwarf mistletoes: 
biology, pathology, and systematics. (Agriculture Handbook 709, US Dept. of 
Agriculture, Washington DC, 1996). 
www.rmrs.nau.edu/publications/ah_709/frames.html (ii) Hinds, T.E., Hawksworth, F.G. 
& McGinnies, W.J. Seed discharge in Arceuthobium: A photographic study. Science 140, 
1236-1238 (1963).  (iii) Hinds, T.E. & Hawksworth, F.G.  Seed dispersal in four 
Dwarfmistletoes.  Science 148, 517-519 (1965). Time is estimated to be approximately 
equal to the fruit length divided by the seed exit velocity. 
 
Arthrobotrys dactyloides: (i) Drechsler, C. Some Hyphomycetes that prey on free-living 
terricolous nematodes. Mycol. 29, 447-552 (1937). (ii) Higgins, M.L. & Pramer, D. 
Fungal morphogenesis: ring formation and closure by Arthrobotrys dactyloides. Science 
155, 345-346 (1967). 
 
Dactylaria brochophaga: (i) Drechsler, C. Some Hyphomycetes that prey on free-living 
terricolous nematodes. Mycol. 29, 447-552 (1937). (ii) Comandon, J. & de Fonbrune, P.  
Recherches expérimentales sur les champignons prédateurs de nematodes.  C.R. Soc. 
Biol. Paris, 129, 620-622 (1938). 
 
Desmodium gyrans (Telegraph plant): Antkowiak, B., Engelmann, W., Herbjørnsen, R. & 
Johnsson, A.  Effects of vanadate, N2 and light on the membrane potential of motor cells 
and the lateral leaflet movements of Desmodium motorium.  Physiol. Plantarum 86, 551-
558 (1992).  
 
Dionea muscipula (Venus flytrap): Forterre, Y., Skotheim, J.M., Dumais, J. & 
Mahadevan, L.  How the Venus flytrap snaps, Nature, in press. 
 



Ecballium elaterium (Mediterranean squirting cucumber): (i) www.marz-
kreations.com/wildplants/CUCU/Ecballium_elaterium.html  (ii) Ridley, H.N. The 
dispersal of plants throughout the world. (Ashford, Kent, UK, 1930). Time is estimated 
to be approximately equal to the fruit length divided by the seed exit velocity. 
 
Hura crepitans (Monkey’s dinner bell): Swaine, M.D. & Beer, T.  Explosive seed 
dispersal in Hura crepitans L. (Euphorbiaceae).  New Phytol. 78, 695-708 (1977). Time 
is estimated to be approximately equal to the fruit length divided by the seed exit 
velocity. 
 
Ipomoea nil (Morning glory): Hatakeda, Y., Kamada, M., Goto, N., Fukaki, H., Tasaka, 
M., Suge, H. & Takahashi, H.  Gravitropic response plays an important role in the 
nutational movements of the shoots of Pharbitis nil and Arabidopsis thaliana. Pysiol. 
Plantarum 118, 464-473 (2003). 
 
Lepidium campestre (Field pepperwort): (i) 
www.bioimages.org.uk/HTML/R152443.HTM  (ii) Thiede, D.A. & Augspurger, C.K.  
Intraspecific variation in seed dispersion of Lepidium campestre (Barassicaceae).  Am. J. 
Bot. 83, 856-866 (1996). Time is estimated to be approximately equal to the fruit length 
divided by the seed exit velocity. 
 
Mimosa pudica (Sensitive plant): (i) 
sunflower.bio.Indiana.edu/~rhangart/plantmotion/movements/nastic/mimosa/strongmimo
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