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Foot-and-mouth disease (FMD) is an infectious, highly 
contagious and acute disease of cloven-hoofed animals 

that include cattle, buffalo, swine, sheep and goats and 
around 70 species of wild animals (Brehm et al., 2009). 
FMD virus that belongs to the Aphthovirus genus of the 
Picornaviridae family causes the disease. The virus initially 
infects the upper respiratory tract and exhibits a tropism for 
epithelial cells (Alexandersen et al., 2003). Initial viral rep-
lication takes place in epithelial cell (Grubman and Baxt, 
2004). FMD is prevalent worldwide and is endemic in 
Asia, Africa, Middle East and South America (Thomson et 
al., 2003). The incidence of FMD results in heavy econom-
ic losses due to reduction in milk yield, decreased growth 
rate of meat animals, decreased fertility and death in young 
infected animals (Grubman and Baxt, 2004; Doel, 2004). 
	
There are seven serotypes of FMDV that includes A, O, 
C, Asia-1, South African territories 1 (SAT1), SAT2 and 
SAT3 and every serotype contains many subtypes (Man-
son et al., 2003; Domingo et al., 2003). FMDV is a sin-
gle-stranded, non-enveloped, positive-sense RNA genome 
of 8.4 Kb ( Jackson et al., 2003; Mittal et al., 2005). Four 
structural and eight non-structural proteins are encoded in 
viral genome i.e. VP1-VP4. VP1-VP3 constitutes the outer 
capsid shell while VP4 forms the internal surface (Manson 
et al., 2003; Burman et al., 2006). VP1 contains an out-

er flexible loop called G-H loop that is a major antigenic 
site on virus. Moreover, it also contains an Arg-Gly-Asp 
(RGD) motif that is important in host receptor binding 
process (Fry et al., 2005; Alcala et al., 2001).

FMDV initially attaches with the host cell-surface recep-
tors that is followed by entry into the cells by receptor-me-
diated endocytosis (O’Donnell et al., 2005). The low pH 
of endosome facilitates the un-coating of the viral genome 
(Berryman et al., 2005). Many receptors of FMD have 
been reported including integrins ( Jackson et al., 2003) 
and heparan sulfate proteoglycans (HSPGs) ( Jackson et 
al., 1996). It has been described that virus enters into the 
cells after binding to the integrins via clathrin-mediated 
endocytosis. Moreover, virus can also take another route 
i.e. binding to heparan sulfate that helps the FMDV to 
enter into the cells via caveola-mediated endocytosis path-
way (Ruiz-Saenz et al., 2009). In this review, we will fo-
cus on role on integrins that are critically important in the 
pathogenesis of FMD.

INTEGRINS

Integrins are critical proteins utilized by the cells to bind 
and communicate with extracellular matrix (Springer, 
2002). Integrins can be divided into two transmembrane 
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glycoprotein subunits known as alpha (α) and beta (β) 
(Springer, 2002). It has been reported that there are 19α 
and 8β subunits (Grundstorm, 2003). The role on integ-
rins have been explained by different techniques including 
monoclonal antibodies, chromatography and cell adhesion 
assays. Integrins play a role in adhesion between cells as 
well as with extracellular matrix. They are also involved in 
cell proliferation, apoptosis and cell migration. They regu-
late many physiological processes including inflammation, 
morphogenesis, embryogenesis, wound-repair and tumor 
cell migration, by interacting with different extracellular 
ligands. They have ligands such as intracellular adhesion 
molecules (ICAM) and vascular cell adhesion molecule 
(VCAM), collagen, fibronectin, laminin and fibrinogen 
(Dedhar and Hannigan, 1996; O’Donnell et al., 2005). The 
physiological processes where integrins are involved in-
clude platelet aggregation (O’Donnell et al., 2005; Jackson 
et al., 2004). The concentration of integrins on the cell sur-
face is ten to hundred folds higher than other cell surface 
receptors but they show low affinity of binding with their 
ligands (Burman et al., 2006). Many integrins have been 
shown to serve as FMDV receptors. Cell culture studies 
have described that at least four integrins i.e. αvβ3, αvβ6, 
αvβ1, αvβ8 and α5β1 are being used by FMDV (Berinstein 
et al., 1995; Jackson et al., 2003, 2004). 

Integrin αvβ3
It has been demonstrated that integrin αvβ3 bind to all 
serotypes of FMDV through RGD tripeptide (Berinstein 
et al., 1995; Mould et al., 1995; Mateu et al., 1996). Mg2+ 
facilitates binding of integrin αvβ3 to the ligands while 
Mn2+ can increase the binding. Ca2+ has a dual role as on 
one side it assists fibronectin and vitronectin to bind to 
integrin αvβ3 but on the other side it blocks binding of 
fibronectin (Neff and Baxt, 2001). Studies have shown that 
integrin αvβ3 serves as internalization receptor for FMDV 
serotype A12 (Berinstein et al., 1995). In another study, 
Chinese hamster ovary (CHO) cells that do not express 
αvβ3 but heparan sulfate were used. This CHO cell line 
was transfected with human αvβ3. It has been described 
that the replication of FMDV was dependent on expres-
sion of αvβ3 (Neff et al., 1998). FMDV has been shown to 
bind to human and simian αvβ3 for entry into the cells but 
efficient replication of virus occur in the presence of bovine 
αvβ3 (Green et al., 2003). So, this could be a reason that 
FMDV developed as a disease of cloven-hoofed animals 
because they have such structure of integrin αvβ3 that fits 
well with viral surface resulting in enhanced viral replica-
tion and spread of disease among these species (Xiong et 
al., 2002, Monaghan et al., 2005, Du et al., 2010).

Integrin αvβ6
Jackson et al. (2000) have revealed that integrin αvβ6 acts 
as a receptor for FMDV. Integrin αvβ6 is expressed on the 

epithelial cells. In a study, FMDV binding was inhibited 
using anti- αvβ6 monoclonal antibody (10D5) that ex-
hibits the specificity of αvβ6 for FMDV ( Jackson et al., 
2000). It has been shown that after transfection with inte-
grin β6 and expressing αvβ6, human colon carcinoma cell 
line became permissive for FMDV infection. Viral entry 
enhanced after binding to αvβ6 in these cells ( Jackson 
et al., 2004). Another study has revealed that deletion of 
β6 cytoplasmic domain slightly reduced the virus binding 
but this domain is critical for virus infection suggesting an 
essential function of this domain in post-binding events 
during FMDV infection (Miller et al., 2001). Initially, only 
integrin αvβ3 was considered as FMDV receptor but αvβ6 
has more diverse expression on epithelial cells especially 
where early stages of viral replication occur (Brown et al., 
2006; Jackson et al., 2000; Du et al., 2010). It has been 
reported that αvβ6 plays a role to transport the virus to 
early endosomes (O’Donnell et al., 2005). Monaghan and 
colleagues studied the expression of αvβ3 and αvβ6 within 
epithelial cells of cattle, which are aimed by the FMDV 
during infection. Data using confocal microscopy, immu-
nofluorescence and RT-PCR described that integrin αvβ6 
is mainly expressed on the surface of these epithelial cells 
that are the site of viral replication during FMDV infec-
tion (Monaghan et al., 2005)

Integrin αvβ1
In another studies, it has been demonstrated that αvβ1 also 
serves as FMDV when expressed on CHO cells ( Jackson 
et al., 2002). Amino acid residues close to RGD can re-
veal the binding specificity between αvβ1 and αvβ6 (Neff 
et al., 1998; Jackson et al., 2002). Integrin αvβ1 does not 
efficiently support viral binding and infection at physiolog-
ical concentrations of Mg2+ and Ca2+. However, when αvβ1 
expressing cells were treated with Mn2+, there was a radical 
increase in FMDV infection (Berryman et al., 2005; Jack-
son et al., 2002). The role of αvβ1 was further detected us-
ing monoclonal antibodies against human αv that inhibited 
the virus binding as well as infection ( Jackson et al., 2002). 
Binding efficiencies between αvβ1 and αvβ6 can be differ-
entiated on the basis of amino acid residues close to RGD 
motif (Du et al., 2010; Jackson et al., 2000). The specificity 
of αvβ1, αvβ3 and αvβ6 during FMDV infection was stud-
ied for two strains of FMDV serotype O and three strains 
of serotype A. It has been shown that cells expressing these 
integrins mediated viral infection for all strains of both 
FMDV serotypes. Although there were some differences 
in usage of these integrins by different viral strains such as 
both strains of serotype O used αvβ1 and αvβ6 with same 
efficiency but more efficiently than αvβ3. While there was 
moderate usage of αvβ1 by strains of FMDV serotypes A 
as compare to αvβ3 and αvβ6 (Duque and Baxt, 2003). 
This data suggest an expected interplay between efficiency 
of integrin usage and FMDV pathogenesis. 
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Integrin αvβ8
It has been shown that another integrin i.e. integrin αvβ8 
can serve as a host cellular receptor for FMDV (Fjell-
birkeland et al., 2003; Jackson et al., 2004). It has been 
shown that transfecting human β8 with SW480 cell line 
and expressing αvβ8 made these non-permissive cells sus-
ceptible to FMDV infection. Moreover, role of αvβ8 was 
further established by monoclonal antibodies inhibiting 
function of αvβ8. Integrin αvβ8 has been detected in the 
basal cells of the epithelial airway, which could show their 
role in the tropism of FMDV during the early stages of 
viral infection ( Jackson et al., 2004; Fjellbirkeland et al., 
2003; Cambier et al., 2000).

Integrin α5β1
Integrins α5β1 are expressed on epithelial and lymphoid 
cells and bind to the ligands through RGD motif which 
is important for serving FMDV as a cellular receptor. Al-
though they have this important RGD motif but they are not 
used by FMDV for initiating viral infection (Baranowski et 
al., 2000; Duque and Baxt, 2003). Moreover, studies have 
shown that the ability of FMDV to bind to α5β1 and αvβ3 
depends on the presence of certain amino acid residues fol-
lowing the G-H loop RGD motif ( Jackson et al., 2000).

CONCLUSIONS

FMDV is a major issue for meat and milk producers. It is 
important to understand the mechanism of viral entry and 
replication and the factors involved in FMDV infection. 
Receptors are the main factors responsible for viral patho-
genesis and tropism. The aim of this review was to highlight 
the role of integrin proteins in the FMDV infection and 
its transmission to other animals. FMDV interacts with 
different host cell factors at different phases of pathogene-
sis. It utilizes different integrins such as αvβ3, αvβ6, αvβ1, 
αvβ8 and α5β1 to initiate viral infection. However, the role 
of each receptor and how it supports FMDV infection is 
not completely characterized yet. Moreover, Heparan sul-
fate is also considered as FMDV receptor but with reduced 
virulence and there may be some unknown host cell factors 
associated with viral pathogenesis. The interaction of dif-
ferent FMDV strains with host receptors has different effi-
ciencies. Therefore, study of FMDV receptors explains the 
mechanism of pathogenesis involving different serotypes 
and subtypes. Finally, the characterization of these recep-
tors and their functions in FMDV pathogenesis provides 
the opportunity to design drugs against the receptors that 
will help in the prevention and control of FMD.

ACKNOWLEDGMENTS

I would like to thank Dr. Munir for his encouragement 
and proof reading to finalize this manuscript.

CONFLICT OF INTERESTS

There exists no conflict of interests

REFERENCES

•	Alcala P, Feliu IX, Aris A, Villaverde A (2001). Efficient 
accommodation of recombinant foot-and-mouth disease 
virus RGD peptides to cell-surface integrins. Biochem. 
Biophys. Res. Commun. 285: 201-206. http://dx.doi.
org/10.1006/bbrc.2001.5157

•	Alexandersen S, Zhang Z, Donaldson AI, Garland AJ (2003). 
The pathogenesis and diagnosis of foot-and-mouth disease. 
J. Comp. Pathol. 129: 1-36. http://dx.doi.org/10.1016/
S0021-9975(03)00041-0

•	Baranowski E, Ruiz-Jarabo CM, Sevilla N, Andreu D, Beck E, 
Domingo E (2000). Cell recognition by foot-and-mouth 
disease virus that lacks the RGD integrin-binding motif: 
Flexibility in Aphthovirus receptor usage. J. Virol. 74: 1641-
1647. http://dx.doi.org/10.1128/JVI.74.4.1641-1647.2000

•	Berinstein A, Roivainen M, Hovi T, Mason PW, Baxt B (1995). 
Antibodies to the vitronectin receptor (integrin αvβ3) 
inhibit binding and infection of foot-and-mouth disease 
virus to cultured cells. J. Virol. 69: 2664-66.

•	Berryman S, Clark S, Monaghan P, Jackson T (2005). Early 
events in integrins αvβ6 mediated cell entry of foot-and-
mouth disease virus. J. Virol. 69: 2664-2666.

•	Brehm KE, Ferris NP, Lenk M, Riebe R, Haas B (2009). 
Highly sensitive fetal goat tongue cell line for detection and 
isolation of Foot-and-mouth disease virus. J. Clin. Microb. 
47(10): 3156-3160.

•	Brown JK, McAleese SM, Thornton EM, Pate JA, Schock A, 
Macrae AI, et al. (2006). Integrin-alphavbeta6, a putative 
receptor for foot -and -mouth disease virus, is constitutively 
expressed in ruminant airways. J. Histochem. Cytochem. 54: 
807–16. http://dx.doi.org/10.1369/jhc.5A6854.2006

•	Burman A, Clark S, Abrescia NG, Fry EE, Stuart DI, Jackson T 
(2006). Specificity of the VP1 GH loop of foot-and-mouth 
disease virus for alpha-v integrins. J. Virol. 80: 9798-9810. 
http://dx.doi.org/10.1128/JVI.00577-06

•	Cambier S, Mu D, O’Connell D, Boylen K, Travis W, Liu W, 
Broaddus VC, Nishimura SL (2000). A role for the integrin 
αvβ8 in the negative regulation of epithelial cell growth. 
Can. Res. 60: 7084-7093.

•	Dedhar S and Hannigan GE (1996). Integrin cytoplasmic 
interactions and bidirectional transmembrane signaling. 
Curr. Cell. Biol. 8: 657-669.

•	Doel TR (2004). FMD vaccines. Virus Res. 17: 465-493.
•	Domingo E, Escarmis C, Baranowski F, Ruiz-Jarabo CM, 

Carrilo E, Nunez JI, Sobrino F (2003). Evolution of foot-
and-mouth disease virus: Virus Res. 91: 47-63. http://dx.doi.
org/10.1016/S0168-1702(02)00259-9

•	Du J, Chang H, Gao S, Xue S, Cong G, Shao J (2010). Molecular 
characterization and expression analysis of porcine integrin 
alphavbeta3, alphavbeta6 and alphavbeta 8hat are potentially 
involved in FMDV infection. Mol. Cell. Probes. 24: 256-65. 
http://dx.doi.org/10.1016/j.mcp.2010.04.005

•	Duque H and Baxt B (2003). Foot-and-mouth disease virus 
receptors: Comparison of bovine alpha (V) integrin 
utilization by type A and O viruses. J. Virol. 77: 2500-2511. 
http://dx.doi.org/10.1128/JVI.77.4.2500-2511.2003

•	Fry EE, Stuart DI, Rowlands DJ (2005). The structure of foot-

http://dx.doi.org/10.1006/bbrc.2001.5157
http://dx.doi.org/10.1006/bbrc.2001.5157
http://dx.doi.org/10.1016/S0021-9975(03)00041-0
http://dx.doi.org/10.1016/S0021-9975(03)00041-0
http://dx.doi.org/10.1128/JVI.74.4.1641-1647.2000
http://dx.doi.org/10.1369/jhc.5A6854.2006
http://dx.doi.org/10.1128/JVI.00577-06
http://dx.doi.org/10.1016/S0168-1702(02)00259-9
http://dx.doi.org/10.1016/S0168-1702(02)00259-9
http://dx.doi.org/10.1016/j.mcp.2010.04.005
http://dx.doi.org/10.1128/JVI.77.4.2500-2511.2003


NE  US
Academic                                      Publishers

Advances in Animal and Veterinary Sciences

August 2016 | Volume 4 | Issue 8 | Page 419

and-mouth disease virus. Curr. Top. Microbial. Immunol. 
288: 71-101. http://dx.doi.org/10.1007/3-540-27109-0_4

•	Fjellbirkeland L, Cambier S, Broaddus VC, Hill A, Brunetta 
P, Dolganov G (2003). Integrin alphavbeta8-mediated 
activation of transforming growth factor-beta inhibits human 
airway epithelial proliferation in intact bronchial tissue. Am. 
J. Pathol. 163: 533–42. http://dx.doi.org/10.1016/S0002-
9440(10)63681-4

•	 Grubman MJ and Baxt B (2004). Foot-and-mouth disease. Clin. 
Microbiol. Rev. 17: 465–493. http://dx.doi.org/10.1128/
CMR.17.2.465-493.2004

•	Grundstrom G (2003). Functional studies of collagen-binding 
integrins α2β1and α11β1. Interplay between integrins and 
plateletderived growth factor receptors. Acta Universitatis 
Upsaliensis. Comprehensive summaries of Uppsala 
Dissertations from Faculty of Medicine, Uppsala University. 
Pp. 97.

•	Green L, Mould AP, Humphries MJ (2003). The integrin beta 
subunit. Int. J. Biochem. Cell. Biol. 30: 179–184. http://
dx.doi.org/10.1016/S1357-2725(97)00107-6

•	Jackson T, King AM, Stuart D, Fry E (2003). Structure and 
receptor binding. Virus Res. 91: 33–46. http://dx.doi.
org/10.1016/S0168-1702(02)00258-7

•	Jackson T, Sheppard D, Denyer M, Blakemore W, King AM 
(2000). The epithelial integrin αvβ6is a receptor for foot-
and-mouth disease virus. J. Virol. 74: 4949–4956. http://
dx.doi.org/10.1128/JVI.74.11.4949-4956.2000

•	Jackson T, Mould AP, Sheppard D, King AM (2002). Integrin 
αvβ1is a receptor for foot-and mouth disease virus. J. Virol. 
76: 935–941. http://dx.doi.org/10.1128/JVI.76.3.935-
941.2002

•	Jackson T, Ellard FM, Ghazaleh RA, Brookes SM, Blakemore 
WE, Corteyn AH, Stuart DI, Newman JW, King AM 
(1996). Efficient infection of cells in culture by type O foot-
and-mouth disease virus requires binding to cell surface 
heparan sulfate. J. Virol. 70: 5282–5287.

•	Jackson T, Clark S, Berryman S, Burman A, Cambier S, Mu 
D, Nishimura S, King AM (2004). Integrin αvβ8 function 
as a receptor for foot-and-mouth disease virus: role of β 
chain cytodomain in integrin-mediated infection. J. Virol. 
78: 4533-4540. http://dx.doi.org/10.1128/JVI.78.9.4533-
4540.2004

•	Manson PW, Grubman MJ, Baxt B (2003). Molecular basis of 
pathogenesis of FMDV. Virus Res. 91: 9-32. http://dx.doi.
org/10.1016/S0168-1702(02)00257-5

•	Mateu MG, Valero ML, Andreu D, Domingo E (1996). 
Systematic replacement of amino acid residues within an 
Arg-Gly-Asp-containing loop of foot-and-mouth disease 
virus and effects on cell recognition. J. Biol. Chem. 271: 
12814–12819. http://dx.doi.org/10.1074/jbc.271.22.12814

•	Miller LC, Blakemore W, Sheppard D, Atakilit A, King AM, 
Jackson T (2001). Role of the cytoplasmic domain of the 
b-subunit of integrin αvβ6 in infection by foot-and-
mouth disease virus. J. Virol. 75: 4158–1464. http://dx.doi.
org/10.1128/JVI.75.9.4158-4164.2001

•	Mittal  M, Tosh C, Hemadri D, Sanyal A, Bandyopadhyay 
SK (2005). Phylogeny, genome evolution, and antigenic 
variability among endemic foot-and-mouth disease virus 
type A isolates from India. Arch. Virol.  150(5): 911-28. 
http://dx.doi.org/10.1007/s00705-004-0469-6

•	Monaghan P, Gold S, Simpsom J, Zhang Z, Weinreb PH, 
Violette SM, Alexandersen S, Jackson T (2005). The 
αvβ6 integrin receptor for foot-and-mouth disease virus 
is expressed constitutively on the epithelial cells targeted 
in cattle. J. Gen. Virol. 86: 2769–2780. http://dx.doi.
org/10.1099/vir.0.81172-0

•	Mould AP, Akiyama SK, Humphries MJ (1995). Regulation of 
integrin α5β1-fibronectin interactions by divalent cations. J. 
Biol. Chem. 270: 26270–26277. http://dx.doi.org/10.1074/
jbc.270.44.26270

•	Neff S, Sa-Carvalho D, Rieder E, Mason PW, Blystone SD, 
Brown EJ, Baxt B (1998). Foot-andmouth disease virus 
virulent for cattle utilizes the integrin αvβ3as its receptor. J. 
Virol. 72: 3587–3594.

•	Neff S and Baxt B (2001). The ability of integrin alpha (v) beta 
(3) to function as a receptor for foot-and-mouth disease 
virus is not dependent on the presence of complete subunit 
cytoplasmic domains. J. Virol. 75: 527–32. http://dx.doi.
org/10.1128/JVI.75.1.527-532.2001

•	O’Donnell V, LaRocco M, Duque H, Baxt B (2005). Analysis 
of foot-and-mouth disease virus internalization events 
in cultured cells. J. Virol. 79: 8506–8518. http://dx.doi.
org/10.1128/JVI.79.13.8506-8518.2005

•	Ruiz-Sáenz J, Goez Y, Tabares W, López-Herrera A 
(2009). Cellular Receptors for Foot and Mouth 
Disease Virus. Intervirol. 52: 201–212. http://dx.doi.
org/10.1159/000226121

•	Springer TA (2002). Predicted and experimental structures 
of integrins and beta-propellers. Curr. Opin. Struct. 
Biol. 12: 802–813. http://dx.doi.org/10.1016/S0959-
440X(02)00384-6

•	Thomson GR, Vosloo W, Bastos AD (2003). Foot and mouth 
disease in wildlife. Virus Res. 91: 145–161. http://dx.doi.
org/10.1016/S0168-1702(02)00263-0

•	Xiong JP, Stehle T, Zhang R, Joachimiak A, Frech M, 
Goodman SL, Arnaout MA (2002). Crystal structure of 
the extracellular segment of integrin aVb3 in complex with 
an Arg-Gly- Asp ligand. Sci. 296: 151–155. http://dx.doi.
org/10.1126/science.1069040

http://dx.doi.org/10.1007/3-540-27109-0_4
http://dx.doi.org/10.1016/S0002-9440(10)63681-4
http://dx.doi.org/10.1016/S0002-9440(10)63681-4
http://dx.doi.org/10.1128/CMR.17.2.465-493.2004
http://dx.doi.org/10.1128/CMR.17.2.465-493.2004
http://dx.doi.org/10.1016/S1357-2725(97)00107-6
http://dx.doi.org/10.1016/S1357-2725(97)00107-6
http://dx.doi.org/10.1016/S0168-1702(02)00258-7
http://dx.doi.org/10.1016/S0168-1702(02)00258-7
http://dx.doi.org/10.1128/JVI.74.11.4949-4956.2000
http://dx.doi.org/10.1128/JVI.74.11.4949-4956.2000
http://dx.doi.org/10.1128/JVI.76.3.935-941.2002
http://dx.doi.org/10.1128/JVI.76.3.935-941.2002
http://dx.doi.org/10.1128/JVI.78.9.4533-4540.2004
http://dx.doi.org/10.1128/JVI.78.9.4533-4540.2004
http://dx.doi.org/10.1016/S0168-1702(02)00257-5
http://dx.doi.org/10.1016/S0168-1702(02)00257-5
http://dx.doi.org/10.1074/jbc.271.22.12814
http://dx.doi.org/10.1128/JVI.75.9.4158-4164.2001
http://dx.doi.org/10.1128/JVI.75.9.4158-4164.2001
http://www.ncbi.nlm.nih.gov/pubmed/15662482
http://www.ncbi.nlm.nih.gov/pubmed/15662482
http://www.ncbi.nlm.nih.gov/pubmed/15662482
http://dx.doi.org/10.1007/s00705-004-0469-6
http://dx.doi.org/10.1099/vir.0.81172-0
http://dx.doi.org/10.1099/vir.0.81172-0
http://dx.doi.org/10.1074/jbc.270.44.26270
http://dx.doi.org/10.1074/jbc.270.44.26270
http://dx.doi.org/10.1128/JVI.75.1.527-532.2001
http://dx.doi.org/10.1128/JVI.75.1.527-532.2001
http://dx.doi.org/10.1128/JVI.79.13.8506-8518.2005
http://dx.doi.org/10.1128/JVI.79.13.8506-8518.2005
http://dx.doi.org/10.1159/000226121
http://dx.doi.org/10.1159/000226121
http://dx.doi.org/10.1016/S0959-440X(02)00384-6
http://dx.doi.org/10.1016/S0959-440X(02)00384-6
http://dx.doi.org/10.1016/S0168-1702(02)00263-0
http://dx.doi.org/10.1016/S0168-1702(02)00263-0
http://dx.doi.org/10.1126/science.1069040
http://dx.doi.org/10.1126/science.1069040

