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includes Chlamydiae and Verrucomicrobia also lack 
ftsZ. Intriguingly, Prosthecobacter dejongii, a mem-
ber of the verrucomicrobial group that lacks ftsZ, 
contains genes that are significantly more similar to 
the tubulin gene than ftsZ. Although the sequences 
of these bacterial tubulin genes are also divergent 
from eukaryotic tubulins, it is likely that they were 
acquired from a eukaryote by horizontal gene 
transfer. In support of this idea, species related to 
P. dejongii do not have these tubulin genes. Nothing 
is known about the functional significance of these 
bacterial tubulins, although recently they have been 
shown to assemble into protofilaments and hydro-
lyse GTP4. Finally, many of the wall-less mollicutes 
MYCOPLASMAS contain ftsZ, except for Ureaplasma 
urealyticum, a free-living species5. The mycoplasmas 
have also lost many other cell division genes, but it is 
not clear why U. urealyticum lost ftsZ, or how it can 
divide without it. In fact, the mechanism by which 
cell division occurs in any of the species that lack 
ftsZ is unknown.

FtsZ is also found in eukaryotic cells. Nuclear-
encoded homologues of FtsZ are imported into 
chloroplasts and mitochondria of primitive eukaryotes 
such as protists6. As a result, primitive algae have 
separate FtsZ homologues for their chloroplasts and 
mitochondria (see below). Higher plants contain 
two distinct families of FtsZ homologues that seem 
to have diverged early in plant evolution, perhaps 
because they have distinct, conserved functions7,8. 
As would be expected from their ENDOSYMBIOTIC ori-
gins, mitochondria contain FtsZ proteins that are 
most closely related to those of α-proteobacteria, 
which are the progenitors of mitochondria, whereas 
chloroplast FtsZs are most closely related to those of 
cyanobacteria, the predecessors of chloroplasts.

FtsZ domain structure. FtsZ contains four main pro-
tein domains, as determined by the crystal structure 
of FtsZ from the thermophilic bacterium Thermotoga 
maritima9 and by phylogenetic analysis3. These 
domains comprise a variable N-terminal segment, a 
highly conserved core region, a variable spacer, and 
a C-terminal conserved peptide (FIG. 2). The functions 
of the N-terminal segment and spacer have not been 
determined. The core region contains the tubulin 
signature motif and is responsible for GTP binding 
and hydrolysis, which is required for self-assembly of 
the protein (see below). Recently, this core region has 
been shown to consist of two independently folding 
N-terminal and C-terminal segments10 — the Nt core 
and Ct core, respectively. The Nt core contains the 
GTP-binding site and binds the bottom portion of the 
adjacent monomer in the protofilament (see below), 
whereas the Ct core binds the top portion of the adja-
cent monomer in the protofilament.

The C-terminal peptide is not required for assem-
bly, but is essential for interactions with other mem-
brane-associated cell division proteins, FtsA and ZipA. 
Deletion of the C-terminal peptide blocks FtsZ func-
tion, probably by preventing its interaction with both 
ZipA and FtsA11. The presence of either FtsA or ZipA 
is required for the stability of Z rings12, which implies 
that their functions overlap (see also below). FtsZs 
from different species are generally unable to substitute 
for E. coli FtsZ13, probably because of the specialized 
function of the C-terminal peptide.

Structure and assembly of FtsZ
FtsZ is a structural homologue of tubulin9. Like 
tubulin, purified FtsZ binds and hydrolyses 
GTP14–16. GTP binding induces FtsZ self-assembly 
into protofilaments that consist of a head-to-tail 
linear polymer of FtsZ10,17–19. These protofilaments 
and other structures, such as minirings, resemble 
structures formed by tubulin20. However, whereas 
tubulin assembles into microtubules, comprising 
13 protofilaments arranged around a hollow core, 
FtsZ protofilaments do not assemble into microtu-
bule-like structures. Instead, FtsZ protofilaments 
associate laterally to form bundles or sheets. This 
bundling can be induced by several factors, such 

Figure 1 | A typical cell-division cycle in Escherichia coli. 
In step 1, newborn cells grown at low growth rates contain a 
single, non-replicating chromosome in a structure known as 
a nucleoid. Soon after chromosome replication initiates, the 
replication origins (oriC) move towards the cell poles until 
both daughter chromosomes are segregated (step 2). Near 
the end of this process, the FtsZ protein assembles into the 
Z ring on the inner face of the cytoplasmic membrane (light 
green ring) at the cell centre, marking the future division site 
(step 3). In step 4, the Z ring recruits at least ten 
membrane-associated proteins (for details, see FIG. 6) to 
assemble the cell-division protein machinery (dark green 
ring). This machinery synthesizes the division septum, which 
consists of cell-wall material, with the Z ring at the leading 
edge of membrane invagination. Contraction of the Z ring 
and constriction of the outer membrane follow (step 5). The 
result is the production of two separate newborn daughter 
cells (step 6).
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Z-ring formation81, probably by directly binding FtsZ 
and preventing its assembly into protofilaments82. 
However, SulA is cleaved by the Lon protease, allow-
ing Z rings to assemble after a delay. In B. subtilis and 
other Gram-positive bacteria, the YneA protein has a 
similar general role in disrupting Z rings after DNA 
damage. However, YneA has no structural similarity 
to SulA and its biochemical mechanism of inhibiting 
cell division is not yet known83.

FtsZ function in bacteria
Assembly of the cytokinesis machine. Once assembled, 
the Z ring recruits several membrane-associated pro-
teins that are essential for cell division2 (FIG. 5). These 
proteins seem to be recruited in a linear order, with 
FtsA and ZipA required for all the others to arrive and 
the recruitment of FtsN, one of several BITOPIC mem-
brane proteins that are essential for cell division, being 
dependent on all the others. FtsA and ZipA are required 
to anchor the Z ring to the membrane73,84. Because a 
point mutation in FtsA, R286W, can completely bypass 
the requirement for ZipA85, FtsA probably has the 
main role in stabilizing the Z ring at the membrane in 
E. coli. The recent discovery of a membrane-targeting 
sequence at the C terminus of FtsA, which consists of 
an amphipathic helix84, strongly supports this crucial 
role for FtsA in anchoring the Z ring to the membrane. 
FtsA and ZipA can bind to the same region of FtsZ 
because FtsZ is present at ~10,000 molecules per cell, 
and ZipA and FtsA are at least fivefold less abundant. 
In support of this idea, the presence of excess FtsA or 
ZipA has an inhibitory effect on cell division, which 
can be reversed by increasing the level of FtsZ. In 

M. tuberculosis, which lacks ZipA and FtsA, FtsZ might 
be tethered to the membrane through a unique FtsZ-
binding domain that is present in another conserved 
cell-division protein, FtsW, which normally depends 
on FtsZ for its localization to the Z ring86 (FIG. 5a).

The mechanism by which the other proteins are 
recruited, and how they are dependent not only on 
FtsZ, but also on FtsA and ZipA, is slowly being unrav-
elled. For example, ZipA is required for the recruit-
ment of all downstream proteins, but because it can 
be bypassed, it cannot be recruiting these proteins by 
direct, unique protein–protein contacts. Instead, ZipA 
probably indirectly enhances the recruitment activity of 
the Z ring by stabilizing the ring components. In other 
cases, direct protein–protein interactions are impor-
tant for subassemblies of later septal proteins. This is 
particularly clear for FtsQ, which is needed midway 
in the recruitment pathway. FtsQ can co-purify with 
its downstream partners FtsL and FtsB87. Moreover, 
when targeted prematurely to the Z ring by fusion to 
ZapA, FtsQ can recruit FtsL, FtsB and the later protein 
FtsI (but not FtsN) to the Z ring in the absence of the 
upstream proteins FtsW or FtsA88. The failure of FtsN 
to be recruited in this system indicates that the proper 
assembly of all components at the septum, particularly 
FtsA, might be essential for the localization of FtsN. 
In support of this, FtsA or a small subdomain of FtsA, 
known as 1c, is able to recruit FtsI and FtsN to cell 
poles when fused to DivIVA, a protein that localizes to 
the cell poles89. Other bacterial two-hybrid assays also 
show interactions among many cell-division proteins, 
including FtsA–FtsI and FtsA–FtsN, which is consistent 
with a patchwork of protein–protein interactions90,91.

Figure 5 | Fellowship of the ring. a | A model of the Escherichia coli Z ring and its essential protein partners is shown in cross 
section. FtsZ is shown as a series of single protofilaments at the membrane, although the actual structure of FtsZ in the Z ring is 
unknown. Both ZipA and FtsA contact FtsZ as well as the membrane in E. coli. However, FtsZ contacts FtsW directly in 
Mycobacterium tuberculosis (asterisk), which lacks ZipA and FtsA. A single transmembrane subassembly associated with an 
FtsA dimer is shown, based on the low relative amounts of most of the integral membrane proteins that are essential for cell 
division. These membrane proteins include FtsQ, FtsB, FtsL, FtsI and FtsN, which are bitopic proteins that each have a single 
transmembrane and periplasmic domain, and FtsW and FtsK, which are polytopic proteins with multiple transmembrane and 
periplasmic domains. The network of protein–protein associations is implied by the proximity of the proteins in the diagram. 
Proteins implicated in stabilization of the ring structure are labelled below the cytoplasmic membrane lines, whereas proteins 
implicated in later functions in septum formation, such as septum synthesis, are labelled above the lines. b | The dependency 
order of recruitment of essential cell-division proteins to the Z ring, as deduced from the requirement of a given protein for 
another’s localization to the Z ring.

NATURE REVIEWS | MOLECULAR CELL BIOLOGY  VOLUME 6 | NOVEMBER 2005 | 867

R E V I EWS

Bacteria cell division



Alan Turing: Morphogenesis



Alan Turing: Morphogenesis



Sox9

Limb Bud

Bmp & Wnt

1mm

1m
m Bmp Wnt

Sox9

∂sox9
∂t

=α sox9 + k2bmp − k3wnt − sox9
3

∂bmp
∂t

=αbmp − k4sox9 − k5bmp + Dbmp∇
2bmp

∂wnt
∂t

=αwnt − k7sox9 − k9wnt + Dwnt∇
2wnt

Dom
ain

Do
m

ain
Th

e
R

o
le

o
f

P
ro

lif
er

at
io

n
in

Li
m

b
M

o
rp

h
o

g
en

es
is

P
Lo

S
B

io
lo

g
y

|
w

w
w

.p
lo

sb
io

lo
g

y.
o

rg
15

Ju
ly

20
10

|
V

o
lu

m
e

8
|

Is
su

e
7

|
e1

00
04

20

Alan Turing: Morphogenesis



Preapoptotic Fate Preskeletal Fate

G
ro

w
th

Divisions

Alan Turing: Morphogenesis



Sir Ronald Ross
1857-1932 “He made many contributions to the 

epidemiology of malaria and to methods of 
its survey and assessment, but perhaps his 
g r e a t e s t wa s t h e d e v e l o pmen t o f 
mathematical models for the study of its 
epidemiology, initiated in his report on 
Mauritius in 1908, elaborated in his 
Prevention of Malaria in 1911 and further 
elaborated in a more generalized form in 
scientific papers published by the Royal 
Society in 1915 and 1916. These papers 
represented a profound mathematical 
interest which was not confined to 
epidemiology, but led him to make material 
contributions to both pure and applied 
mathematics.”

Nobel Prize Web Site

Nobel Prize in Medicine 1902
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• 75% of human infectious diseases 
originate from an animal reservoir, 
many caused by viruses.

• Human diseases originating from a 
nonhuman animal reservoir are 
referred to as zoonoses.

• Some recent emerging and re-
emerging viral zoonoses include HIV, 
Ebola virus, SARS coronavirus, rabies 
virus, avian influenza viruses (AIV), 
N i p a h v i r u s , H e n d r a v i r u s , 
Hantaviruses, West Nile virus…

MODELING OF VIRAL ZOONOSES IN WILDLIFE 7

FIGURE 1. Zoonotic viruses infect animal hosts and spill over into humans.

a review of some of the mathematical modeling frameworks developed
for the study of viral zoonoses in wildlife and to provide references
for more detailed analyses. A recent survey of 442 modeling studies
of zoonotic pathogens by Lloyd-Smith et al. [2009] found few dynami-
cal models that account for multi-host pathogens, multiple pathogens,
within-host pathogen dynamics in zoonotic transmission and pathogen
evolution. In this review, we highlight these gaps and others in the
modeling process that need to be filled to address important questions
about viral zoonoses in wildlife. We examine some of the factors govern-
ing viral maintenance and transmission in the primary animal reservoir,
how these factors have been accounted for in mathematical models and
where additional modeling efforts are needed.

2. Maintenance and transmission in reservoir populations.
Four stages of infection are identified from initiation to maintenance
and transmission of a viral pathogen in a reservoir host: (1) contact or
exposure, (2) cellular entry, (3) viral replication, assembly and release,
and (4) transmission (see Figure 2 ). When the disease is maintained in
the reservoir population, the stages are cyclic (1) → (2) → (3) → (4) →
(1). A viral infection begins with contact or exposure of an animal host
with a particular pathogen. At the first stage, environmental conditions
including climate, seasonality, anthropogenic disturbances, landscape,
and resources (i.e., habitat, food, water) may individually or collec-
tively determine whether there is contact between host and pathogen
(Altizer et al. [2006], Previtali et al. [2010]). In addition, the host’s
intrinsic characteristics, its population and social structure, mobility,
behavior, and susceptibility may modulate the extent of its exposure.
In the second stage, the within-host and cellular level, the virus must
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S131JID 1999;179 (Suppl 1) Speculations on Filovirus Ecology

Figure 2. Hypothetical transmission cycle of
Marburg and Ebola viruses (simplest paradigm).
As discussed in text, bats (particularly rare, solitary
species that roost in caves) are considered most
likely vertebrate host of viruses. Once introduced
into humans, monkeys, or chimpanzees, virus can
be transmitted to other individuals by contact.

urine, or sperm? Are they infectible by the oral route? Do they who died of encephalitis and in Zimbabwe from a bat (Nycteris
thebaicus) [22, 23]. Of interest, N. thebaicus is reported to feedmount an antibody response? Bats are also infested by a wide

array of ectoparasites, some of which are very odd blood- on scorpions [24]. Could some rhabdoviruses and filoviruses
be primary insect or arachnid viruses that are transferred tosucking wingless flies (Streblidae and Nycteribiidae). This

raises the possibility that virus transmission between bats may insectivorous vertebrates during predation? If the prey was an
unusual component of the diet, this could explain the rarity ofinvolve arthropod vectors and might explain the apparent ab-

sence of aerosol transmission to sentinel monkeys in Kitum transmission events. Secondary cycles of transmission could
occur between vertebrate hosts (e.g., bats), but this might becave. Experimental infection of these blood-sucking ectopara-

sites would be revealing. an unusual event, particularly for a solitary species. Human
contact with the virus could occur during contact with theA more complex speculative paradigm (figure 3) is suggested

by the epidemiologic events surrounding the 1975 case of MBG arthropod or with the intermediate predator.
Although bats are highly suspect hosts for MBG virus, wevirus disease in South Africa. Some of the bats that fit the

geographic distribution of MBG disease cases feed on terres- cannot leave speculations on the ecology of this agent without
considering hares, rodents, birds, and insectivores as potentialtrial arthropods, such as coleopterans (beetles), orthopterans

(grasshoppers), scorpionids, and spiders. Perhaps bats or other hosts. The virus is infectious for laboratory rodents (guinea
pigs and hamsters) and is pathogenic after adaptation [25],insectivorous vertebrates are not primary reservoir hosts but

acquire infection during feeding upon an infected arthropod suggesting that wild rodent species might play a role in trans-
mission cycles. At least 5 rhabdoviruses have been isolatedprey species. This would provide an explanation for infection

via arthropod bite or sting in the 1975 MBG infection case. from rodents and insectivores, and 4 paramyxoviruses have
been isolated from rodent hosts [20, 23, 26]. No experimentalDuvenhage virus, a rabies-related agent that causes very rare

human infections, was isolated in South Africa from a human studies have been done to determine whether rodents can de-

/ 9d49$$se04 01-05-99 13:06:35 jinfa UC: J Infect
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in a cryptic maintenance cycle. The analog in arbovirology
is the alphavirus, Venezuelan equine encephalitis, which is
transformed by stepwise mutation from a nonpathogenic enzo-
otic virus (ID subtype) to a virulent epizootic virus (IC subtype)
having a different range of vectors and hosts [54]. Single-site
mutations can give rise to profound shifts in virulence. Variants
of rabies virus selected by monoclonal antibodies [55] or chem-
ical mutagenesis [56) were found to be nonpathogenic on the
basis of a specific, single amino acid change (arginine to gluta-
mine) at position 333 in the G protein. It is possible that a
single-site mutation or a few stepwise mutations could explain
the sudden conversion of a nonpathogenic to a virulent EBO
strain.

Emergence of disease outbreaks in a pattern suggesting peri-
odicity. In contrast to MBG virus, for which a more sporadic
pattern has emerged, EBO outbreaks caused by different sub-
types in geographically separated areas occurred simultane-
ously in 1976 (EBO-Z in the DRC and EBO-S in Sudan) and
again in 1994–1996 (distinct EBO subtypes in West and central
Africa). These coincidences suggest that the primary transmis-
sion cycle for all EBO subtypes involves covariate ecologic
factors, including rainfall or cyclic population changes that

Figure 6. Intertropical convergence zone showing location of spo-enhance virus transmission. If a cyclic population change is
radic and index cases of Ebola virus during outbreaks, by latituderesponsible, then a species with high population turnover (pos-
(degrees north [N] or south [S] of equator [07]) and season. Ebola

sibly a rodent, polyestrous bat, or insect) might be implicated. activity occurs principally during rainy and short dry seasons. R,
However, at present there are no data to suggest that EBO river. DRC Å Democratic Republic of the Congo.
outbreaks have been associated with an unusual ‘‘bloom,’’ or
with a periodicity linked to weather phenomena.

EBO outbreaks in Africa have occurred during the rainy repeatedly reintroduced. In Gabon and Côte d’Ivoire, chimpan-
zees have acquired infection, suggesting that further studiesseason and the short dry season (figure 6). In Kenya, suspected

EBO infections with serologic evidence also have occurred of the feeding habits and interspecific contacts between these
animals and potential reservoir species would provide im-predominantly during the rainy season [57]. These observations

appear to link EBO virus transmission to vectors or hosts that portant clues to the source of infection and might narrow the
range of potential reservoirs within the forest biota. Specula-may be more active, have altered behavior, or have reproduc-

tive cycles linked to high rainfall and associated environmental tions about possible reservoir hosts have been derived from
events surrounding index cases of human MBG and EBO dis-changes. Chimpanzees and other nonhuman primates are more

active and range more widely during the rainy season, when eases, from geographic distribution of EBO subtypes, and from
paradigms presented by transmission cycles of rhabdovirusesforest fruit is abundant. Many forest squirrels have bimodal

reproductive cycles linked to the rainy seasons. Some insectivo- and paramyxoviruses. The suspicion that bats may be involved
in the ecology of filoviruses warrants intensive study in therous and frugivorous bats have reproductive cycles during the

rainy season, when food is most abundant, and reproduction context of the presumed transmission foci in Côte d’Ivoire and
Gabon. However, other possible reservoirs also need to beof colonial bat species may be synchronous, so enormous num-

bers of newborn animals enter the population during the rainy considered, and field studies consequently should include arbo-
real mammals and birds.months. Rainfall also strongly influences the reproduction and

activity of a variety of arthropods. From the perspective of the Serologic evidence, while open to criticism with respect to
specificity, suggests the existence of nonpathogenic strains ofdesign and conduct of field studies aimed at uncovering the

EBO virus reservoir, it would appear reasonable to intensify EBO virus (but not MBG virus) and that frequent contact occurs
between humans and nonpathogenic EBO strains. Serologicefforts during the long rainy season.
testing of wild vertebrates would provide important clues to the
hosts involved in transmission. The development of validated

Conclusions and Avenues for Future Research
serologic assays and reagents for surveying the diverse array
of potential vertebrates in the areas under study is a priority forFor the first time in the 30 years since the discovery of

filoviruses, it is possible to identify with some precision the research. Experimental infection studies of selected vertebrate
groups would provide important information about the hostgeographic location and habitat in which virus circulates or is

/ 9d49$$se04 01-05-99 13:06:35 jinfa UC: J Infect

parison with the Democratic Republic of Congo and Uganda
sites because of noted similarities in the unimodal seasonal
behavior; however, cases of Ebola were not documented in
Sudan within the time period of the satellite record analyzed.
The bimodal signals show a large deficit of the NDVI with
respect to the seasonal pattern (negative anomaly) during the
months prior to first appearance of the virus. The Kéllé, Re-

public of Congo NDVI time series does not show this nega-
tive anomaly; however, the Mekambo, Gabon time series
does, which supports the observation that the cases in Kéllé,
Republic of Congo represented an extension of the Mekam-
bo, Gabon outbreak. Note also that a negative NDVI
anomaly was found at the Kikwit site during the first months
of 1994, but was not associated with the immediate outbreak.

FIGURE 1. Bimonthly Normalized Difference Vegetation Index (NDVI) seasonal average of each reported Ebola incidence (dotted light line)
versus the NDVI signal of the area during the months before and after the appearance of Ebola (dark line). The bisecting vertical line indicates
the first reported appearance of Ebola for the given site, except the figure for Nzara, which draws comparison between Nzara and Kikwit due to
noted environmental similarities between the two sites. The first column shows the areas with a unimodal rainy season. All of the other outbreak
sites display a bimodal rainy season. DRC ! Democratic Republic of Congo. This figure appears in color at www.ajtmh.org.
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• Human diseases originating from a nonhuman animal reservoir are 
referred to as zoonoses.

• Understanding ecology is key!

• “Mathematical epidemiology is not an oxymoron” (BMC Public Health, 
9:S2, 2009)

• Climate changes can lead to outbreaks of diseases (Hantavirus)

• Ebola seems to be correlated with changes in climate conditions that alter 
the bats’ lifestyle

Zoonoses


