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A major virulence mechanism used by 
pathogenic Gram-negative bacteria 

is the delivery of effector proteins from 
the bacterial cytoplasm into host cells 
by type III secretion. Typically, genes 
encoding type III secretion systems 
(T3SS) and effectors have been horizon-
tally acquired by the bacteria that employ 
them. In proteobacteria, and especially 
Salmonella, and attaching and effacing 
(A/E) pathogens, the genetic structure 
of these systems presents as a large locus 
encoding a T3SS with a small number of 
effectors, plus numerous small unlinked 
loci encoding additional individual effec-
tors. We discuss the generation of novel 
effectors, and the evolution of G+C con-
tent following acquisition. We also con-
sider the currently held view that each 
locus has been acquired individually, 
as well as propose an alternative where 
recombination may have redistributed 
and broken up clusters of effectors. It is 
clear that the evolution of this virulence 
strategy is highly complex and challeng-
ing to analyze.

Type III secretion systems and the effec-
tor proteins that they deliver into host 
cells are generally considered to have been 
acquired by horizontal gene transfer. The 
approximately 20 genes that encode a 
functional T3SS are linked to one locus 
that commonly constitutes a chromosomal 
pathogenicity island or less frequently 
is located on a virulence associated plas-
mid.1,2 Pathogenicity islands are defined 
as loci encoding virulence functions that 
bare hallmarks of horizontal acquisition, 
including a G+C content different from 
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the genome mean,2 although it is note-
worthy that this is strongly biased towards 
a lower G+C content. The clearest excep-
tion to this is the Chlamydia T3SS, which 
is encoded in a handful of loci distrib-
uted around the genome, and does not 
differ significantly in G+C content from 
the genome mean, which itself is quite 
low.1,3 Genes encoding type III effectors 
also show the signs of horizontal acqui-
sition, but are only occasionally linked 
with T3SS loci or even other effectors. 
Effectors are often associated with phage,4 
which perhaps most commonly act as the 
vehicles transferring effectors between 
different bacteria. The Salmonella effector 
SopE has also been found to be encoded 
by distinct phage families,5 indicating that 
horizontal transfer events of effector genes 
involve more than phage lysogeny.

Owing to the apparent horizontal 
acquisition of these genes, the origin of 
these sequences has been challenging to 
study and there is little commentary on 
the subject. It is well accepted that the 
T3SS is related to the bacterial flagel-
lum,1,6 but the focus of this article is the 
origin of the contemporary proteobacte-
rial systems. The simplest notion about 
the origin of these genes is that they origi-
nate from an organism whose genome has 
a low G+C content, with the best candi-
date being Chlamydia.3,6 However, while 
Chlamydia has a low G+C genome, it 
does not appear to have acquired its T3SS 
or effectors horizontally, perhaps because 
its obligate intracellular lifestyle poses 
a significant barrier to horizontal gene 
transfer. It is a phylogenetically ancient 
system, and it is more likely a distant 
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of ~69%. The T3SS3 locus does appear 
to have been acquired horizontally since 
it lies adjacent to numerous transposase 
genes. Has T3SS3 rapidly evolved a 
high G+C content or has SPI1 evolved a 
lower G+C content? These two scenarios 
need not be mutually exclusive, yet they 
have evolved drastically different G+C 
contents. It is unlikely that this can be 
explained by a large difference in time 
frame for the acquisition of each system: 
SPI1 was acquired as Salmonella split 
from Escherichia16 and T3SS3 is present 
in the very closely related Burkholderia 
species pseudomallei, mallei and thailand-
ensis but absent from the remainder of 
the genus.13 This leads to the interesting 
question of how two closely related sys-
tems have come to differ in G+C content 
to such an extent, and how do these dif-
ferences affect the function of these two 
systems?

The evolution of differences in G+C 
content can be driven by numerous fac-
tors. In general, the principle factor is 
the optimisation of translation by evolu-
tion towards the use of preferred codons 
based on tRNA abundance.17-19 It has also 
been found that horizontal gene transfer is 
more likely to occur if the codon usage of 
the transferred gene resembles the tRNA 
pool of the host organism.20

each other over only a discrete domain, 
such as the WxxxE or WEK(I/M)XXFF 
motif containing domains (Fig. 1).8,10-12 
Based on this information, it is possible for 
an ORFan to be fused to a domain that is 
targeted to a T3SS for delivery into host 
cells, followed by rapid evolution into an 
effector functioning inside host cells. Of 
course this evolution could only proceed 
in bacteria that use T3SSs to interact with 
a host organism, and it can be viewed as 
being a means by which novel effector 
functions are forged.

An interesting comparison to make 
when considering the origin of T3SS 
and effectors is between the system of 
Salmonella pathogenicity island 1 (SPI1) 
and its xenolog from Burkholderia pseu-
domallei, termed T3SS3.13 What makes 
this comparison interesting is that clearly 
these systems are related (good synteny, 
~30–58% protein identity),14,15 but the 
loci encoding the two systems differ 
dramatically in G+C content, with SPI1 
being 44.97% and the T3SS3 locus being 
69.77%. The significance of this differ-
ence is reinforced when the genomic G+C 
content are also considered; with SPI1 dif-
fering significantly from the Salmonella 
genome mean of ~52%, whereas the 
T3SS3 locus does not differ significantly 
from the B. pseudomallei genome mean 

descendant of the source of the original 
horizontally transferred T3SS, rather than 
being a recent origin of the proteobacterial 
systems.6 Primary reasons for this are the 
obvious extent of evolutionary distance 
between the Chlamydia systems and those 
present in proteobacteria,6 and that the 
Chlamydia system is not confined to one 
locus. Hence, likely candidate organisms 
that have acted as a source of proteobac-
terial effectors and T3SSs remain elusive.

A challenge to the concept that these 
genes, in particular effector genes, origi-
nate from a low G+C organism comes 
from a hypothesis on how new genes 
evolve in E. coli. These new genes, 
termed ORFans, have no homologs 
in the sequence databases and tend to 
be linked to phage attachment sites,7 a 
common theme for type III effectors. 
ORFans tend towards a shorter length 
than effector genes, and are rapidly evolv-
ing sequences that are considered to occa-
sionally become integrated into cellular 
functions.7 A means by which these novel 
functions could become integrated into 
T3SS dependent virulence mechanisms is 
by terminal reassortment, a process where 
functional domains are fused together to 
provide novel functional combinations.8,9 
Numerous current examples exist where 
two or more effectors may be related to 

Figure 1. Scale diagram of WEK(I/M)xxFF (yellow) and WxxxE (red) domain containing effector proteins. Data for the alignment was generated from a 
Position Specific Iterated-BLAST search using SifA as the query, iterated five times. While SlrP and SspH1 are shown as possessing full WxxxE domains, 
it is noteworthy that they lack the actual WxxxE motif that is required to mimmick the function of Ras superfamily members. Similarly, SseI and SopD2 
show similarity to WxxxE domains over only a short length of sequence as indicated, and this region does not include the WxxxE motif itself. Black 
lines represent sequence which is not similar to either WEK(I/M)xxFF or WxxxE domains, and arrowheads shown at the right end of a line indicate that 
the respective protein sequence extends beyond the space of the diagram.
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transferred DNA by proposing an alter-
native scenario: The number of separate 
horizontal gene transfer events where 
effectors were acquired by these organ-
isms may have been less, perhaps consider-
ably so, than the number of separate loci 
encoding effectors. Recently the extent of 
genome rearrangement in C. rodentium 
has come to light, including events likely 
involving phage.27 Perhaps such genome 
rearrangements, together with a more 
modest number of horizontal acquisition 
events could result in the genetic structure 
of virulence factors we observe in these 
pathogens today.

In conclusion, we understand enough 
about the evolution of effectors and T3SSs 
to comprehend the complexity involved, 
but this is based on relatively little data. 
Recent evidence that T3SSs mediate 
not only bacterial interactions with ani-
mals and plants, but also fungi,28 further 
extends the environmental niches where 
selective pressures may come to bare. It 
seems most likely that Chlamydia has the 
only vertically inherited T3SS thus far 
identified, and therefore is the best esti-
mate of the origin of the T3SS. Effectors, 
on the other hand seem harder to track. 
They either have no database homologs, 
or their only homologs are easily iden-
tified xenologous effectors or effector 
domains from other bacteria who have 
also acquired the genes horizontally. The 
balance of whether effectors are continu-
ally being synthesized from fusion of 
ORFans with T3SS targeting domains, 
or being handed horizontally from strain 
to strain from a long ago extinct ancestor 
(or uncultivated bacterium) is certainly a 
fascinating question.
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