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Abstract

Background: The chlamydial developmental cycle involves the alternation between the
metabolically inert elementary body (EB) and the replicating reticulate body (RB). The triggers that
mediate the interchange between these particle types are unknown and yet this is crucial for
understanding basic Chlamydia biology.

Presentation of the hypothesis: We have proposed a hypothesis to explain key chlamydial
developmental events whereby RBs are replicating strictly whilst in contact with the host cell
membrane-derived inclusion via type three secretion (T3S) injectisomes. As the inclusion expands,
the contact between each RB and the inclusion membrane decreases, eventually reaching a
threshold, beyond which T3S is inactivated upon detachment and this is the signal for RB-to-EB
differentiation.

Testing the hypothesis: We explore this hypothesis through the development of a detailed
mathematical model. The model uses knowledge and data of the biological system wherever
available and simulates the chlamydial developmental cycle under the assumptions of the hypothesis
in order to predict various outcomes and implications under a number of scenarios.

Implications of the hypothesis: We show that the concept of in vitro persistent infection is not
only consistent with the hypothesis but in fact an implication of it. We show that increasing the RB
radius, and/or the maximum length of T3S needles mediating contact between RBs and the
inclusion membrane, and/or the number of inclusions per infected cell, will contribute to the
development of persistent infection. The RB radius is the most important determinant of whether
persistent infection would ensue, and subsequently, the magnitude of the EB yield. We determine
relationships between the length of the T3S needle and the RB radius within an inclusion, and
between the RB radius and the number of inclusions per host cell to predict whether persistent
infection or normal development would occur within a host cell. These results are all testable
experimentally and could lead to significantly greater understanding of one of the most crucial steps
in chlamydial development.
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Background

Chlamydiae are bacterial pathogens of very significant
public health concern due to extensive morbidity, espe-
cially associated with female reproductive health. Infec-
tious chlamydial particles (known as elementary bodies
(EBs)) attach to, and internalize within, host eukaryotic
cells. An infecting EB will be internalized in a plasma
membrane-derived vacuole of the host cell (known as an
inclusion). Soon after internalization, the EB undergoes
morphological changes, differentiating into its replicative
form, the reticulate body (RB), and RBs double their DNA
content approximately every 2-3 hours upon binary fis-
sion [1-3]. After 6 to 10 rounds of replication, infectious
EBs appear as the RBs convert to EBs while some RBs con-
tinue to replicate. Late in development, the majority of
RBs are differentiating into EBs until the host cell lyses,
releasing the infectious EB particles for subsequent rounds
of infection of new cells. Whilst this developmental cycle
is reasonably well characterized morphologically, the
molecular and cellular signals that trigger the differentia-
tion of EB-to-RB and RB-to-EB are unknown. Under cer-
tain stressful conditions, dividing RBs transition from
their normal state to very large, morphologically aberrant
maxi-RBs (mRBs) which are non-infectious, have limited
capacity to divide, and do not convert to EBs [4,5] (thus,
the regular lytic cycle is halted indefinitely). Such a persist-
ent state can be induced during in vitro infection with
agents such as penicillin, IFN-y or by nutrient deprivation
[6]. Although increasing evidence through continuous
growth models suggests that this phenomenon occurs
during in vivo infection [7,8], we refer here to persistence
as it occurs in vitro. In this paper we do not distinguish
between the various conditions and mechanisms that
contribute to inhibition of RB division, abnormalities in
RB size, or different numbers of host cell inclusions. Here,
we investigate a hypothesis and its theoretical implica-
tions given such geometric properties and morphologic
abnormalities. Thus, our results are not contingent on the
actual conditions or mediators leading to the abnormali-
ties but suggest how the abnormalities influence develop-
ment or persistence.

Presentation of the hypothesis
Our hypothesis is an attempt to explain the mid-to-late
cycle transitions of Chlamydia [9]. The hypothesis is that:

(i) RBs grow strictly in contact with the plasma mem-
brane-derived chlamydial inclusion membrane (CIM);

(ii) Contact is mediated by type three secretion (T3S)
injectisomes proposed to correspond to surface projec-
tions previously described by Matsumoto [10],

(iii) As the CIM grows, T3S activity decreases per RB until
the RB detaches from the CIM, and that this detachment
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from the CIM constitutes the signal for late RB-to-EB dif-
ferentiation.

We initially introduced this hypothesis with a simple
mathematical model. Here, we predict greater implica-
tions of our hypothesis by considering various geometric
aspects (how the size of RBs, EBs and the inclusion can
affect persistence) and stochastic aspects (how random
biological processes of individual RB detachment and RB-
to-EB differentiation influence developmental dynamics).
We show that the seemingly distinct phenomenon of
chlamydial in vitro persistence is not only consistent with
our contact dependent hypothesis but an implication of
it. We make experimentally testable predictions of specific
criteria distinguishing persistent infections from normal
development.

Testing the hypothesis

We make predictions of the conditions under which nor-
mal or interrupted (i.e. persistent infection) development
would occur through the development and analysis of a
novel mathematical model; it is the most advanced
within-host model of Chlamydia and as far as we are aware
it is the only model to describe geometric features of intra-
cellular pathogen growth and to explicitly model particles
in the process of replication and division. Our model
tracks individual bodies and stochastic variations that can
occur within a cell, which is significantly more biologi-
cally realistic than previous models. We investigate sto-
chastic and deterministic aspects of the model (see
Additional file 1), simulating infection dynamics with sec-
ond order Monte Carlo simulations based on Latin
Hypercube Sampling [11], and we perform multivariate
sensitivity analyses on the model outcomes to draw rela-
tionships between parameters and infection outcomes;
Table 1 lists definitions and values of all parameters of the
model. The stochastic aspects of the model allow us to
investigate the random processes of individual chlamy-
dial bodies (e.g., detachment of RBs, and the differentia-
tion of RBs to EBs). This provides a more natural model
framework and more accurately tracks low numbers of
RBs and EBs in the case of persistent infections. The deter-
ministic model works well for large numbers of EBs and
RBs, it does not include any random processes (thus it is
much simpler than a stochastic model), and it can be used
to perform mathematical analyses. Both types of models
incorporate the same geometric aspects of RBs and inclu-
sions. We vary all infection parameters over a wide param-
eter space to account for the biological heterogeneity and
to assess the variability in the outcomes as determined
under a range of different conditions.

Our mathematical model accurately reflects normal devel-
opment time courses which have been previously
observed experimentally (Figure 1). The stochastic version
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Table I: Parameter definitions and ranges used in our biomathematical simulations

Parameter Definition Range References
ty Average doubling time of RBs during phase of exponential growth (replication and 1.5-2.6 hrs [1-3]
division of bodies)
a Proportion of total doubling time in which RB genomes are dividing into separate bodies 0.1-0.5
during uninhibited exponential growth
17k Average time for RB detachment from the inclusion membrane and migration to the 0.01-1.0 hrs T
lumen to occur, when the number of injectisomes is half the threshold level
1u Average time for RB-EB differentiation 1—4 hrs [2, 3, 38]
L Average center-to-center spacing between T3S needles on the RB surface 40-50 nm [10, 32]
I Average length of each needle 5-10 nm § [33]
r Radius of each RB (without stress) 0.5-0.6 pm [38]
re Radius of each EB 0.1-0.2 um [38]
Cell,, Volume of host cell 17002500 um3  Experimental Variable
& Proportion of cell space occupied by cell nucleus, mitochondria, etc. 0.2-0.4 Experimental Variable
v, Volume within the lumen occupied per detached RB (considering effects of steric V= (2r)3
hindrance)
Ve Volume within the lumen occupied per EB (considering effects of steric hindrance) V= (2rg)?
Pim Threshold number of injectisomes per RB for the detachment of RBs from the inclusion 21-25 [9]
membrane

T: Experimental variable. It was calibrated so that it matched observational experimental time courses.
§: The full length of the needle has been measured to be 10-25 nm, but we assume that the length of the needle between the RB and the CIM

required to establish effective contact is 5-10 nm.

of our model is essentially equivalent to the deterministic
version (compare Figs. 1a,c and 1b,d); the only difference
between the models is that the stochastic version includes
the inherent randomness of the biological events that
occur in development and thus for any given set of param-
eters different outcomes will be produced, whereas the
deterministic version will always produce the same
(smooth) outcome. Our model clearly predicts that by
increasing only the size of the RB radius (from 0.5 um to
2.0 um) normal development is interrupted, leading to a
persistent mode of growth (Figure 1). Indeed, multivariate
sensitivity analyses revealed that of all the factors that con-
tribute to intracellular chlamydial development, the RB
radius was the most important parameter influencing the
outcome of infection, followed by the maximum length
of the T3S needle mediating contact between the RB and
CIM (i.e. the T3S substructure delimiting the distance
between the chlamydial outer membrane anchor and the
T3S-secreted translocator proteins in the inclusion mem-
brane), and then the number of inclusions (not shown).
We carried out 10,000 stochastic simulations of chlamy-
dial infection and varied all parameters with each simula-
tion. We determined that for large RB radius (> ~1.2 um)
the length of the T3S needle did not influence develop-
ment, but for smaller RB radii, development was depend-
ent upon both RB radius and needle length (< ~1.2 xm)
(Fig. 2a). In this case, longer needles resulted in greater
maximum numbers of RBs and consequently greater EB
yield (Fig. 2a). This is because smaller RBs have greater
contact with the CIM (e.g. in areas where the CIM-RB dis-
tance is greatest, such at the edge of the contact area), and
thus the RBs continue replicating longer before the

detachment threshold is reached. Similarly, larger RBs
also resulted in greater numbers of chlamydial particles
generated (Fig. 2a). However, there is a maximal possible
number of particles generated after which the number of
particles produced starts to decrease with RB radius. This
switch between the increase and decrease in chlamydial
particles produced occurs at the threshold between nor-
mal and interrupted development, i.e. persistence (Fig.
2b). In Figure 2b simulations were color-coded according
to interrupted (red) or normal development (blue); this
clearly demonstrates a relationship between needle length
and RB radius that together defines the predicted thresh-
old for the outcome of infection. The threshold is physi-
cally interpreted as the point at which, for a given sized
inclusion, attachment strength has decreased where a
spectrum of RBs ranging from large RBs with shorter nee-
dles to small RBs with longer needles, are on the verge of
detachment. Notwithstanding the impact of needle
length, the RB radius was the most important determinant
of the outcome of infection; thus we explored the percent-
age of simulations resulting in persistent infection versus
the RB radius (Fig. 2c). Persistence increased continuously
with RB radius and persistence occurred in all simulations
where the RB radius was greater than 1.3 ym.

Multiple inclusions will reduce the space available within
the host cell for each inclusion to grow; i.e., they will in
effect reduce the size of each inclusion, and this effectively
shifts the threshold curve. We expect that persistence is
more likely to occur with greater numbers of inclusions.
This is exactly what we observe from our model simula-
tions. We explored the effect of the size of the RB radius

Page 3 of 9

(page number not for citation purposes)



BMC Microbiology 2008, 8:5

450
400F
350F
300
250

200F

Number of Bodies

150

100

S0F

0 10 20 30 40 50
Time (hrs)

N
o
S

Number of Bodies
o
8

0 10 20 30 40 50
Time (hrs)

Figure |

B 250

http://www.biomedcentral.com/1471-2180/8/5

Number of Bodies

40 60 80 100

Time (hrs)
25¢
o
o
2
[}
pres
o
]
F=]
E
S
z
0 . L . L ;
0 20 40 60 80 100
Time (hrs)

Typical time course plots resulting from simulation with our mathematical models; the red curves represent the number of EBs
and the blue curves represent the number of RBs. We run the deterministic model to produce (a) normal development (with
the doubling time t; = 1.8 hrs, rate of RB detachment k = 1.3 hrs-!, EB radius r, = 0.1 um, rate of RB-to-EB differentiation x =
0.25 hrs!, average spacing between T3S needles on the RB surface L = 0.04 zm, length of T3S needles I, = 0.0078 xm, volume
of host cell Cell,,, = 2400 xm3, proportion of cell not available for inclusion growth ¢ = 0.3, threshold number of T3S needles
per RB P, = 23, number of inclusions N = |, and RB radius r = 0.5 zm) and (b) persistent infection (by increasing only the size
of the RB radius, r = 2.0 um). Figures (c) and (d) show simulations of the stochastic model, using the same parameter values as

used in (a) and (b) respectively.

on the maximum number of RBs produced per inclusion
and also varied the number of inclusions. In Figure 3a we
present the maximum number of RBs versus RB radius for
the cases of 1 inclusion (blue), 2 inclusions (red), and 5
inclusions (magenta). The solid sections of the curves
refer to normal development and the dashed sections refer
to interrupted development, leading to persistent infec-
tion. We note that the profile for the number of chlamy-
diae produced increases with RB radius until the point of
interrupted development and then decreases (Fig. 3a).
The increase with larger RBs is due to increased surface
area available for contact with the CIM and thus the inclu-
sion must grow larger, accommodating more RBs, before
the threshold contact is reached. If normal development is
interrupted, lower numbers of larger RBs will result. This
is because growth in the persistent mode coincides with
spatial limitations in the host cell being reached; fewer

numbers of larger bodies can physically fit in the cell.
Increasing the number of inclusions per cell reduces the
maximal number of RBs per inclusion (as expected), but
more importantly interrupted development is observed to
occur for smaller RBs (Fig. 3a) leading to their switching
to a persistent mode. The curves in Figure 3a were gener-
ated from the deterministic model, setting all parameters
to the median values over the range. This resulted in per-
sistence with one inclusion once the RB radius reached
0.665 um (peak number of RBs is 320). However, this crit-
ical RB size decreases to 0.645 um (203, peak number of
RBs) with two inclusions and to 0.615 um with 5 inclu-
sions (111, peak number of RBs). Interestingly, the
number of EBs resulting from infection does not mirror
the maximal number of RBs but there is a strong non-lin-
ear relationship (Fig. 3b). The maximal number of RBs is
greatest when normal development is on the verge of
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Scatterplot from 10,000 stochastic model time course simu-
lations of the length of T3S needle versus the RB radius,
color-coded (a) for the maximum number of RBs, RB_.:

max*

dark blue RB_,, < 20, light blue 20 <RB,_ . < 40, green 40 <
RB, . < 60, yellow 60 < RB,_ .. < 80, orange 80 <RB,_. < 100,
and red RB_,. > 100; (b) by whether normal (blue) or inter-

rupted (red) development, leading to persistent infection
occurred. (c) Histogram summarizing 10,000 simulations of
persistence or normal development, grouped by the size of
RB radius; groupings are in intervals of 0.1 x#m and the mid-
point of the interval is shown.

interruption; therefore, this situation results in no EBs
being produced. There is an optimal RB radius (0.575 um)
for producing the greatest EB yield (Fig. 3b). Lower than
the optimal RB radius, RBs start detaching from the CIM
faster and thus do not produce as many (intermediate)
bodies with the potential of differentiating to EBs. In con-
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trast, RBs with a radius greater than the optimal remain
attached to the CIM for longer and the cell will fill up with
chlamydiae before all the RBs have differentiated to EBs.
Thus, after the optimal RB radius, increasing the radius
results in decreased numbers of EBs and increased num-
bers of RBs until a persistent mode of growth results
(number of EBs produced is zero, Fig. 3b). After this point,
increasing the RB radius also decreases the number of RBs
produced (Fig. 3b).
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(@) The maximum number of RBs attained per inclusion ver-
sus RB radius size for one inclusion (blue), two inclusions
(red), and five inclusions (magenta). The solid section of the
curves corresponds to normal development and the dashed
section corresponds to interrupted development leading to a
persistent mode of growth. (b) The relationship between EB
yield and the maximum number of RBs within a single inclu-
sion. Each point represents a different value for the RB
radius, with the radius increasing in the direction of the
arrows. Parameter values used were: doubling time t;= 1.8
hrs, rate of RB detachment k = 1.3 hrs!, EB radius r, = 0.1
um, rate of RB-to-EB differentiation z = 0.25 hrs-!, average
spacing between T3S needles on the RB surface L = 0.04 ym,
length of T3S needles I, = 0.0078 m, volume of host cell
Celly,, = 2400 xm3, proportion of cell not available for inclu-
sion growth &= 0.3, and threshold number of T3S needles
per RB P, = 23.
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The EB yield of a Chlamydia-infected cell is highly depend-
ent on the RB radius and the number of inclusions. In Fig-
ure 4a we present the EB yield versus the number of
inclusions for average RB radii of 0.5 um (blue), 0.55 um
(red), 0.6 um (yellow), and 0.65 um (green). For normal
sized RBs (~0.5-0.6 pm) there is an increase in the EB
yield for an increase in inclusion numbers until some
optimal level, after which point the EB yield decreases
toward no EBs (that is, persistence). We note that for
small RBs (0.5 um) the optimal number of inclusions is
predicted to have not been reached after 20 inclusions;
thus persistence is very unlikely to occur with the smaller
RBs (Fig. 4a). A slightly larger RB (~0.55 xm) will produce
its greatest EB yield with ~9 inclusions and any more
inclusions will decrease the yield towards a persistent
mode of growth. The optimal number of inclusions for
larger RBs will be reached with fewer inclusions. For a
large RB (= ~0.65 ym) the maximum EB yield occurs with
one inclusion (Fig. 4a). If RBs have a radius of 0.65 um
and there is one inclusion, normal development will
ensue but if there are two inclusions, persistence will be
the outcome. Therefore, to distinguish normal develop-
ment from persistent growth we calculated, from our
deterministic model, an analytical curve for the threshold
between these cases. In Figure 4b we display this threshold
curve. Persistence is more likely with greater RB radius and
with more inclusions. The relationship we present in Fig-
ure 4b requires experimental validation. But it appears to
be consistent with experimental observations and it is the
quantitative logical conclusion of our T3S contact-
dependent hypothesis for modulation of chlamydial
development.

Implications of the hypothesis

It is hypothesized that chlamydial particles have T3S
injectisomes and that the Chlamydia T3S system functions
as a molecular nanosyringe involved in injecting effector
proteins from the intracellular inclusion into the host cell
cytosol which, in turn, subvert various host cell pathways
[12-15]. RBs are observed to replicate in close proximity to
the surface of the host inclusion membrane [16,17] and as
an inclusion expands (to accommodate the growth in the
number of chlamydiae), the surface area of contact
between the inclusion membrane and RBs on the inclu-
sion membrane surface decreases. Consequently, the
number of injectisomes per RB in contact with the inclu-
sion membrane decreases. We have hypothesized that
when the decreasing number of injectisomes on the RB
surface that are in contact with the inclusion membrane
falls below a threshold number, detachment of the RB
from the surface occurs, providing a signal for differentia-
tion of RB into EB.

A wide range of Gram negative bacteria have the T3S sys-
tem including Yersinia, Salmonella, Shigella, Escherichia,
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Figure 4

(@) The effect of the number of inclusions on the EB yield;
average RB radii of 0.5 gm (blue), 0.55 um (red), 0.6 um
(magenta), and 0.65 ym (green). (b) Threshold curve distin-
guishing normal development or persistent mode of growth
as predicted by the size of the RB radius and the number of
inclusions. Parameter values used were: doubling time t4
1.8 hrs, rate of RB detachment k = 1.3 hrs-!, EB radius r,
0.1 um, rate of RB-to-EB differentiation x = 0.25 hrs-!, aver-
age spacing between T3S needles on the RB surface L = 0.04
um, length of T3S needles I, = 0.0078 xm, volume of host cell
Cell,,; = 2400 um3, proportion of cell not available for inclu-
sion growth &= 0.3, and threshold number of T3S needles
per RB P, = 23.

Pseudomonas, Bordetella, Burkholderia, a variety of plant
pathogens, and of course Chlamydia [18]. Possible T3S-
mediated functions include the intracellular survival of
Chlamydia in the acquisition of nutrients, inhibiting
fusion with host cell lysosomes, and diverting lipids. T3S
activity as regulated by contact between the RB and the
inclusion membrane supports the hypothesis that T3S
inactivation is a possible trigger for late differentiation
and it would explain why chlamydial development, ini-
tially almost synchronous, becomes asynchronous in the
mature inclusion as reticulate bodies differentiate into ele-
mentary bodies [19]. Furthermore, our T3S hypothesis for
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chlamydial development is not only consistent with, but
predicts, persistent infection under various conditions.

There is a large portion of the Chlamydia literature that
describes chlamydial persistence (a topic that had seemed
mutually exclusive to T3S). Persistent maxi-RBs express
unique RNA and protein profiles, including reduced
amounts of the chlamydial MOMP, a potential protective
antigen [20], and increased levels of the chlamydial heat
shock proteins [4,21], which correlates with the patholog-
ical serious disease sequelae associated with chlamydial
infections [22,23]. We have shown quantitatively how our
hypothesis is consistent with the atypical persistent
model. According to our hypothesis, chlamydiae can per-
sist, that is, remain in RB form for long periods of time, by
maintaining a number of injectisomes above a detach-
ment threshold. There are two conditions by which this
will occur: (i) if the inclusion becomes very small (e.g.,
small, dividing inclusions) or (ii) if the RBs become rela-
tively very large (e.g, under stress RBs do not divide). This
is precisely what happens in the persistence models. In
persistent models in vitro, the maxi-RBs are larger and the
inclusions are actually much smaller (especially in C.
pneumoniae models). Here, a larger RB in a smaller inclu-
sion would necessarily make more contact with the mem-
brane, hence would maintain a sufficient number of T3S
needles and never fall off, hence never differentiate. In
continuous growth models, there are often many inclu-
sions per host cell and they are of different sizes. Some
inclusions are relatively small and would include only a
few chlamydiae (in a persistent state). Infection by certain
Chlamydia species, such as C. pneumoniae or many veteri-
nary isolates, consistently results in multiple inclusions
that do not fuse [19,24]. Further, in cases where infected
host cells may still have the ability to divide such that the
inclusions are distributed between the daughter cells, then
small persistent inclusions would potentially have the
ability to persevere for an extended period of time. We
must make special note that we are not suggesting any
causality in the mode for inducing persistence in terms of
the external conditions that lead to spatial constraints. But
we do hypothesize that if external or infection conditions,
or even potentially stochasticity, contribute to larger sizes
of RBs (including their inability to divide), to multiple
chlamydial inclusions, or to other spatial constraints, that
these geometric effects are then what inhibits detachment
of RBs and triggering for differentiation into EBs. Our sim-
ulation analysis suggests that the relationships we estab-
lished between the various geometrical attributes could be
expected to be equivalent across various models of persist-
ence. Because different persistent models interrupt devel-
opment in various ways, the influence of the stress on all
geometric factors could differ and must be considered, but
our threshold relationships should be robust across mod-
els. Further, the size of RBs under in vitro stressed condi-
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tions, such as the addition of penicillin, may depend on
the number of RBs present when the stressor is added. Our
results are not influenced by the observed physical rela-
tionship between the number of RBs and their size, but
our results are essentially based on the initial condition of
a certain number of RBs, their size, and other geometric
properties of the system in predicting whether or not RB
detachment and differentiation will occur.

In this study we have analyzed chlamydial infection and
predicted the conditions that will lead to persistence or
normal development, according to our T3S contact-
dependent hypothesis. Our investigation was carried out
through the development of a novel mathematical model
that extensively advanced previous similar analyses. Mod-
eling can predict specific relationships between pathogen
characteristics and infection parameters and it can deter-
mine threshold levels critical for development. We have
included considerable detail of geometrical features and
investigated a deterministic ordinary differential equation
model and also a detailed stochastic analog of these equa-
tions. This level of detail was useful in accurately mode-
ling persistent infection. As far as we are aware this is the
first time that bacterial development and replication have
been modeled in such detail. This model is useful not
only to verify the plausibility of the T3S contact depend-
ent hypothesis of development, but the quantification
also produces experimentally testable predictions regard-
ing the threshold between normal development and per-
sistence.

The study of chlamydial biology is reputedly difficult
because of the superimposed complexity of the obligate
intracellular and developmental life cycle, and the genetic
intractability of the organisms. In practical terms, this
means that genetic characterization is limited to sequence
analysis, that a molecular Koch postulate-type analysis for
virulence genes is not possible, and that any attempt at
molecular characterization suffers from the constant
threat of contamination by host cell components. Alterna-
tive strategies such as biomathematical modeling there-
fore provide avenues for developing testable hypotheses
that could not be obtained otherwise. Experimental verifi-
cation of the predicted model results can form the basis
for further modeling which may in turn generate motiva-
tion for further experimentation. Several lines of experi-
mentation should be undertaken based on the results of
the biomathematical model. For example, a prediction is
that the length of the T3S needle directly impacts detach-
ment of the RB from the inclusion membrane. Since in
other pathogens the length of the T3S needle is tightly
controlled and length is directly related to T3S activity
[25-29], this concept begs for experimental verification in
Chlamydia, for example using newly developed cryo-trans-
mission electron microscopy or tomography methodolo-
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gies. Indeed a tantalizing possibility is that the needle
length varies during development and/or even between
Chlamydia species. Another prediction from this study is
that the number of inclusions per cell is directly related to
the productive versus persistent growth outcome. Sponta-
neously arising mutations of the chlamydial gene incA,
encoding an inclusion membrane protein, have been
described that are altered in inclusion fusogenicity within
the infected cell [24,30,31]. Although these do not repre-
sent true isogenic mutants, a comparison of the normal
versus persistent growth outcome using standard method-
ologies in these variants compared with their "wild-type"
counterparts would be very worthwhile. The fact that the
incA gene product is itself a T3S effector protein makes the
case for this phenotypic comparative analysis even more
compelling.

Our modeling has shown that increasing the RB radius, or
the length of needles mediating contact between RBs and
the CIM, or the number of inclusions, will contribute to
the establishment of the persistent mode of growth. The
RB radius is the most important determinant for deciding
if persistent infection will ensue and we predict that it will
always occur if the average RB radius is greater than ~1.3
um. The RB radius is also the main determinant of the EB
yield and there is an optimal RB radius for producing the
greatest EB yield. However, the EB yield is also dependent
on the number of inclusions. Together, there is a relation-
ship between the RB radius and the number of inclusions
that predicts whether persistent growth or normal devel-
opment will occur within a host cell. Within an inclusion,
the RB radius and the length of the T3S needles determine
the level of established contact between the RB and CIM
and the level of T3S activity. We calculated an analytical
curve for the threshold between infection outcomes and
also predicted the maximum RB numbers and EB yield
based on these variables.

We were initially surprised that the length of the T3S nee-
dles was as sensitive as it was towards the outcome of
infection. The physical structure, size, and density of the
needles on the chlamydial surface are crucial and we
strongly recommend that experiments be performed to
obtain measurements of these quantities over the devel-
opmental cycle for several Chlamydia species. In the early
1980's Matsumoto published a series of papers providing
such quantities for surface projections of Chlamydia psit-
taci strain CAL-10 [10,32,33] that have since been pro-
posed to correspond to the T3S injectisomes and their
outermost needle structures. This work was carried out
long before T3S was discovered and the results were not
utilized for the following two decades. However, the
experimental measurements have not been repeated and
although surface projections have been observed on other
chlamydial species [34-37] quantitative measurements

http://www.biomedcentral.com/1471-2180/8/5

have not yet been obtained. Greater understanding of
chlamydial T3S and the contact relationship between the
RB and the CIM is required. Experiments should also be
designed to test all the outcomes predicted in this study.
In vitro experiments can be used to match against the
threshold relationships presented in this study. These
threshold curves are easily understandable and the rela-
tionships can be tested. If the hypothesis and model out-
comes are verified experimentally, then the data obtained
can be used to further fine-tune the model and greater
complexity can also be introduced, leading to further pre-
dictions.
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