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AbstrAct
enterohemorrhagic E. coli (eHeC) is a deadly food borne 
pathogen that causes hemorrhagic colitis and hemolytic 
uremic syndrome (HUs) worldwide. the main reservoir 
for eHeC is cattle herds. eHeC colonizes the recto anal 
junction (RaJ) of cattle, forming attaching and effacing 
(ae) lesions employing the locus of enterocyte effacement 
(Lee) genes. additionally, eHeC also requires the gluta-
mate acid resistance (gad) system to survive the acidic 
stomachs of these animals and successfully colonize the 
RaJ. Coordinated expression of the Lee and gad genes is 
achieved through the sdia transcription factor. sdia is a 
homolog of LuxR, which is a transcription factor involved 
in bacterial quorum sensing (Qs), functioning as a recep-
tor for the bacterial autoinducer acyl-homoserine lactone 
(aHL). although E. coli (including eHeC) does not pro-
duce aHLs, they have the ability to respond to these sig-
nals through sdia. the PI reported that sdia senses aHLs 
produced by the rumminal microbiota to repress expres-
sion of the Lee genes, which is an unnecessary expense 
of energy in this gastrointestinal (GI) compartment, and 
activate expression of the gad genes to prime eHeC’s acid 
resistance before it reaches the acidic stomachs. this co-
ordinated sdia-mediated gene regulation is necessary for 
EHEC’s efficient colonization of cattle.

IntroductIon
eHeC is a worldwide cause of food borne infections re-
sulting in hemorrhagic colitis and hemolytic uremic syn-
drome. Its main environmental reservoir is ruminants, and 
it is estimated that 70 to 80% of cattle herds in the Us 
are colonized with eHeC (1-6). Bacteria live in complex 
multi-species communities within the GI tract of mam-
mals (7). eHeC is an example of a bacterium that behaves 
as a commensal or a pathogen depending on its host. 

eHeC is a commensal in the GI tract of adult cattle, but is 
a human pathogen (8). eHeC colonizes the large intestine 
of humans forming attaching and effacing (ae) lesions, 
thought to be largely responsible for promoting disease 
(8). the genes for ae lesion formation are encoded within 
the locus of enterocyte effacement (Lee) (8). the Lee and 
ae lesion formation are also necessary for eHeC coloni-
zation of the recto-anal-junction (RaJ) of cattle, facilitat-
ing shedding of this pathogen in the environment (9). In 
addition to the Lee, eHeC utilizes the glutamate decar-
boxylase (gad) acid resistance system to survive passage 
through the acidic stomachs of these animals to reach its 
site of colonization, the RaJ (10). sdia senses acyl-ho-
moserine lactone (aHL) signals produced by the rumen 
microbiota to promote eHeC survival and colonization 
of the bovine GI tract. aHLs are prominent within cattle 
rumen, but absent in the other sections of the GI tract. 
sdia-aHLs decrease transcription of the Lee genes within 
the rumen, and increase the expression of the gad acid 
resistant system. expression of the Lee in the rumen would 
be an unnecessary energy burden for eHeC. However, in 
preparation for the acidic distal stomachs, the eHeC gad 
is activated in the rumen. sdia-aHL signaling aids eHeC 
in gauging these environments, and modulates gene ex-
pression towards adaptation to a commensal life-style in 
cattle. Consequently, an sdiA mutant is deficient for cattle 
colonization (11-12) (fig.1). eHeC is largely prevalent in 
cattle herds, and interference with sdia-mediated cattle 
colonization is an exciting alternative to diminish con-
tamination of meat products and cross-contamination of 
produce crops due to cattle shedding of this pathogen (11) 
(fig. 1).

sdia is a LuxR-type transcription factor that senses 
aHLs. the LuxR/I–type quorum sensing (Qs) system was 
first described in Vibrio fischeri (13). The luciferase op-
eron in Vibrio fischeri is regulated by two proteins, LuxI, 
which is responsible for the synthesis of the aHL autoin-
ducer and LuxR, which is activated by this autoinducer 
to increase transcription of the luciferase operon (14-15). 
aHLs have a conserved homoserine-lactone-ring con-
nected through an amide bond to a variable acyl-chain. 
Acyl-chains vary in length and modification of the third 
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position, and variations in acyl-chains ensure differential 
AHL recognition by specific LuxRs (16). Since the first dis-
covery of the prototypical LuxR/I system in Vibrio fischeri 
(13), more than 50-species have been shown to contain 
LuxR/I homologs, regulating diverse biological processes 
(17). However, some bacteria, such as Escherichia coli 
and salmonella, contain only the LuxR-type protein, sdia 
(18), but not the LuxI-type synthase, and do not produce 
aHLs (19-20). It has been proposed that sdia in these 
bacteria senses aHLs produced by other bacterial species 
(11, 20-22). sdia has been shown to respond to several 
aHLs with the highest sensitivity being to molecules that 
have a keto modification at the third carbon and an acyl 
chain length of six to eight (20).

sdia in eHeC cattle colonization. sdia with aHL re-
pressed expression of Lee genes, and activated expression 
of the gad genes. We also showed that rumen of cattle 
contained aHLs, and that extracted aHLs from rumen 
function similarly to commercial aHLs, repressing Lee 
and activating gad expression. We confirmed that the ex-
tracted signals from the rumen were indeed aHLs through 
alkalinization. alkalinization (alkaline pH hydrolyzes the 
homoserine lactone ring of aHLs, inactivating these sig-
nals) caused loss of activity of the rumen-extracted aHLs, 
confirming that these signals were AHLs. The activity of 
these signals was restored in the rumen sample upon 
acidification of this reaction, which allows for reformation 
of the lactone ring. although aHLs were detected in all 

rumen extracts, these signals were not detected in other 
portions of the ruminant GI tract, suggesting that these 
signals are restricted to the rumen. these results are con-
sistent with the chemistry of aHLs. the homoserine ring of 
these signals is hydrolyzed at alkaline pH, which is the pH 
in the intestine, inactivating these signals. these signals, 
however, are stable in acidic pH, such as the pH in the 
rumen (the average rumen pH is 5.98 in 8 animals on a 
grain diet). Because one cannot directly assess the levels 
of AHLs within the rumen fluid, one potential caveat of the 
experiments utilizing rumen extracts could be that these 
signals in the extracts are concentrated to levels that are 
not physiologically relevant. to address this issue, the aiia 
gene from Bacillus cereus, which encode for a lactonase 
that specifically hydrolyses the lactone ring from AHLs, 
was cloned into Wt eHeC and the sdia mutant. expres-
sion of gadX in WT grown in filtered, non-concentrated, 
rumen fluid was decreased in the presence of the aiiA-
encoded lactonase (which inactivates any aHLs present in 
the rumen fluid), whereas expression of gadX in the sdiA 
mutant did not change with or without this lactonase. 
these data support that aHLs at physiological levels in 
the rumen fluid activate transcription of gadX and that this 
activation is sdia-dependent (11).the aHLs in the rumen 
are probably synthesized by the microbial flora that re-
sides in this GI compartment. to assess the composition 
of the rumen flora we performed metagenomic studies on 
dNa extracted from the ruminant contents of eight rumi-

Fig. 1. Model depicting the role of sdiA and AHLs in EHEc colonization of cattle. EHEc senses AHLs present in the rumen 
produced by the resident microbiota. sdiA sensing of rumen AHLs leads to repression of expression of the LEE genes, and 
activation of the gad genes. Expression of the LEE genes is not desirable in the rumen, given that it is an energy expense, 
and this is not the GI compartment in cattle where EHEc forms AE lesions. However, priming of the gad acid resistant 
system aids EHEc’s survival through the subsequent passage through the acidic stomachs. AHLs are not found within the 
other GI compartments, and are absent in the rAJ, where EHEc, through LEE expression, promotes AE lesion formation 
facilitating colonization, and its shedding to the environment.
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nally cannulated heifers on a grain diet. forage is the usual 
diet of cattle on farms, whereas grain is the preferred diet 
on feedlots before they are sent to the abattoir. In seven 
of the eight samples the Clostridia class was dominant in 
the rumen microbiota, similar to the findings in the rumen 
metagenomic studies of steers on a forage diet.  However, 
in sample 4 the Bacilli were dominant with Clostridia the 
second most prevalent. other phyla encountered in these 
rumen samples include: erysipelotrichi and Bacteroide-
tes. of note members of the Bacteroidetes phyla have 
been previously reported to produce aHLs. the analysis 
on this phylogenetic level demonstrates that the rumen 
constituents are stable among these eight samples (11). 

Inasmuch as rumen aHLs in a sdia-dependent fashion 
modulate expression of eHeC genes necessary for cattle 
colonization, we assessed the contribution of sdia to 
eHeC survival within the rumen and subsequent coloni-
zation of the RaJ. for this purpose, a competition trial was 
done in ruminally cannulated heifers on a grain diet (we 
utilized the same eight animals in which the rumen pH 
was assessed, and the metagenomic studies performed). 
Competition studies were performed to avoid issues con-
cerning individual variation between different heifers in 
scoring the ability of these strains to establish themselves 
in the GI tract. as an initial control, an in vitro competi-
tion experiment between the Wt and the sdia mutant was 
performed to ensure that there were no growth defects 
in the sdia mutant. the ratio of Wt to mutant bacteria 
was determined in the inoculum, in the rumen and RaJ 
mucosal swab (RaMs) samples. the competitive index for 
each day was determined by dividing the ratio of mutant 

to Wt bacteria in the rumen and the RaJ. Wt eHeC out-
competed the sdia mutant in both the rumen and the RaJ 
of cattle, confirming that SdiA is important for cattle colo-
nization (11) (Fig. 2). In this first study the effect of SdiA 
in cattle colonization was performed on strictly grain diet 
fed cattle. We also detect aHLs in the rumen of cattle in 
hay diet, and these aHLs repressed Lee, and activate gad 
gene expression in a sdia-dependent manner (12). Now 
we repeated these experiments with the same heifers 
fed forage. after acclimation of these animals to several 
months of a forage (hay) diet, co-infection with Wt and 
the sdia mutant was performed. these results were com-
pared to the grain studies. the cattle grain diet induced 
acidic conditions in both the rumen and the feces while 
the hay diet induced neutral conditions in the same. the 
mean pH values of rumen fluid and feces from the heif-
ers fed the grain diet were 5.98 and 6.03, respectively; 
whereas, the mean pH values of rumen fluid and feces 
from the heifers fed the hay diet were 7.16 and 7.27. the 
eHeC oral challenges resulted in typical patterns of bacte-
rial carriage for animals on either diet. eHeC was cleared 
from the rumen within days and cleared from the RaJ mu-
cosa by one month.  for animals on either diet the wild-
type strain was better able to persist and colonize than the 
sdia mutant.  difference in competition due to diet was 
not apparent in the rumen of cattle fed grain or hay. the 
Wt had the greatest advantage over the sdia mutant at 
the RaJ mucosa among the animals fed grain. It is worth 
noting that overall, animals on hay diet shed eHeC for a 
longer period of time than animals on a grain diet (12).

Fig. 2. competition index of Wt EHEc and the sdiA mutant.  Eight 15-month old charolais heifers were fed a grain diet  
and challenged with equal numbers of the parental Wt and the sdiA mutant placed directly into the rumen. the ratio of 
mutant to WT isolates was determined in the rumen fluid (Rumen) (A) and at the rectoanal junction mucosa (RAJ) (B). 
Competitive index (CI) values equal to one indicate no difference between strains, values <1 indicate the WT survives/
colonizes better than the mutant, and values >1indicate the mutant survives/colonizes better than the WT. The horizontal 
line indicates the mean cI value.
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