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Abstract
Historically, clinical microbiological laboratories have often relied on isolation of pure cultures and phenotypic testing to 
identify microorganisms. These clinical tests are often based on specific biochemical reactions, growth characteristics, colony 
morphology, and other physiological aspects. The features used for identification in clinical laboratories are highly conserved 
and specific for a given group of microbes. We speculate that these features might be the result of evolutionary selection 
and thus may reflect aspects of the life cycle of the organism and pathogenesis. Indeed, several of the metabolic pathways 
targeted by diagnostic tests in some cases may represent mechanisms for host colonization or pathogenesis. Examples include, 
but are not restricted to, Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumoniae, Salmonella enterica, 
Shigella spp., and enteroinvasive Escherichia coli (EIEC). Here, we provide an overview of how some common tests reflect 
molecular mechanisms of bacterial pathogenesis.
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Introduction

One critical hurdle for the launch of microbiology as a sci-
entific discipline was the development of methods for the 
growth of microorganisms in pure cultures. In 1860, Louis 
Pasteur pioneered the use of a liquid culture medium to grow 
bacterial cultures in the laboratory. Later, the importance 
of growing bacteria on solid media was recognized as this 
allows for physical separation of individual colonies and the 
isolation of pure cultures. Early attempts of solid culture 
techniques relied on natural materials such as potato slices. 
Later, gelatin was added to media as a solidifying agent. 
In the 1880s, Angelina Fannie Hesse and Walther Hesse, 

both working in Robert Koch’s laboratory, used agar–agar 
as gelling agent for bacterial growth on top of and inside the 
solidified media. Compared with gelatin, agar offered greater 
resistance to microbial degradation and it remained solid 
at temperatures required for bacteria to grow [1, 2]. Julius 
Richard Petri further improved these methods in 1887 when 
he proposed the use of glass dishes, now known as Petri 
dishes, to reduce contamination [3].

Bacterial growth under laboratory conditions depends 
on different factors, such as nutrient availability, pH, tem-
perature, and presence of oxygen or other gases [4, 5]. The 
composition of the media determines whether it is a general 
purpose growth media or if it is an enriched, selective, or 
differential media. While a general media supports growth of 
a large variety of bacteria, enriched media are formulated to 
support growth of even the most fastidious organisms. Selec-
tive media, on the other hand, are media supplemented with 
dye or antibiotic that inhibit growth of some microorganisms 
and thus allow the recovery of specific genera. This media 
is different than a differential media, which contains some 
ingredients that allow identification of specific groups of 
microorganisms from a mixed culture [6]. Often, the isola-
tion of microorganisms from clinical samples relies on a 
combination of enrichment (liquid) media and selective or 
differential (solid) media.
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To have diagnostic value, any method to isolate or dif-
ferentiate organisms must be based on properties that are 
highly conserved in the bacterium of interest. Furthermore, 
these properties should be absent from other microorgan-
isms that are commonly found in the specimen. While the 
presence of such phenotypic traits has practical value for 
testing, it is conceivable that these conserved traits might be 
under evolutionary selection and therefore possibly involved 
in pathogenesis and host transmission. In this review, we 
use selected examples to illustrate how microbiological tests 
reflect important aspects of bacterial pathogenesis.

Staphyloxanthin produced 
by Staphylococcus aureus

Pigments can provide simple clues to identify or distinguish 
certain microbes and have on occasion been applied to tax-
onomy. Staphylococcus aureus produces a golden-yellow 
carotenoid pigment, staphyloxanthin. The species name 
aureus, Latin for “golden,” refers to the color of colonies. 
In 1884, Rosenbach identified S. aureus, which he discrimi-
nated against from the closely related microbe Staphylo-
coccus alba, with alba being Latin for “white,” based on 
pigmentation [7]. It was later realized that this classifica-
tion method was somewhat inaccurate as pigmentation is 
multifactorial, dependent on growth conditions, and variable 
even between members of the same species [8]. Therefore, 
more reliable methods based on other characteristics of S. 
aureus, such as coagulase production, replaced this method 
of identification even though more than 90% of S. aureus 
human isolates have a golden pigmentation [9].

S. aureus is a frequent member of the human microbi-
ota and causes a broad range of diseases such as soft tis-
sue infections, respiratory infections, and food poisoning. 
The organism is commonly found in the skin, nostrils, or 
vagina and an estimated 20–30% of the human population 
are colonized by S. aureus [10, 11]. It is an important cause 
of hospital-acquired infections, with around 500,000 infec-
tions and around 50,000 deaths in the USA each year [10]. 
The emergence of antibiotic-resistant strains of S. aureus 
such as methicillin-resistant S. aureus (MRSA) and vanco-
mycin-intermediate/resistant MRSA (VISA/VRSA) is of 
great clinical concern. Pathogenic strains often cause disease 
through the production  of an arsenal of virulence factors 
consisting of hemolysin, coagulase, enterotoxins, protein A, 
and pigmented carotenoids such as staphyloxanthin.

S. aureus produces multiple pigmented carotenoids 
through a well-studied biosynthetic pathway that culminates 
with the production of staphyloxanthin [8, 12]. Pigmented 
strains have a wider environmental distribution and survive 
longer on inanimate surfaces than their non-pigmented 
counterparts [13]. Loss of pigmentation decreases S. aureus 

virulence in a murine skin abscess model and a systemic 
model of infection [14]. During infection, staphyloxanthin 
promotes bacterial survival by conferring relative resist-
ance to inflammatory reactive oxygen species (ROS). Like 
other carotenoid pigments, staphyloxanthin has numerous 
conjugated double bonds that can be readily oxidized and 
thus detoxify ROS [15]. Defined S. aureus mutants unable 
to produce staphyloxanthin are more susceptible (about one 
to two orders of magnitude) to killing by hydrogen perox-
ide, superoxide radical, hydroxyl radical, hypochlorite, and 
singlet oxygen under laboratory conditions and by mouse 
and human neutrophils [14, 16–18]. The fitness defect of 
staphyloxanthin-deficient mutants was rescued in the context 
of gp91phox (CYBB) deficiency. gp91phox is the catalytic 
subunit of the phagocyte oxidase complex (PHOX) and 
required for inflammatory ROS production. Interestingly, 
when staphyloxanthin biosynthesis genes were introduced 
into Streptococcus pyogenes (Group A Streptococcus), the 
now pigmented bacteria had increased antioxidative activ-
ity and resistance to neutrophils. Furthermore, the transfor-
mants were also capable of producing larger lesions in a 
murine skin infection model [14, 19]. Taken together, these 
experiments provide strong evidence that staphyloxanthin 
confers resistance to the oxidative burst of inflammatory 
cells.

Staphyloxanthin has been evaluated as a potential drug 
target to treat S. aureus infection [20]. Pharmacological 
inhibitors of the carotenoid biosynthesis pathway have been 
shown to increase the susceptibility of S. aureus to singlet 
oxygen and killing by murine whole blood [14]. Natu-
ral compounds that inhibit staphyloxanthin biosynthesis, 
such as rhodomyrtone, also increase the susceptibility of S. 
aureus to ROS [21, 22]. The dehydrosqualene synthase of 
S. aureus shares high homology to the human squalene syn-
thase involved in cholesterol biosynthesis. Drugs designed 
to target human squalene synthase, primarily developed to 
manage high blood cholesterol levels, also blocked staphy-
loxanthin production in S. aureus, and reduced colonization 
in a mouse infection model [16], demonstrating the potential 
for targeting staphyloxanthin biosynthesis as an anti-viru-
lence approach to treat S. aureus infections.

Pyocyanin production by Pseudomonas 
aeruginosa

Pseudomonas aeruginosa is one of the most common Gram-
negative strains isolated in the clinical microbiology labo-
ratory. P. aeruginosa produces pyocyanin, a blue, redox-
active phenazine derivative. Although P. aeruginosa and 
other Pseudomonas spp. all have the capability to produce 
pyoverdine [23], a siderophore with fluorescent proper-
ties, P. aeruginosa is the only known organism capable of 
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producing pyocyanin. Pyocyanin production by P. aerugi-
nosa on TECH agar, also referred to as Pseudomonas P agar, 
is a distinguishing feature to discriminate between P. aerugi-
nosa and other Pseudomonas spp. In 1900, King et al. devel-
oped the TECH agar for  improved production of pyocyanin  
[24]. In the past, pyocyanin production has been used as a 
sole indicator of the presence of P. aeruginosa; however, 
there are some limitations. For instance, pyoverdine may 
appear  yellow-green, which could be misinterpreted as the 
green–blue color of pyocyanin [23]. Moreover, P. aerugi-
nosa strains occasionally do not produce pigment. Since the 
early 1990s, laboratories have used a complex biochemical 
test to identify P. aeruginosa [25–27].

Chronic colonization with P. aeruginosa is associated 
with decreased pulmonary function and poorer prognosis. 
Interestingly, P. aeruginosa strains isolated from cystic 
fibrosis patients produce more pyocyanin than other clini-
cal isolates [28], suggesting a potential role for pyocyanin 
production in host colonization in cystic fibrosis patients. 
During infection, this exotoxin is produced in concentrations 
up to 100 μmol/L [29]. In a mouse model of lung infection, 
biosynthesis of pyocyanin is required to establish lung colo-
nization and pathology [30]. The excessive production of 
inflammatory ROS triggered by pyocyanin is a main cause 
of tissue damage [30–32]. As a redox-active compound, 
pyocyanin manipulates, directly or indirectly, a number of 
host processes such as cellular respiration, ciliary beating 
of airway epithelial cells [29], nitric oxide production by 
macrophages and endothelial cells [33], apoptosis in neutro-
phils [34, 35], and calcium homeostasis in airway epithelial 
cells [36]. Bacterial colonization in cystic fibrosis patients 
often involves a polymicrobial community. In addition to 
interfering with host cell functions, pyocyanin released P. 
aeruginosa inhibits growth of competing microbes through 
a non-enzymatic redox cascade via NADH or NADPH [37].

Capsule production by Klebsiella 
pneumoniae

Klebsiella spp. are Gram-negative bacteria belonging to the 
Enterobacteriaceae family. Klebsiella spp. are commonly 
differentiated base on their biochemical reactions. They pro-
duce lysine decarboxylase, but not ornithine decarboxylase, 
and are typically positive in the Voges-Proskauer test. In 
addition to biochemical tests, colony morphology can pro-
vide insights into the identity of a microorganism. K. pneu-
moniae isolates usually express a complex capsule, resulting 
in a characteristic mucoid phenotype readily recognizable on 
lysogeny broth agar plates [38, 39].

Klebsiella spp. inhabit the environment and mam-
malian mucosal surfaces, such as the intestinal tract 
[40–42]. Klebsiella spp. are opportunistic pathogens and 

a significant cause of healthcare-associated infections, 
mainly in immune-compromised individuals [43]. The 
majority of infections are mainly caused by Klebsiella 
pneumoniae, followed by Klebsiella oxytoca, with K. pneu-
moniae causing 8% of all nosocomial bacterial infections 
in the USA [43]. The exopolysaccharide capsule is one 
of the main virulence factors in K. pneumonia (recently 
reviewed in [44]). The exact chemical composition and 
structure of the polysaccharide capsule vary, giving rise to 
more than 77 different capsule serotypes. Bacterial capsule 
production promotes environmental survival by increasing 
resistance to desiccation [45]. Within the host, the capsu-
lar polysaccharide protects against phagocytosis by alveo-
lar as well as immature macrophages and impedes tissue 
clearance in a murine pneumonia model [46, 47]. Capsule 
production also affects dendritic cell differentiation [47]. 
Furthermore, the extracellular capsule prevents bacterial 
cell lysis by preventing humoral host defense molecules 
such as antibodies and the complement to access to the 
outer membrane [48, 49]. Klebsiella mutants unable to 
produce an exopolysaccharide capsule are readily killed by 
the complement system [48]. Only a few examples of the 
K antigens have been intensively studied [50, 51]. Strains 
expressing  K1 and K2 are considered especially virulent.  
K2 capsule type is the most common serotype isolated 
from patient with an UTI and represents the predominant 
serotype in human clinical isolates, but it is rarely found 
in the environment [52, 53].

In addition to lung infections, Klebsiella causes pyo-
genic liver abscesses [54]. When cultured under laboratory 
conditions, Klebsiella isolates associated with pyogenic 
liver abscesses exhibit a mucoid, hypermucoviscosity 
colony phenotype. Hypermucoviscosity is assessed using 
a string test. When a bacterial colony is touched with a 
inoculation loop and a mucoviscous string extends for 
more than 5 mm when moving the loop up indicates a 
positive test [55]. The hypermucoviscous phenotype was 
initially correlated to an RmpA-mediated increase in cap-
sule production [56]. Indeed, the regulatory protein RmpA 
is required for the activation of capsule gene expression 
[54]. The strong correlation between the presence of rmpA 
and hypervirulence is currently used as a biomarker for the 
identification of hypervirulent K. pneumoniae. However, 
the exact mechanism of how rmpA contributes to hyper-
mucoviscosity and hypervirulence is still under investiga-
tion. Moreover, it was recently shown that a small pro-
tein, RmpD, is essential for hypermucoviscosity, yet this 
gene is not involved in capsule production [57]. As such, 
hypermucoviscosity and hypervirulence may be two dis-
tinct phenomena and further research is needed to clarify 
the relationship between these two phenomena.
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Tetrathionate respiration by Salmonella

The Enterobacteriaceae family contains many genera that 
are genetically related but differ in their metabolic traits. 
For example, utilization of the oxidized sulfur compound 
tetrathionate  (S4O6

2−) is a common approach to enrich 
for entero-pathogenic Salmonella enterica serovars from 
complex biological specimens. Tetrathionate metabolism 
is phylogenetically widespread in the environment, while 
tetrathionate-reducing organisms in the intestinal tract 
are rare [58, 59]. Tetrathionate enrichment, developed by 
Müller in 1923, is based on the ability to utilize tetrathi-
onate as a terminal electron acceptor [60]. The addition 
of tetrathionate to the enrichment media stimulates the 
growth of tetrathionate reducing bacteria, such as Salmo-
nella [61, 62]. The tetrathionate reductase, encoded by 
the ttrSRttrBCA gene cluster in Salmonella, catalyzes the 
reduction of tetrathionate to two molecules of thiosulphate 

[63]. Later, it was then noted that members of the Proteus 
group are tetrathionate reducers as well. Jeffries described 
that the addition of novobiocin at 40 mg per liter of broth 
to suppress the growth of Proteus spp., which improved 
the selectivity of the media [64]. Modified tetrathionate 
media is used in the clinical diagnostic laboratory for the 
isolation of Salmonella from food, environmental samples 
and animal feces (Fig. 1).

The observation that tetrathionate respiration is highly 
conserved among most Salmonella strains has led to the 
speculation that it might be an important trait related to the 
lifecycle of the organism [63], such as survival of an envi-
ronmental stage in soil. Recently, it was shown in animal 
models that tetrathionate respiration contributes to colo-
nization of the gut lumen during infection [65]. Reactive 
oxygen species generated by the inflammatory host response 
oxidize the thiosulfate present in the gut lumen, thus cre-
ating tetrathionate. Mutants unable to utilize tetrathionate 
poorly colonize the intestinal tract [65]. Gut colonization 

Fig. 1  Bacterial utilization 
of tetrathionate and lactose 
(a) E. coli and Salmonella 
enterica serovar Typhimurium 
(S. Typhimurium) were grown 
on tetrathionate agar plates 
(peptone 10 g/l, NaCl 5 g/l, 
 K2S4O6 5 g/l, bromothymol blue 
0.05 g/l, agar 15 g/l) at 37 °C. 
When tetrathionate is reduced 
by S. Typhimurium, the media 
is acidified and the color of the 
pH indicator bromothymol blue 
changes from blue to yellow. 
(b) E. coli and S. Typhimurium 
were streaked on MacConkey 
agar plates (Pancreatic digest 
of gelatin 17 g/l, peptone 
3 g/l, lactose 10 g/l, bile salts 
1.5 g/l, sodium chloride 5 g/l, 
neutral red 30 mg/l, crystal 
violet 1 mg/l, agar 13.5 g/l) and 
incubated at 37 °C. Lactose fer-
mentation by E. coli is indicated 
by a color change pH indicator 
neutral red from yellow to pink 
or red
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and fecal shedding are critical for fecal–oral transmission of 
non-typhoidal Salmonella strains in a mouse model [66], and 
as such, tetrathionate respiration and other respiratory path-
ways likely contribute to successful host transmission [67].

Pathoadaptation, enteroinvasive E. coli 
(EIEC) and Shigella

Shigella and enteroinvasive Escherichia coli (EIEC) are 
Gram-negative bacteria that cause bacillary dysentery. Shi-
gella and EIEC likely originated between 35,000 and 
270,000 years ago from various ancestral E. coli  [68]. EIEC 
and Shigella subgroups may have developed independently 
from commensal E. coli through convergent pathoadaptive 
evolution that included the acquisition of virulence genes, 
followed by loss of functional genes that interfere with the 
virulence and/or with the intracellular lifestyle of the bac-
teria. Although classified as different species, molecular 
evidence and phylogenetic analysis indicate that Escheri-
chia coli and all members of the genus Shigella are same 
species, yet form distinct pathovars [68]. EIEC is thought to 
be a more recently derived lineage at an intermediate stage 
in the pathoadaptive process than Shigella strains. It is also 
possible that EIEC is evolving independently from Shigella, 
with differing selective pressures towards a lifestyle that 
allows for both replication within commensal and epithe-
lial mucosal niches [69]. Due to this convergent evolution 
and similar lifestyles shared by EIEC and Shigella, these 
two groups of organisms are difficult to distinguish due to 
nearly identical physio-biochemical properties. Shigella and 
EIEC strains are non-motile and always lysine decarboxy-
lase (LDC) negative. In contrast, non-invasive E. coli strains 
are mostly motile and LDC positive. One notable difference 
between Shigella and EIEC is that EIEC ferments xylose and 
produces gas from glucose, while Shigella does not.

During their evolution from an extracellular commensal 
of the mammalian gut to an intracellular pathogen, EIEC 
and Shigella acquired a  virulence plasmid, which encodes 
genes required for host cell invasion and intracellular rep-
lication [70]. The acquisition of the virulence plasmid by 
the ancestral species of E. coli is followed by convergent 
pathoadaptive processes between EIEC and Shigella, such 
as the accumulation of pseudogenes and inactivation of anti-
virulence genes (AVGs) [71]. Several AVGs identified in 
Shigella, such as those responsible for lysine decarboxylase 
activity, have also been identified in EIEC [72]. The cadA 
gene encodes for LDC, which is present in virtually all non-
enteroinvasive E. coli strains. The product of lysine decar-
boxylation is the polyamine cadaverin.  Cadaverin inhibits  
enterotoxin activity and blocks transepithelial migration of 
Shigella [73–76]. These processes are essential for Shigella/
EIEC host colonization. Because of the inhibitory effect of 

cadaverin on Shigella virulence, lysine decarboxylase activ-
ity appears to be under negative selection [73–76]. Interest-
ingly, sequence analysis of four different lineages of Shigella 
showed distinct genetic arrangements in each of the strains 
studied, suggesting that inactivation of cadA occurred inde-
pendently in each of the lineages. These findings highlight 
the selective pressure towards the loss of LDC activity and 
increased virulence [75]. While LDC is a trait to discern 
between enteroinvasive and non-invasive species of E. coli 
[77], the LDC trait alone cannot differentiate between Shi-
gella and EIEC.

A better understanding of bacterial pathogenesis and host 
adaptation can also provide insight into the development 
of tools that allow for identifying closely related bacteria 
such as Shigella and EIEC. Despite the similarities between 
Shigella and EIEC, the metabolic activity of EIEC resem-
bles that of non-invasive E. coli more than it does Shigella, 
which is believed to have undergone significantly more 
pathoadaptation. Therefore, it is not surprising that many 
anti-virulence loci characterized and known to be inacti-
vated in Shigella remain functional in some strains of EIEC. 
These emergent pathoadaptive traits, such as the requirement 
for exogenous nicotinic acid, altered intracellular levels of 
polyamines like spermidine, and lactose fermentation, likely 
represent an intermediate step in the pathoadaptive process 
and could prove useful to differentiate between Shigella and 
EIEC. Lactose fermentation is a hallmark of E. coli metabo-
lism and is commonly used for detecting E. coli by culture 
methods such as MacConkey agar (Fig. 1). The lactose per-
mease gene lacY is present in the genome of most E. coli 
strains but missing in Shigella. EIEC on the other hand, dis-
plays a varying capacity to ferment lactose. Lobersli et al. 
developed a rapid duplex RT-PCR based method for the lacY 
and the invasion plasmid antigen H gene ipaH to differenti-
ate between EIEC and Shigella [78]. Similarly, the Kligler’s 
Iron Agar (KIA), which tests the abilities to ferment glucose 
and lactose to acid and acid plus gas, takes advantage of 
the varying ability of EIEC to ferment lactose. This test is 
commonly used to differentiate lactose-fermenting  Entero-
bacteriaceae such as E. coli from strains that are unable to 
do so, like Shigella [78, 79].

Nicotinamide adenine dinucleotide (NAD) is a crucial 
cofactor in many metabolic reactions. Quinolinic acid is 
a precursor for NAD, which E. coli can salvage from the 
environment or obtain through a de novo synthesis path-
way. Shigella, on the other hand, relies on importing nico-
tinic acid and converting it to the NAD precursor nicotinic 
acid mononucleotide [80]. This phenotype depends on the 
inactivation of the Shigella nadA and nadB genes, which 
encode for quinolinate synthetase A and L-aspartate oxi-
dase, respectively. The inactivation of the nadA and nadB 
genes is possibly driven by convergent pathoadaptive evo-
lution imposed by accumulation of quinolinic acid, which 
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was shown to attenuate Shigella invasiveness, intracellular 
dissemination, and transepithelial migration [68, 81, 82]. In 
contrast to Shigella, only some EIEC strains require nicotinic 
acid for growth, supporting the hypothesis that EIEC might 
represent an earlier point in the pathoadaptive process than 
Shigella. However, the determination of a requirement for 
nicotinic acid may provide a useful criterion to differentiate 
Shigella from EIEC.

Conclusions and remarks

Classical microbiological techniques to enrich and identify 
microorganisms rely on unique and conserved metabolic, 
phenotypic, or genetic traits. As illustrated above, these traits 
may directly or indirectly relate to the lifestyle and virulence 
factors of the pathogen of interest. While newer methods 
such as DNA sequencing, mass spectrometry, antibody-
based staining and agglutination techniques are replacing 
culture-based methods, we still have a largely unrecognized 
record of historical studies that have surveyed and reported 
unique traits of microorganisms. Since classical micro-
biological tests rely on distinctive traits, we speculate that 
these techniques could be useful starting points for study-
ing mechanisms of bacterial infections. Future experimental 
work may yet solve mysteries that have puzzled microbiolo-
gists for decades.
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