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Preface

At the dawn of the third millennium, when the names of
Watson and Crick are more familiar to students than
Koch and Pasteur, when the acronyms NAAT and
MALDI-TOF are replacing hands-on identification
methods, who needs an atlas of bacteriology?

Traditionally, diagnostic bacteriology has been in
great part dependent on the subjective interpretation of
a Gram stain or growth on an agar plate. While there are
several excellent textbooks on the subject, they usually
are written descriptions of microorganisms with few
images. In part, we were motivated to publish the first
edition of this atlas by the challenge to find illustrations
for our own lectures and laboratory presentations.
However, medical bacteriology is dynamic, with fre-
quent changes especially in taxonomy and methodology.
Therefore we accepted the challenge of an update.

In this third edition of Color Atlas of Medical
Bacteriology we have included new illustrations of typi-
cal Gram stains, colony morphologies, and biochemical
reactions and have added a large section on the histopa-
thology of some organisms. We have also included a
new chapter, addressing total laboratory automation,
and the Fast Facts tables in chapter 42 which summarize
critical details of the bacteria discussed in this third edi-
tion. “Total laboratory automation” implementation is
so far limited to large-volume laboratories, but some
automation components are already in use in medium-
sized facilities. The purpose of the Fast Facts chapter is
to help laboratorians, working on a clinical specimen,
who may need a quick reminder of the characteristics of
a particular bacterial isolate, and all students looking
for a quick “refresher” in preparation for an exam.

Each book chapter has a brief introduction to pro-
vide context for the illustrations. For in-depth back-
ground of individual organisms, the reader should
consult one of the many excellent textbooks and
manuals available. This third edition was structured

with reference to a number of sources, listed below, but
in particular to the Manual of Clinical Microbiology,
12th edition (MCM12), from ASM Press. However, we
are responsible for any errors that appear in this atlas.
The number of images that we include of a particular
organism does not necessarily correlate with the fre-
quency of its isolation or its clinical relevance. Certain
bacteria have variable, distinctive, or unique pictorial
characteristics, and we have tried to provide a representa-
tive sampling of these. We hope you will find this atlas a
useful reference tool.

The implementation of genomics and proteomics is rev-
olutionizing diagnostic clinical microbiology. However,
like Janus, all revolutions have two faces. On the positive
side, these new approaches have already helped the clini-
cal laboratory to significantly improve the sensitivity and
specificity of the identification of many microorganisms.
These methodologies have also expedited organism iden-
tification, thus improving patient management. Significant
challenges are still ahead before we can take full advan-
tage of these new technologies. The extraordinary com-
plexity of the human microbiome is going to require the
deployment of massive resources before we can collect,
classify, and interpret the data. However, before we get
there, we are going to have to learn how to deal with the
second face of Janus. Although changes in taxonomy may
have very positive effects on medical practice by guiding
more specific treatments, they also result in practical
problems for the microbiology laboratory on how to
incorporate these changes into their practice while main-
taining clinician satisfaction and, at the same time, pre-
venting potential negative outcomes. There is an urgent
need to establish clear guidelines for defining new fami-
lies, genera, and species of microorganisms. These guide-
lines should be written by a group of individuals who
represent various areas of expertise including taxonomy,
biology, and health sciences.
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With the increasing use of genomics and proteomics,
the remarkable forms, shapes, and colors of bacteria in
the laboratory are rapidly being replaced by signals only
measurable by instruments. The time is very near when
we will be showing our grandchildren many of the
images in this atlas that have become a distant memory.
In the meantime, let us enjoy the beauty of the colorful
bacterial world.
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Staphylococcus, Micrococcus, and Other

Catalase-Positive Cocci

Members of the genera Staphylococcus, Micrococcus,
Kocuria, and Kytococcus are characterized as being
catalase-positive, Gram-positive cocci that occur in pairs
and clusters. These organisms commonly colonize the
surfaces of skin and mucosal membranes of mammals
and birds. Members of the genus Staphylococcus are
important human pathogens, whereas the other genera
in this chapter play a lesser role in human infections and
thus are discussed separately.

Traditionally, members of the genus Staphylococcus
have been divided into those that are coagulase posi-
tive, i.e., Staphylococcus aureus, and those that are
referred to as coagulase-negative staphylococci
(CoNS), i.e., all others, based on their ability to clot
rabbit plasma. The species of Staphylococcus most fre-
quently associated with human infections is S. aureus,
which is a major cause of morbidity and mortality. S.
aureus can produce disease mediated by toxins or by
direct invasion and destruction of tissues. S. aureus
infections range from superficial skin infections to
fatal systemic infections that can occur when the integ-
rity of the skin is damaged, thus giving this pathogen
access to sterile sites. Among the more common S.
aureus infections are boils, folliculitis, cellulitis, and
impetigo. Immunocompromised hosts are at particular
risk of infection. Systemic infections include septice-
mia, which can result in the seeding of distant sites,
producing osteomyelitis, pneumonia, and endocardi-
tis. Toxigenic strains of S. gureus are capable of pro-
ducing bullous impetigo, scalded-skin syndrome, and
toxic shock syndrome. S. aureus is also a well-known

contributor to food poisoning due to the elaboration
of enterotoxins in foods such as potato salad, ice
cream, and custards. Intense vomiting and diarrhea
usually occur within 2 to 8 h after ingestion of food
containing the toxin.

CoNS, in particular Staphylococcus epidermidis,
Staphylococcus saprophyticus, Staphylococcus haemo-
Iyticus, Staphylococcus lugdunensis, and Staphylococcus
schleiferi, play a role in human infection. In particular, S.
epidermidis is recognized as a leading cause of health
care-related infections, with immunocompromised hosts
being at increased risk. Because CoNS are members of
the normal skin and mucosal membrane microbiota,
they are frequently considered a contaminant when iso-
lated from clinical specimens and therefore may be over-
looked as a cause of infection. This is compounded by
the fact that their clinical presentation is subacute, unlike
that of S. aureus. An important virulence property of
CoNeS is their ability to form a biofilm on the surface of
indwelling or implanted devices, making them frequent
agents of intravascular infections. S. epidermidis has also
been implicated as a cause of endocarditis and is associ-
ated with right-side endocarditis in intravenous-drug
users. S. saprophyticus is a leading cause of noncompli-
cated urinary tract infections in young, sexually active
females, second only to Escherichia coli in this patient
population. Of the more recently described CoNS human
pathogens, S. lugdunensis and S. schleiferi have been
implicated in serious infections, including endocarditis,
septicemia, arthritis, and joint infections. S. lugdunensis,
which more frequently colonizes skin and infects tissue
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(causing, e.g., boils and abscesses) below the waist, at
times can behave more like S. aureus than CoNS. This
organism has been associated with aggressive infections,
such as endocarditis, that have a high mortality rate;
therefore, rapid recognition of this species is important
for initiation of appropriate antimicrobial therapy. While
other species of CoNS have been implicated in a variety
of infections, they occur with less frequency.

An increasing problem with S. aureus and CoNS is
resistance to antimicrobial agents, in particular methi-
cillin. In the majority of methicillin-resistant S. aureus
(MRSA) strains, this is due to production of an altered
penicillin-binding protein, mainly PBP2a or PBP2c,
encoded by the mecA or mecC gene, respectively,
which is carried on a mobile genetic unit referred to as
SCCmec. Overproduction of B-lactamase accounts for
a smaller percentage of MRSA or MR-CoNS strains.
In recent years, S. aureus strains with decreased sus-
ceptibility to vancomycin have been identified. These
strains are referred to as vancomycin-intermediate
S. aureus (VISA), as vancomycin-resistant S. awureus
(VRSA) when the vancomycin MIC is >16 pg/ml, or,
when their susceptibility to the glycopeptide class of
antimicrobials as a whole is being addressed, as glyco-
peptide-intermediate S. aureus (GISA). Although only
a few of these strains have been isolated, they pose a
potential threat to effective treatment of serious
S. aureus infections.

Testing for MRSA can be difficult due to heteroresis-
tance, in which the resistance is expressed to a different
extent among subpopulations. In susceptibility tests per-
formed by disk diffusion or tests to determine a MIC,
cefoxitin has been shown to have greater sensitivity for
detecting MRSA than oxacillin, also a common antibi-
otic used to test for MRSA. Molecular assays to directly
detect the mecA gene, as well as rapid assay formats
employing monoclonal antibodies to the altered PBP2a
protein, have been used to circumvent the problems of
in vitro susceptibility testing for MRSA. In addition, due
to the importance of rapidly identifying cultures positive
for S. aureus, in particular MRSA, primers and probes
for S. aureus and MRSA have been incorporated into a
number of nucleic acid-based panels and individual
nucleic acid amplification assays. Depending on the
assay, these tests can be performed directly from clinical
specimens or on blood cultures positive for Gram-
positive cocci in pairs and clusters. In addition, screen-
ing for MRSA from nares cultures can be done by nucleic
acid amplification or use of selective chromogenic agars.

Identifying VISA strains by standard susceptibility meth-
ods remains a challenge; however, VRSA strains with
higher vancomycin MICs can be identified using broth
dilution, select automated systems, and screening agar
incorporating 6 pg/ml of vancomycin.

Upon incubation in air at 35°C for 24 to 48 h, staph-
ylococci grow rapidly on a variety of media, with colo-
nies that range from 1 to 3 mm in diameter. On blood
agar, staphylococci produce white to cream, opaque
colonies. S. aureus colonies typically are cream in color
but occasionally have a yellow or golden pigment, a
phenotypic characteristic that led to the species name.
S. aureus can be beta-hemolytic, and it is not uncommon
to see both large and small colonies in the same culture,
a phenotypic characteristic shared by several heterore-
sistant MRSA strains. CoNS, especially S. epidermidis,
produce white colonies; however, other CoNS strains
and species can have colonies with a slight cream pig-
ment. In general, CoNS strains are nonhemolytic; how-
ever, some produce a small zone of beta-hemolysis on
blood agar.

Since S. aureus is frequently isolated in mixed cul-
tures, selective and differential media are used to facili-
tate the detection of these organisms in clinical material,
particularly in nasal swabs, which are used to screen for
carriage of this bacterium. Mannitol salt agar is an
example of this, where the high concentration of salt
(7.5%) inhibits many other organisms. Mannitol, along
with the phenol red indicator in the medium, facilitates
the discrimination of S. aureus, which can ferment man-
nitol, from most CoNS. However, since other organisms
can grow on this medium and strains of CoNS can also
ferment mannitol, additional testing is required. As
mentioned above, chromogenic media selective and dif-
ferential for MRSA are more commonly used for screen-
ing nasal cultures.

In addition to their distinctive Gram stain morphol-
ogy (Gram-positive cocci in pairs and clusters), a com-
mon characteristic of these organisms is that they are
catalase positive. The coagulase test, which measures
the ability to clot plasma by converting fibrinogen to
fibrin, is useful in distinguishing S. aureus from other
bacteria that appear similar. A suspension of the
organism to be identified is inoculated into rabbit
plasma containing EDTA and incubated at 35°C for
4 h. The tube is tilted gently, and the presence or
absence of clot formation is noted. If the test is nega-
tive at 4 h, the suspension is incubated for up to 24 h.
The 4-h reading is important because some strains



produce fibrinolysin, which can dissolve a clot upon
prolonged incubation, causing a false-negative result.
Some strains of MRSA produce a very weak coagulase
reaction, resulting in a negative reading. Bound coagu-
lase (clumping factor) can be detected by a slide agglu-
tination test, in which a suspension of the organism is
emulsified on a slide with a drop of rabbit plasma. If
bound coagulase is present, the organisms agglutinate.
For correct interpretation of this test, a control in
which saline is used instead of plasma is needed to
check for autoagglutination. Of the CoNS, S. lugdun-
ensis and S. schleiferi can also test positive for bound
coagulase but can be differentiated from S. aureus by
a negative tube coagulation test. Alternatively, com-
mercially available tests can be used that are based on
latex particles that have been coated with plasma,
immunoglobulin, or (in some versions of this test)
antibodies to the more common polysaccharide anti-
gens. The plasma detects bound clumping factor, while
the immunoglobulin binds protein A and the antibody
to the polysaccharide antigens binds serotype antigens
present on the surface of S. aureus. Some strains of
MRSA, however, may be negative by this method
because of low levels of bound coagulase and protein
A, and false-positive reactions can occur due to the
presence of the polysaccharide antigens present on
some CoNS isolates.

Strains of S. aureus that produce a weak coagulase
reaction can be further tested by the DNase test or a
thermostable-endonuclease test. S. aureus and S. schleif-
eri possess enzymes that can degrade DNA, a DNase
and a thermostable endonuclease. Both tests use the
same basic medium containing agar that incorporates
DNA and the metachromatic dye toluidine blue O. A
heavy suspension of organisms is spotted onto the plate;
after 24 h of incubation at 35°C, a pink haze appears
around the colony, in contrast to the azure blue of the
medium. In tests for the thermostable endonuclease, a
suspension of the organism is boiled before being placed
on the DNA plate.

CoNS can be identified to the species level based on
their susceptibility profiles in response to selected agents,
most notably novobiocin, as well as key biochemicals. A
variety of commercial systems combine several bio-
chemical tests to allow differentiation among the CoNS.
While most of the CoNS of clinical importance are
novobiocin susceptible, S. saprophyticus is novobiocin
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resistant. Other tests that can be used to differentiate
among the species are those for phosphatase activity,
production of acetoin, polymyxin susceptibility, pyrro-
lidonyl arylamidase activity, and acid production from
carbohydrates.

While biochemical tests are still commonly used to
identify strains of Staphylococcus to the species level,
matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry is rapidly replacing
traditional biochemical algorithms.

Several species that once were in the genus
Micrococcus and that have been reported to play a role
in human infections have been reclassified into the gen-
era Kocuria and Kytococcus. Despite the reclassification,
collectively these organisms are often referred to as mic-
rococci. Members of the micrococci have a higher G+C
content than the staphylococci. They are also common
inhabitants of the skin but have a fairly low pathogenic
potential. However, infections with these organisms
have immunocompromised  hosts.
Micrococcus luteus and related organisms have been
implicated in a variety of infections, including meningi-
tis, central nervous system shunt infections, endocardi-
tis, and septic arthritis.

Micrococci, in addition to forming pairs and clusters,
can appear as tetrads. Like the staphylococci, they can
be easily grown in the laboratory and can be recovered
from a variety of media. However, in comparison to
staphylococci, they are slower growing, with smaller
colonies present after 24 h of incubation at 35°C. In
addition, depending on the species, the colony color can
range from cream to yellow (M. luteus) or rose red. As
with CoNS, a variety of commercial systems that incor-
porate several tests, including urease, acid production
from carbohydrates, esculin, and gelatin, have been
employed to aid in the differentiation of this group.
Bacitracin, lysostaphin, and furazolidone have been
used to aid in differentiating staphylococci from micro-
cocci. In general, staphylococci are resistant to bacitra-
cin (0.04-U disk), in contrast to micrococci, which are
susceptible, while the opposite is found with furazo-
lidone (100-pg disk) and lysostaphin (200-pg disk),
where micrococci are resistant. MALDI-TOF has aided
in the identification of micrococci, and with more strains
being added to present databases, this method is rapidly
becoming the method of choice for identification of
micrococci.

occurred in
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Figure 1-1 Gram stain of Staphylococcus aureus. A
Gram stain of a positive blood culture shows Gram-pos-
itive cocci in grape-like clusters. On subculture to solid
medium, S. aureus was isolated.
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Figure 1-2 Gram stain of Micrococcus luteus. M. luteus
is a Gram-positive coccus that, like S. aureus, can appear
in pairs and clusters. However, it also tends to form tet-
rads, as depicted in this Gram stain.

Figure 1-3 Staphylococcus aureus on blood agar.
Shown in this image is a culture of S. aureus grown over-
night at 35°C on blood agar. The colonies are cream
colored and opaque and have a smooth, entire edge. A
zone of beta-hemolysis surrounds the colony.

Figure 1-4 Golden pigment of Staphylococcus aureus.
S. aureus is capable of producing the golden pigment
that led to its species name. In practice, strains with this
degree of pigment are not frequently isolated from clini-
cal specimens. The isolate shown was incubated over-
night on blood agar at 35°C and then left at room
temperature for an additional day. When left at room
temperature or refrigerated following incubation, iso-
lates tend to develop more intense pigment.
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Figure 1-5 Size variation of Staphylococcus aureus
colonies. It is not uncommon for strains of S. aureus,
especially MRSA strains, to produce colonies that are
heterogeneous in size and the degree of hemolysis.
Colonies shown were grown on blood agar for 24 h at
35°C.

Figure 1-6 Staphylococcus epidermidis on blood agar.
S. epidermidis, in contrast to both S. aureus and other
CoNS, produces a white colony with little or no pig-
ment. The isolate shown here was grown on blood agar
for 24 h at 35°C. This strain of S. epidermidis also
exhibits some variation in colony size.

Figure 1-7 Staphylococcus lugdunensis on blood agar.
Colonies of S. lugdunensis on blood agar resemble
S. epidermidis colonies; however, they tend to be cream
colored, in contrast to the typical white colonies of
S. epidermidis (Fig. 1-6).

Figure 1-8 Micrococcus luteus on blood agar. A distin-
guishing feature of M. luteus is the vivid yellow colonies
it produces. The isolate shown here was grown on blood
agar for 72 h at 35°C. In general, Micrococcus is slower
growing than Staphylococcus.
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Figure 1-9 Coagulase test. A common method used to
distinguish S. aureus from other Staphylococcus spp. is
the tube coagulase test shown here. S. aureus is positive,
and CoNS are negative. Colonies of the isolate to be iden-
tified were emulsified in 0.5 ml of rabbit plasma. The tube
was incubated at 35°C for 4 h and tipped gently to look
for clot formation. The tube on the left is negative, with
the plasma remaining liquid, while the tube on the right is
positive, as evidenced by the clot formation. Tubes giving
negative results at 4 h should be incubated for up to 24 h.

Figure 1-11 Latex test for the identification of
Staphylococcus aureus. In the test depicted here, latex
particles have been coated with antibody that can recog-
nize bound coagulase as well as immunoglobulin that
will bind to protein A present on the surface of most
strains of S. aureus. S. epidermidis (left), which serves as
a negative control, and the isolate to be identified (right)
were emulsified with coated latex beads. The isolate
shown here was identified as S. aureus. As with the slide
coagulase test, some strains of MRSA may be negative
and some strains of CoNS, namely, S. lugdunensis and S.
schleiferi strains, may be positive.

= COAGULASE +

Figure 1-10 Slide coagulase test. The slide coagulase
test is a rapid assay that tests for clumping factor on the
surface of the organism. The test is performed by emul-
sifying the organism to be identified in both saline,
which serves as a control for autoagglutination (left),
and rabbit plasma (right). Agglutination of the organ-
isms only in plasma is a positive result. S. aureus (right)
is positive by this test as shown in this figure, as are
strains of S. lugdunensis and S. schleiferi.
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Figure 1-12 Mannitol salt agar. Mannitol salt agar is a
selective and differential medium used for the isolation
and presumptive identification of S. aureus. The high
salt concentration inhibits the growth of many organ-
isms that inhabit skin and mucosal membranes. The
phenol red indicator incorporated into the medium
detects acid production (yellow) resulting from the fer-
mentation of mannitol. Here, CoNS (left) and S. aureus
(right) were inoculated on the agar and then were incu-
bated overnight.
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Figure 1-13 Mannitol salt agar containing oxacillin.
Mannitol salt agar with oxacillin can be used to screen
for the presence of MRSA in nasal specimens, since the
7.5% salt and 6 pg of oxacillin in this medium inhibit
most other organisms that normally colonize the nares.
MRSA turns the medium yellow as a result of the fer-
mentation of mannitol. Pictured here is a plate inocu-
lated with a methicillin-susceptible S. aureus strain (left)
and a MRSA strain (right). The methicillin-susceptible
S. aureus strain failed to grow. As with most in vitro
testing for methicillin susceptibility, oxacillin (not methi-
cillin) is used because of its higher stability.

Figure 1-14 Spectra MRSA. Shown is a chromogenic
medium used to detect MRSA, Spectra MRSA (Thermo
Scientific, Remel Products, Lenexa, KS), which is both
selective and differential. When the chromogenic sub-
strate incorporated into the inhibitory agar is degraded
by the enzymatic action of MRSA, the colony takes on a
denim blue color. Shown here is an overnight nasal cul-
ture from which MRSA was isolated.

Figure 1-15 Assays to detect PBP2a found in MRSA. (A) The product of the mecA gene,
which results in methicillin resistance, is an altered penicillin-binding protein, PBP2a.
Monoclonal antibody to this altered protein was used to coat latex particles, which were
then used in the Oxoid agglutination assay to detect PBP2a. (B) Shown is the Alere PBP2a
SA Culture Colony Test (Alere Scarborough, Inc., Scarborough, ME), a lateral flow assay
that utilizes monoclonal antibodies for the detection of PBP2a. Both formats are rapid
tests that are used once the organism is isolated on solid medium.
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Figure 1-16 DNase plate to differentiate Staphylococcus
aureus from CoNS. S. aureus produces DNase, which
can degrade DNA. This property is used to aid in the
differentiation of CoNS (left) from S. aureus (right). This
is particularly useful for identification of S. awureus
strains that produce a small amount of coagulase, thus
giving an equivocal or weakly positive coagulase test.
The only CoNS species that shares this property with S.
aureus is S. schleiferi. In this test, a heavy inoculum of
the organism is used to spot an agar plate that contains
DNA and toluidine blue. If the organism produces
DNase (right), the DNA is degraded, resulting in the
agar turning pink in the area surrounding the inoculum
due to the metachromatic qualities of toluidine blue.
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Figure 1-17 Thermostable endonuclease activity. In
addition to DNase, S. aureus produces a thermostable
endonuclease that can also cleave DNA. To test for this
activity, a heavy suspension of the organism is boiled
and then used to fill a well that is cut in the DNA plate
containing toluidine blue. As described in the legend to
Fig. 1-16, if the DNA is degraded, there is a change in
the color of the agar from blue to pink. S. epidermidis
does not produce a heat-stable endonuclease (left),
whereas the S. qureus strain (right) does, as shown by
the pink zone around the well containing S. aureus.

Figure 1-18 Ornithine decarboxylase test for the identification of
Staphylococcus lugdunensis. Unlike most other CoNS species, S. lugdun-
ensis is ornithine decarboxylase positive. Decarboxylase medium contain-
ing 1% ornithine is inoculated and incubated overnight. Since some strains
of S. epidermidis can also be positive at 24 h, the specimen should be
examined at 8 h, a time at which S. lugdunensis is positive but S. epider-
midis is still negative. The isolate on the left, S. saprophyticus, is negative
since it is yellow, indicating only fermentation of glucose; however, S. lug-
dunensis (right) is positive, as shown by the rose color resulting from the
alkalinization of the medium.



Figure 1-19 Novobiocin susceptibility. S. saprophyticus
can be differentiated from other clinically significant
CoNS isolates by its resistance to the antibiotic novo-
biocin. As pictured, Mueller-Hinton agar was inoculated
with suspensions equivalent to a 0.5 McFarland stand-
ard of S. saprophyticus (left) and S. epidermidis (right).
Novobiocin disks (5 pg) were placed on the agar surface,
which was incubated for 24 h at 35°C. Zones of inhibi-
tion measuring <16 mm indicate novobiocin resistance,
as seen with this isolate of S. saprophyticus, which has
no zone of inhibition. In contrast, the susceptible S. epi-
dermidis isolate has a large zone of inhibition around
the novobiocin disk.

Figure 1-21 Lysostaphin susceptibility. Several species
of Staphylococcus are susceptible to the endopeptidase
lysostaphin, which cleaves the glycine-rich pentapeptide
that is essential for cross bridging the cell wall. Cleavage
of these basic units weakens the cell wall, making it sus-
ceptible to lysis. Depending on the makeup of this pen-
tapeptide, specifically the glycine content, susceptibility
to lysostaphin can vary. For example, while S. aureus is
very susceptible, S. saprophyticus is less susceptible due
to the serine content of its pentapeptide bridge.
Micrococci are not susceptible to lysostaphin. As shown
here, the test is performed by making a heavy suspen-
sion of the unknown organism in saline and then adding
an equal volume of lysostaphin reagent. Clearing of the
suspension after 2 h at 35°C indicates lysis of the organ-
isms. In the example shown here, the lysostaphin test
medium inoculated with M. luteus (left) remained turbid
and thus was negative, in contrast to the tube on the
right, which was inoculated with S. aureus and is posi-
tive, as shown by clearing or lysis of the bacterial sus-
pension. This assay can also be performed as a disk
diffusion test.
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Figure 1-20 Bacitracin susceptibility. The same proce-
dure used to test for the bacitracin susceptibility of
Streptococcus pyogenes can be used to differentiate
staphylococci, which are bacitracin resistant, from mic-
rococci, which are susceptible. Here, S. epidermidis (left)
is not inhibited, as shown by growth up to the disk con-
taining 0.04 U of bacitracin, whereas M. luteus (right)
exhibits a zone of inhibition around the bacitracin disk.
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Figure 1-22 Modified oxidase test. A modified oxidase
test, the Microdase test (Thermo Scientific, Remel
Products), is available for differentiating micrococci from
staphylococci. Micrococci possess cytochrome ¢, which is
essential for producing a positive oxidase reaction,
whereas clinically relevant staphylococci are oxidase neg-
ative, since they lack cytochrome c. In the example shown,
a colony of S. epidermidis (left) and a colony of M. luteus
(right) were rubbed onto a disk impregnated with tetrame-
thyl-p-phenylenediamine (TMPD) dissolved in dimethyl
sulfoxide. Development of a purple-blue color within 2
min indicates a positive test due to the reaction of the
enzyme oxidase with cytochrome ¢ and TMPD.
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Figure 1-24 PNA FISH for the differentiation of
Staphylococcus aureus from CoNS in blood cultures.
PNA FISH (AdvanDx, Woburn, MA) is a 90-min fluores-
cent in situ hybridization (FISH) assay utilizing fluores-
cence-labeled peptide nucleic acid (PNA). It is performed
directly from blood culture bottles that are positive for
Gram-positive cocci in clusters. In the example shown,
the Gram-positive cocci are S. aureus, which hybridized
with a green fluorescent probe. (Courtesy of AdvanDx.)
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Streptococcus

The genus Streptococcus is composed of over 100 spe-
cies and subspecies which are a predominant compo-
nent of the normal bacterial microbiota of the respiratory,
gastrointestinal, and genital tracts of humans. Members
of this genus are Gram-positive cocci that occur in pairs
and/or chains and are catalase-negative, facultative
anaerobes that metabolize carbohydrates by fermenta-
tion, producing mainly lactic acid.

Traditionally, streptococci have been grouped by
the phenotypic characteristics of hemolysis and
Lancefield antigen composition as well as by patho-
genic potential. While these are still useful ways to
group organisms, there are many exceptions and
overlapping characteristics with each grouping sys-
tem; therefore, genetic analysis is a more definitive
method for classifying these organisms. However,
from a practical standpoint, phenotypic characteris-
tics are very useful in identification algorithms.
Streptococci can be either beta-hemolytic (complete
hemolysis), alpha-hemolytic (incomplete hemolysis
resulting in a green zone around the colony), or
gamma-hemolytic (no hemolysis) on blood agar. With
the Lancefield system, depending on the cell wall car-
bohydrate (Lancefield antigen) or lipoteichoic acid
(group D), some of the streptococci have been placed
in groups A, B, C, D, F, and G. Most members of the
Lancefield groups are beta-hemolytic, the exception
being group D, which is composed of alpha-hemolytic
or nonhemolytic organisms.

STREPTOCOCCUS PYOGENES
(GROUP A BETA-HEMOLYTIC
STREPTOCOCCI)

Streptococcus pyogenes organisms are beta-hemolytic
streptococci possessing the group A Lancefield antigen.
S. pyogenes is one of the more virulent Streptococcus
species and is responsible for a wide range of clinical
entities, including pharyngitis, impetigo, bacteremia,
and soft tissue infections. Sequelae resulting from infec-
tion include rheumatic fever, glomerulonephritis, the
scarlatiniform rash of scarlet fever, toxic shock-like syn-
drome, and necrotizing fasciitis.

Direct detection of S. pyogenes based on the Lancefield
group A antigen is commonly performed on throat speci-
mens. There are several commercial kits available for
direct detection of this antigen that have high specificity
but vary in sensitivity. Therefore, especially with chil-
dren, for whom the incidence of infection and potential
to develop sequelae are greater, it is recommended that
negative direct antigen tests be followed up by culture.
Alternatively, direct detection of S. pyogenes by DNA
amplification methods is more sensitive than direct anti-
gen detection. Since, in contrast to culture, the sensitivity
of some DNA-based amplification assays is >90%, cul-
ture confirmation is not required for negative amplifica-
tion results. For culture, S. pyogenes is commonly isolated
using blood agar incubated in 5% CO,. Trimethoprim-
sulfamethoxazole can be incorporated into the blood

1
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agar to increase the selection of S. pyogenes. Antibodies
specific for the group A Lancefield carbohydrate antigen
can be used to identify S. pyogenes. Bacitracin suscepti-
bility has also traditionally been used to identify large-
colony beta-hemolytic organisms. Here, a 0.04-U
bacitracin disk is applied to a lawn of the organism, and
the formation of any zone of inhibition is considered a
positive result. Another useful rapid biochemical test for
identification of S. pyogenes is the PYR test, in which the
enzyme pyrrolidonyl arylamidase is detected. Matrix-
assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS) has also been shown to
be useful in identifying S. pyogenes.

Small-colony beta-hemolytic organisms can also pos-
sess the Lancefield group A antigen; however, these iso-
lates are classified as members of the viridans group
streptococci, anginosus group. Small-colony (Streptococcus
anginosus) and large-colony (S. pyogenes) group A strep-
tococci can be differentiated biochemically in that S. pyo-
genes is PYR positive and Voges-Proskauer test (VP)
negative, while the opposite is true of S. anginosus.

Serological tests are available to detect the host response
to the group A antigen and M protein as well as extracel-
lular products associated with S. pyogenes, e.g., streptoly-
sin O (antistreptolysin O test) and DNase B. These tests
are used to aid in the diagnosis of patients with sequelae
consistent with a past infection with S. pyogenes.
Sequencing of regions coding for the M protein, a main
virulence factor of S. pyogenes, can also be used to type
strains in epidemiological investigations.

STREPTOCOCCUS AGALACTIAE

Beta-hemolytic streptococci that possess the Lancefield
group B antigen are classified as Streptococcus agalac-
tiae. While these organisms can cause a variety of human
infections, particularly in compromised hosts, they are
best known as a leading cause of newborn infections
due either to transmission at birth, to maternal coloniza-
tion of the intestinal and/or genitourinary tract, or to
postnatal acquisition.

In an effort to reduce the exposure of newborns, in
2010 the CDC recommended screening of pregnant
females at 35 to 37 weeks of gestation by culture for
S. agalactiae. However, in 2019 the American College of
Obstetricians and Gynecologists changed this time frame
to 36 to 37 weeks. For detection of colonization of preg-
nant females, a swab(s) from the distal vagina and ano-
rectum should be collected. Swabs are then used to
inoculate blood agar and placed in an enrichment broth

containing antibiotics, e.g., colistin (10 pg/ml) or gen-
tamicin (8 pg/ml) and nalidixic acid (15 pg/ml). In the
event that the primary plate is negative for S. agalactiae,
the enrichment broth is subcultured to blood agar after
18 to 24 h of incubation. In general, colonies of S. agalac-
tide, in contrast to S. pyogenes, produce a narrow zone of
beta-hemolysis on blood-based agar. Alternatively, carrot
broth and Granada medium, which turn orange in the
presence of S. agalactiae, have been used to detect the
presence of this organism; however, nonhemolytic strains
may not be detected with pigment-dependent differential
media. Testing enrichment broth after overnight incuba-
tion using nucleic acid amplification techniques (NAAT)
has been found to be very sensitive, thus presenting an
alternative to culturing on solid agar. NAAT have been
used to test females in labor that have not had a screen-
ing test performed. However, since the enrichment cul-
ture is eliminated in this test, the sensitivity has been
shown to be reduced, and this method is therefore not
recommended by the CDC.

S. agalactiae can be identified by Lancefield typing using
antibodies to detect the group B antigen. In addition, a
CAMP (Christie, Atkins, Munch-Petersen) test can be per-
formed to detect a protein, CAMP factor, produced by
S. agalactiae. To detect the CAMP factor, S. agalactiae is
streaked at right angles to a strain of Staphylococcus aureus
that produces a beta-hemolysin that synergistically inter-
acts with the CAMP factor. If S. agalactiae is present,
hemolysis in the shape of an arrowhead is seen where the
two lines of bacterial growth intersect. Disks impregnated
with the Staphylococcus hemolysin are commercially avail-
able that also enable the detection of enhanced hemolysis
in the presence of the CAMP factor produced by S. agalac-
tige. Alternatively, S. agalactiae can be presumptively iden-
tified by its ability to hydrolyze hippurate. Both rapid (2-h)
and overnight versions of this test are based on the hydrol-
ysis of hippurate to glycine, which can subsequently be
detected with the ninhydrin reagent. Alternatively, MALDI-
TOF MS can be used to identify S. agalactiae.

STREPTOCOCCUS DYSGALACTIAE
SUBSP. EQUISIMILIS (LARGE-
COLONY BETA-HEMOLYTIC
LANCEFIELD GROUPS C AND G)

Human isolates of large-colony beta-hemolytic strepto-
coccl that possess either the Lancefield group C or G anti-
gen, and occasionally Lancefield group A and L antigens,
are genetically related and have been placed in the same



subspecies, Streptococcus dysgalactiae subsp. equisimilis.
These organisms cause an acute disease spectrum similar
to that of S. pyogenes; however, they are not generally
associated with sequelae, although there are reports of
exceptions. S. dysgalactiae subsp. equisimilis strains are
not the only streptococci possessing the Lancefield C and
G antigens. Other large-colony strains possessing the
group C or G antigen, which may be alpha- or beta-
hemolytic or nonhemolytic, are found primarily in ani-
mals and can cause zoonoses.

Human isolates are generally identified by typing
large-colony beta-hemolytic strains with antibodies to
the Lancefield groups. However, small-colony beta-
hemolytic organisms can also type as group C or G but
are members of the viridans group streptococci, belong-
ing to the anginosus group. Large- and small-colony
beta-hemolytic group C and G streptococci can be dif-
ferentiated from one another by a VP for acetoin or a
rapid test to detect B-D-glucuronidase (BGUR), since
large-colony isolates are positive by this test but nega-
tive by the VP. This enzyme can also be rapidly detected
using  methylumbelliferyl-p-D-glucuronide-containing
MacConkey agar. Unlike with S. pyogenes and S. agalac-
tiae, to date, identification of S. dysgalactiae by MALDI-
TOF MS has been problematic, as it has been with
identifying members of the viridans group streptococci.

STREPTOCOCCUS PNEUMONIAE

Streptococcus pneumoniae belongs to the Streptococcus
mitis group of the viridans group streptococci; however,
due to their unique phenotypic and clinical manifesta-
tions, these species are discussed separately. S. preumo-
niae is part of the normal respiratory microbiota, and
carriage of this organism is common. It is one of the lead-
ing causes of community-acquired pneumonia. In addi-
tion, it can cause bacteremia, endocarditis, meningitis,
sinusitis, and otitis media. There are over 90 serotypes of
S. pneumoniae based on difference in the polysaccharide
capsule. Vaccines incorporating 13 or 23 of these anti-
gens have had an impact in reducing infections caused by
S. pneumoniae. Traditionally, this organism was univer-
sally susceptible to penicillin; however, increasing num-
bers of strains have developed decreased susceptibility to
this first-line antimicrobial agent. A key characteristic of
this Gram-positive organism is its lancet-shaped appear-
ance in a Gram stain. Encapsulated strains, which often
are more pathogenic due to the antiphagocytic charac-
teristics of the capsule, can be detected by Gram stain
when the combination of a proteinaceous background
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and correct illumination allows a halo (i.e., capsule)
around the organism to be visible.

S. pneumoniae grows on blood agar and often needs
incubation in 5% CO, for optimal growth. Colonies are
alpha-hemolytic and can be mucoid in appearance due
to a capsule. As the colonies age, they tend to be
described as concave and can appear to have a punched-
out center. Strains of S. pneumoniae have been defined
by their capsular antigens, and over 80 serotypes have
been identified. Swelling of the capsule in the presence
of type-specific antibodies is referred to as a Quellung
reaction. Alternatively, strains can be typed using com-
mercially available agglutination tests.

The two tests that are most widely used to identify
S. pnewmoniae are those for bile solubility and optochin
susceptibility. Sodium deoxycholate to test for bile solubil-
ity, when added to S. pneumoniae growing in broth or on
solid media, causes lysis of the organisms. Zones of inhi-
bition of >14 mm with a 6-mm, 5-ug optochin disk can
also be used to distinguish S. pnewmoniae from other
alpha-hemolytic streptococcal organisms. Strains that
once were considered S. prneumoniae that were not bile
soluble or optochin susceptible have recently been included
in the species Streptococcus pseudopneumoniae, which is
also included in the S. mitis group. Depending on the data-
base used, misidentification of isolates from the viridans
group as S. pneumoniae by MALDI-TOF has been
reported. However, recent versions of the databases of the
two commercially available instruments have shown
improvement in correctly identifying S. preumoniae.

Urine and cerebrospinal fluid antigen tests for
S. pneumoniae are commercially available. These tests
have been found to be useful in adult patients that have
been treated with antibiotics and in patients with pneu-
monia who also had a bloodstream infection. Direct
NAAT, depending on the application, have been prob-
lematic partly due to the inability to distinguish between
the normal microbiota and organisms causing respira-
tory infection. Mixed results have been reported with
NAAT when they are used as part of a panel for testing
positive blood cultures or cerebrospinal fluid.

VIRIDANS GROUP STREPTOCOCCI

The main species of the viridans group streptococci can
be placed in either the bovis, mitis, anginosus, mutans, or
salivarius group (Table 2-1). As with other organisms in
the genus Streptococcus, the viridans group streptococci
are normal inhabitants of the mucosal membranes and
therefore are commonly found in the gastrointestinal
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Table 2-1 Grouping of the viridans group streptococci more
commonly associated with human disease

. gallolyticus
. infantarius
. alactolyticus

Bovis

Mitis mitis

pneumoniae
pseudopneumoniae
. cristatus

gordonii

oralis

. parasanguinis
sanguinis

Anginosus (milleri) anginosus
. constellatus

. intermedius

Mutans mutans
criceti
downei
ratti

. sobrinus

. salivarius
. vestibularis

Salivarius
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and urogenital tracts as well as the oral cavity. Several
viridans group species are associated with dental caries
and subacute bacterial endocarditis, particularly in
patients with damaged or prosthetic heart valves. It is
not uncommon to isolate them from polymicrobic
abscesses. Streptococcus intermedius can be found in
deep abscesses, particularly of the brain and liver.
Infections with the viridans group are becoming more
frequent in neutropenic patients, probably due to the
oral mucosal damage from some of the chemotherapeu-
tic agents used.

It has traditionally been difficult to determine the
species identity of the viridans group in the clinical labo-
ratory setting. This is in part because they lack charac-
teristic hemolytic reactions in that they can be
alpha-hemolytic or nonhemolytic and occasional strains
are beta-hemolytic. With the exception of members of
the Streptococcus bovis group which, along with the
genus Enterococcus, possess the group D antigen, most
viridans group streptococci lack distinct Lancefield anti-
gens. In addition, several nomenclature systems have
evolved to describe members within the viridans group.
Commercial systems that can identify species in this
group are available, and with continued refinement of
databases and consolidation of nomenclature, they
should prove very useful. Several conventional tests can
be used to group and sometimes identify species of the
viridans group streptococci. Key tests include the urea
hydrolysis test, which is performed on Christensen urea

agar incubated at 35°C for 7 days; the VP for acetoin
production; the arginine hydrolysis test, which can be
done by different methods (depending on the method
and the species, results of this test can vary); the esculin
hydrolysis test, which can be performed using commer-
cially available slants that are observed for blackening
for up to 1 week; fermentation using 1% (wt/vol) carbo-
hydrate in thioglycolate broth containing purple broth
base (1.6% [wt/vol]), which is inoculated and incubated
anaerobically for 24 h; and the test for hyaluronidase
production, which can be detected on agar plates con-
taining 400 pg of hyaluronic acid. The use of fluoro-
genic substrates has also aided in the differentiation of
species of viridans group streptococci; by this method,
4-methylumbelliferyl-linked substrates are degraded,
and the by-product can be visualized under UV illumi-
nation. Differentiating among the viridans group strep-
tococci by MALDI-TOF MS remains problematic.

S. bovis Group (Group D Streptococci)

Nomenclature of organisms in the bovis group of viri-
dans group streptococci has changed over the years,
especially with the knowledge gained from molecular
methods; still, as with the other groups within the viri-
dans group, there is often confusion around the group-
ing and nomenclature of these organisms. Recently, the
S. bovis group was subdivided based on DNA studies
into four clusters. Organisms in cluster I, which are
mainly isolated from animals, include strains formerly
called Streptococcus bovis and Streptococcus equinus
that are now grouped into a single species, S. equinus.
Strains in the bovis group causing human infections
belong mainly to cluster II. The revised nomenclature
for this group includes Streptococcus gallolyticus, which
comprises three subspecies, Streptococcus gallolyticus
subsp. gallolyticus, S. gallolyticus subsp. pasteurianus,
and S. gallolyticus subsp. macedonicus. Importantly,
there is a strong association of isolation of S. gallolyticus
from blood cultures with colorectal cancer. In addition,
S. gallolyticus can cause bacteremia, endocarditis, and
meningitis. Also clinically important are Streptococcus
infantarius subsp. infantarius and Streptococcus infan-
tarius subsp. coli in cluster III. Cluster IV includes
Streptococcus alactolyticus, which also has been
reported to be isolated from human infections, although
less commonly than other members in this group.
Members of the S. bovis group are alpha-hemolytic
or nonhemolytic on blood agar, which is commonly
used to isolate these organisms. They can be differenti-
ated from other alpha-hemolytic and nonhemolytic



streptococci primarily by biochemical reactions. Key
characteristics of the S. bovis group, along with posses-
sion of the group D Lancefield antigen, that can be used
to distinguish S. bovis from other viridans group strep-
tococci are the ability to grow in the presence of 40%
bile and hydrolyze esculin; the lack of sorbitol fermenta-
tion; the ability to ferment mannitol, inulin, and starch;
and the inability to produce urease. S. bovis strains can
be differentiated from Enterococcus spp., which are also
bile-esculin positive, by their inability to grow at 45°C
or in 6.5% NaCl at 35°C and by the fact that they are
PYR negative.

Mitis Group

The nomenclature of the mitis group of streptococci,
which includes among others Streptococcus mitis,
S. oralis, S. sanguinis, S. parasanguinis, S. gordonii, and
S. cristatus, has varied; therefore, depending on the cri-
teria used for identification, different species names
have been assigned to similar organisms, making dis-
ease associations difficult. Members of this group are
associated with endocarditis and with dental plaque. S.
mitis has been isolated from the blood more frequently
in patients undergoing chemotherapy and radiation
treatment, most probably due to the oromucositis in
these patients.

Members of this group are alpha-hemolytic. Some
of the key biochemical reactions for the viridans group,
notably production of acetoin (VP), urease, and hyalu-
ronidase, are negative for members of the mitis
group. Arginine hydrolysis can be used to differentiate
S. oralis and S. mitis from the other members of the
group since these two species are negative. The major-
ity of strains of S. sanguinis and S. gordonii form hard,
adherent, smooth colonies due to the extracellular
production of dextran.

Anginosus Group

Three species, Streptococcus anginosus, Streptococcus
constellatus, and Streptococcus intermedius, compose the
anginosus group, which has also been referred to as the
Streptococcus milleri group. These organisms are known
to cause endocarditis and purulent infections of the liver,
brain, abdomen, pleural cavity, and head and neck region.

Members of this group generally form small colonies
and can be alpha- or beta-hemolytic or nonhemolytic.
However, S. constellatus is commonly beta-hemolytic,
whereas strains of S. intermedius are often nonhemolytic.
They are not characterized by a particular Lancefield
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antigen, since strains are unable to be placed in a group
that can be easily tested. However, S. intermedius strains
seem more homogeneous in this regard in that they pos-
sess the Lancefield group F antigen. Growth of this group
is often enhanced by the presence of CO, or anaerobic
conditions. Many strains, due to the production of dia-
cetyl, produce a butterscotch-type sweet odor when
growing on solid media.

These organisms are arginine positive, VP positive,
and urease negative. The three species can be difficult to
differentiate from one another, but tests that can be used
are those for hyaluronidase (S. anginosus is negative),
B-D-fucosidase activity (S. intermedius is positive), and
B-D-glucosidase (S. constellatus is negative and S. inter-
medius is variable).

Mutans Group

The mutans group, especially Streptococcus mutans, is
known for its association with dental caries. Of the species
in this group, S. mutans and Streptococcus sobrinus are
the most frequently isolated from human dental plaque,
whereas Streptococcus criceti, Streptococcus downei, and
Streptococcus ratti are seldom found in humans. The other
species in this group are isolated primarily from animals
and therefore are not discussed here. S. mutans in general
is alpha-hemolytic, with a few strains exhibiting beta-
hemolysis, while S. criceti is nonhemolytic, with a few
alpha-hemolytic strains. By Gram staining, S. mutans
occasionally appears as short bacilli. Members of this
group are arginine negative, esculin positive, VP positive,
urease negative, and hyaluronidase negative.

Salivarius Group

The two species in the salivarius group associated with
human  disease, Streptococcus  salivarius  and
Streptococcus vestibularis, are inhabitants of the oral
cavity, whereas the third species, Streptococcus thermo-
philus, is found primarily in dairy products. Members of
this group do not appear to be virulent, but S. salivarius
can cause septicemia in neutropenic patients. Most
strains are alpha-hemolytic, with occasional strains
being nonhemolytic. S. salivarius occasionally types as
Lancefield group K. Production of extracellular polysac-
charide on sucrose agar gives S. salivarius colonies a
large, mucoid appearance; alternatively, they can appear
as large, hard colonies that pit the agar. S. vestibularis is
urease positive and does not produce extracellular poly-
saccharides like S. salivarius.
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Figure 2-1 Gram stain of Streptococcus pyogenes.
S. pyogenes (group A streptococcus) is a Gram-positive
coccus that is usually seen in pairs and chains. The Gram
stain shown is from a blood culture.

Figure 2-2 Gram stain of viridans group streptococci.
Viridans group streptococci tend to form long chains of
Gram-positive cocci, as seen in this Gram stain of a blood
culture. They often do not stain well, giving the impres-
sion they are not as healthy as other streptococci.

Figure 2-3 Gram stain of Streptococcus pneumoniae.
This direct smear of a sputum specimen that grew pre-
dominantly S. preumoniae shows the typical morphol-
ogy of lancet-shaped, Gram-positive cocci in pairs.
Against the pink proteinaceous background of the speci-
men, the capsule of S. prneumoniae can be seen as a clear
halo around the organisms.

Figure 2-4 Gram stain of Streptococcus mutans.
S. mutans can appear as cocci or even elongate to resem-
ble bacilli, as demonstrated by the Gram stain shown
here. The organisms shown were grown on blood agar
overnight; however, growth in acidified broth is reported
to also produce elongated forms of this organism.
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Figure 2-5 Beta-, alpha-, and gamma-hemolysis on
blood agar. A key characteristic commonly used in iden-
tifying Streptococcus spp. is the type of hemolysis pro-
duced on blood agar. The three types of hemolysis are
gamma-hemolysis (or no hemolysis); alpha-hemolysis,
which appears as a greening of the agar around the bac-
terial colony; and beta-hemolysis, in which the red cells
surrounding the colony are completely lysed, which
results in a clear zone around the colony. Pictured are
streptococci on blood agar that produce beta-hemolysis
(top left), alpha-hemolysis (top right), and gamma-
hemolysis (bottom).

Figure 2-7 Streptococcus pyogenes and Streptococcus
constellatus on blood agar. S. constellatus, or small-
colony group A streptococcus (left), can be confused with
S. pyogenes (right), referred to as large-colony group A
streptococcus, because both type with Lancefield group
A antisera and are beta-hemolytic on blood agar. The
blood agar plates shown were incubated for 48 h, and
there is a marked difference in the colony size, with col-
onies of S. constellatus being smaller.

Figure 2-6 Streptococcus pyogenes on blood agar.
S. pyogenes (group A streptococcus) produces a large zone
of beta-hemolysis around a relatively small colony. This
organism typically is translucent and has the appearance
of a small water drop on a larger zone of beta-hemoly-
sis. Colonies have a defined, smooth edge. Undercutting
the agar, as shown in the lower right corner of this plate,
often results in an exaggerated hemolytic reaction, due
to reduced oxygen and the resulting contribution of
both the oxygen-stable and -labile hemolysins.

Figure 2-8 Streptococcus agalactiae on blood agar. In
contrast to S. agalactiae (left), or group B streptococ-
cus, which produces a small zone of beta-hemolysis
relative to a large colony, S. pyogenes (right) produces
a large zone of beta-hemolysis relative to the colony
size. The blood agar plates shown here were incubated
for 24 h.
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Figure 2-9 Streptococcus pneumoniae on blood agar.
When grown on blood agar, S. preumoniae produces a
zone of alpha-hemolysis and the middle of the colony
often appears to be indented or punched out due to
autolysis of organisms in the center of the growing
colony.

Figure 2-10 Streptococcus pneumoniae with a large
capsule grown on chocolate agar. This strain of
S. pneumoniae, in contrast to the S. pneumoniae
strain in Fig. 2-9, appears mucoid when grown on
chocolate agar. The mucoid appearance is related to
capsule production.

Figure 2-11 Streptococcus bovis group (group D) and
Enterococcus faecium on blood agar. In general, on
blood agar, members of the bovis group (left) produce
alpha-hemolytic colonies that, as shown, can be con-
fused with E. faecium (right).

Figure 2-12 Growth enhancement of Streptococcus con-
stellatus in the presence of 5% CO,. Viridans group
streptococci belonging to the anginosus group frequently
grow better in 5% CO, or under anaerobic conditions
than under aerobic conditions. This is demonstrated here
for S. constellatus, which was grown on blood agar and
incubated overnight in air (left) or in the presence of 5%
CO, (right).



Figure 2-13 Selection for Streptococcus agalac-
tiae (group B streptococcus). Pregnant females
are screened for the presence of S. agalactiae at
36 to 37 weeks of gestation by obtaining a vagi-
nal-anorectal swab. Specimens are plated onto
blood agar and placed in a selective broth as
shown here. If S. agalactiae is not isolated from
blood agar after overnight incubation, the
enhancement broth is subcultured to blood agar
and incubated overnight. In the culture shown,
S. agalactiae was not isolated from the primary
blood plate (A); however, in the subculture (B)
of the LIM broth, there was marked enhance-
ment in the growth of S. agalactiae.

Figure 2-14 Granada agar for the detection of
Streptococcus agalactiae from clinical specimens.
Granada agar with an enrichment broth can be used to
directly culture vaginal-anorectal swabs from pregnant
females for detection of S. agalactiae. After overnight
incubation, colonies that appear orange, as shown, can

be reported as S. agalactiae.

Figure 2-15 Carrot broth for the direct detection of Streptococcus
agalactiae. Carrot broth can be used to both enrich for and identify
S. agalactiae (group B streptococcus). Vaginal-anorectal swabs from
pregnant females are placed in the broth and incubated overnight.
Development of an orange color indicates the presence of S. agalactiae. If
no orange color develops, yet there is growth in the broth, it is subcul-

tured to rule out the presence of S. agalactiae.
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Figure 2-16 Bacitracin susceptibility test for the pre-
sumptive identification of Streptococcus pyogenes
(group A streptococcus). The bacitracin susceptibility
test is a common test used to presumptively distinguish
group A streptococci from other beta-hemolytic strepto-
cocci. As shown, a paper disk impregnated with 0.04 U
of bacitracin is not able to inhibit the growth of S. aga-
lactiae (left), in contrast to S. pyogenes (right), which is
inhibited from growing up to the bacitracin disk. The
formation of any zone of inhibition is considered a posi-
tive test. This test is an inexpensive way to identify
S. pyogenes but is not highly specific or rapid, since 5 to
10% of other beta-hemolytic streptococci can also be
inhibited and overnight incubation is required.

= PYR

Figure 2-17 PYR test. The PYR test is a rapid, sensitive
test for the identification of S. pyogenes. Many laborato-
ries have replaced the bacitracin test with the PYR test
for the presumptive identification of S. pyogenes. To per-
form this test, the isolate is rubbed onto a paper disk
containing L-pyroglutamic acid p-naphthylamide. If the
organism possesses the enzyme pyrrolidonyl arylami-
dase, it is able to degrade the substrate and p-naphthyla-
mide is produced, which can be detected by the addition
of p-dimethylamino-cinnamaldehyde (the PYR reagent).
The isolate on the left is PYR negative, and the one on
the right is PYR positive (S. pyogenes).

Figure 2-18 CAMP test for the identification of
Streptococcus agalactiae (group B streptococcus).
The CAMP test can be used to presumptively identify
S. agalactiae. To perform the test, a beta-lysin-
producing Staphylococcus aureus strain is inoculated
in a thin line onto a blood agar plate. The isolate to
be identified is inoculated at right angles to the
S. aureus line, taking care that the two streak lines do
not touch. After overnight incubation, if the isolate is
S. agalactiae, the area of beta-hemolysis where the
two organisms have grown in proximity to one
another should take the shape of an arrowhead due
to the synergistic action of the hemolysins produced
by both organisms.



Figure 2-19 CAMP test using a beta-lysin disk. The
CAMP test, as shown in Fig. 2-18, can also be performed
with disks that have been impregnated with beta-lysin
(Thermo Scientific, Remel Products, Lenexa, KS). Here
the organism to be identified is inoculated in a straight
line within § mm of the disk and the culture is incubated
overnight. If the isolate is S. agalactiae, as shown here,
beta-hemolysis can be seen in the shape of a football or
a crescent.

Figure 2-21 Optochin susceptibility for the identifica-
tion of Streptococcus pneumoniae. Growth of S. pneu-
moniae is inhibited in the presence of optochin. Upon
inoculation of blood agar with S. prneumoniae, a paper
disk impregnated with 5 pg of optochin is placed firmly
on the plate. After overnight incubation at 35°C in the
presence of 5% CO,, the formation of a zone of growth
inhibition >14 mm in diameter is considered presump-
tive identification of S. preumoniae.
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Figure 2-20 Hippurate test for the identification of
Streptococcus agalactiae. As shown, in contrast to other
beta-hemolytic streptococci (left), which are hippurate
negative, S. agalactiae (right) is hippurate positive.

Figure 2-22 Bile solubility test for the identification of
Streptococcus pneumoniae. The bile solubility test can
be used to differentiate S. prneumoniae from other alpha-
hemolytic streptococci. Here, colonies of S. prneumoniae
on blood agar disappear or dissolve when a drop of 2%
sodium deoxycholate is placed on the colonies and the
plate is incubated for 30 min at 35°C.
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Figure 2-23 Production of BGUR. Beta-hemolytic
members of the anginosus (milleri) group can be con-
fused with streptococci belonging to groups C and G.
The BGUR test can help to distinguish between them. In
this test, the substrate, methylumbelliferyl-p-p-glucuro-
nide, can be broken down by BGUR to produce a fluo-
rescent compound. As shown here, a heavy inoculum of
both an isolate of group C and an isolate belonging to
the anginosus group was placed on a MacConkey agar
plate containing methylumbelliferyl-p-p-glucuronide
(BD Diagnostic Systems, Franklin Lakes, NJ). The plate
was incubated for 30 min at 35°C and viewed under
long-wave UV light. Fluorescence produced by the
group C isolate (upper right quadrant) distinguished it
from the nonfluorescent anginosus isolate (lower left
quadrant).
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Figure 2-24 Differentiation of the Streptococcus bovis
group from Enterococcus faecium. Bile esculin agar
slants and 6.5 % salt broth are often used in the differen-
tiation and identification of alpha-hemolytic strepto-
cocci. In the example shown here, it can be difficult to
distinguish the S. bovis group from E. faecium because
colonies of these two organisms appear similar
(Fig. 2-11) and because, when inoculated on a bile escu-
lin slant, both organisms are able to grow in the pres-
ence of 40% bile and hydrolyze esculin, which results in
blackening of the medium. However, members of the
S. bovis group (left) are unable to grow in 6.5% salt,
unlike E. faecium (right) which can grow in the high-salt
(6.5%) solution, as demonstrated by the color change of
the broth from purple/pink to yellow.

Figure 2-25 Latex agglutination test for the identifica-
tion of Lancefield groups. Beta-hemolytic streptococci
can be grouped on the basis of their Lancefield antigen.
A common method to accomplish this involves latex
agglutination using monoclonal antibodies coupled to
latex particles. In the test shown here (PathoDx;
Thermo Scientific Remel Products), a dye is incorpo-
rated into the latex reagent to facilitate visualization of
the agglutination reaction. Most commercial kits con-
tain reagents for groups A, B, C, F and G, which are
displayed in wells 1 through 3, respectively, in this typ-
ing reaction. The isolate shown is S. pyogenes (group A
streptococcus).
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Figure 2-26 RapID STR system for the identification of
streptococci. The RapID STR system (Thermo Scientific,
Remel Products) utilizes conventional and chromogenic
substrates for the identification of streptococci. This sys-
tem has 10 reaction wells. However, since the last four
wells are bifunctional, in that a second reaction can be
read when reagents are added to the wells, a total of
14 biochemical reactions are available. Along with the
hemolysis reaction of the organisms, this system has the
ability to identify most medically relevant streptococci.
As with most commercial systems, not all identifications
correlate with those obtained by a conventional bio-
chemical battery. In the example shown, the isolate is
identified as S. salivarius. The test shown in the upper
panel was read before the reagents were added to the
bifunctional wells as shown in the lower panel.
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Figure 2-27 The BactiCard. The BactiCard (Thermo
Scientific Remel Products) is a rapid system for the pre-
sumptive identification of streptococci. It tests for pyrro-
lidonyl arylamidase (PYR), leucine arylamidase (LAP),
and esculin hydrolysis activity (ESC). Colonies of cata-
lase-negative, Gram-positive cocci are inoculated directly
onto the three moistened sections of the strip, which is
then incubated for 10 min at room temperature. Examples
of typical reaction patterns for the following three organ-
isms are shown: from left to right, group D streptococcus
(S. bovis group), LAP and ESC positive; Enterococcus
spp., PYR, LAP, and ESC positive; viridans group strepto-
cocci, LAP positive.
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Enterococcus

Members of the genus Enterococcus are Gram-positive
cocci that can survive harsh conditions in nature and
thus are ubiquitous, being found in soil, water, and
plants. They mainly colonize the gastrointestinal tract
but can be found at other sites, such as the genital tracts
of humans. At present there are 57 species in this genus.
Of these, Enterococcus faecalis is the most common spe-
cies isolated from clinical specimens; however, with the
acquisition of more antibiotic resistance, in particular to
vancomycin, the isolation of Enterococcus faecium is
increasing. Less frequently encountered clinical species
include Enterococcus gallinarum, Enterococcus cas-
seliflavus, Enterococcus avium, and Enterococcus raffi-
nosus. Other enterococcal species are rarely recovered
from human specimens.

Itis often difficult to establish whether an Enterococcus
strain is contributing to the infection or is colonizing a
site. However, enterococci are now one of the three most
common causes of health care-related bloodstream
infections and can be the cause of health care-related uri-
nary tract infections. Enterococci also play a role in
wound infections and endocarditis. They only rarely
cause infections of the central nervous system and res-
piratory tract. They have been an increasingly important
cause of infection in elderly and immunocompromised
individuals as well as patients who have been hospital-
ized on antibiotics for long periods of time.

The ability of enterococci to survive in harsh condi-
tions and produce biofilms has made them difficult to
eradicate in the hospital environment. They can live on
environmental surfaces and instruments for long
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periods of time and resist many standard cleaning regi-
mens. These factors, coupled with the ability to acquire
resistance to vancomycin and their intrinsic resistance to
aminoglycosides and B-lactam antibiotics, have made
enterococci, in particular E. faecium, major health care-
related pathogens.

In general, enterococcal isolates with reduced suscepti-
bility to vancomycin can be categorized by the resistance
gene they carry as vanA, vanB, and vanC; although other
genes conferring resistance to vancomycin have been iden-
tified, they are less common in a clinical setting. vanA and
vanB strains pose the greatest threat because they are
more resistant and the resistance genes are carried on a
plasmid or by a transposon and thus are readily transfer-
able. vanA isolates, predominantly E. faecium and occa-
sionally E. faecalis strains, are typically associated with
high-level vancomycin resistance, with MICs of 2256 pg/ml,
and are also resistant to teicoplanin. Strains resistant to
vancomycin and carrying the vanB gene can have vanco-
mycin MICs that range from moderate to high levels of
resistance. The vanC strains, predominantly E. gallinarum
and E. casseliflavus, are associated with lower vancomy-
cin MICs, and the resistance appears to be constitutive
and chromosomally mediated. vanC strains do not seem
to contribute to the spread of vancomycin resistance.
Occasional enterococcal strains that are vancomycin
dependent have been reported. These strains grow only on
media that provide a source of vancomycin.

Due to the growing importance of vancomycin-resistant
enterococci (VRE), selective and differential media as
well as molecular assays have been developed that



have facilitated the rapid detection of these organisms.
In certain settings, patients are screened for VRE by
obtaining a rectal swab for culture. Selective media, e.g.,
Campylobacter agar, and selective chromogenic media
containing vancomycin have been employed to detect
these organisms in rectal swabs and feces. There are a
number of multiplex DNA-based assays that are able to
identify E. faecium and E. faecalis as well as to detect
the vanA and vanB genes either directly from clinical
samples or from positive blood culture bottles. One lim-
itation is the specificity of the direct molecular assays,
since some of the van genes, e.g., vanB, can be found in
other genera. Other rapid methods that are used for the
identification of enterococci from blood cultures are
fluorescence in situ hybridization (FISH) and matrix-
assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS).

Enterococci typically are arranged in pairs and short
chains; however, under certain growth conditions, they
elongate and appear coccobacillary. In general, entero-
cocci are alpha-hemolytic or nonhemolytic; however,
depending on the type of blood agar used, they may be
beta-hemolytic. Some strains possess the group D

cr

Figure 3-1 Gram stain of Enterococcus faecium. Shown
is E. faecium obtained from a blood culture. This organ-
ism is a Gram-positive coccus that occurs in pairs and
short chains.
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Lancefield antigen and can be detected using monoclonal
antibody-based agglutination tests. Enterococci are
typically catalase negative, grow over a wide temperature
range from 10 to 42°C, and are facultatively anaerobic.
Characteristically they are able to grow in 6.5% NaCl,
hydrolyze esculin in the presence of 40% bile salts, and
are pyrrolidonyl arylamidase and leucine aminopepti-
dase positive.

While different schemes for identification of entero-
coccal species have been proposed, the more common
enterococcal isolates can be differentiated by a few
key biochemical reactions and/or MALDI-TOF MS.
Utilization of arabinose, motility, acidification of
methyl-a-D-glucopyranoside, and pigment can be used
to identify most E. faecalis, E. faecium, E. gallinarum,
and E. casseliflavus strains to the species level.
Addition of sorbose and raffinose allows identifica-
tion of the less frequently isolated species E. avium
and E. raffinosus. Commercial identification systems
to differentiate among the species are available. While
these systems can identify the more frequently isolated
species, they are not as reliable with the less common
isolates.

Figure 3-2 Enterococcus faecalis and Enterococcus fae-
cium on sheep blood agar. E. faecalis (left) forms a non-
hemolytic, flat, gray colony with a smooth, translucent
edge. In comparison, colonies of E. faecium (right) are
surrounded by a small zone of alpha-hemolysis and have
a defined opaque edge.
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Figure 3-3 Enterococcus casseliflavus on blood agar.
The typical yellow pigment of E. casseliflavus is most
easily seen by picking up colonies with a cotton swab.

Figure 3-4 Comparison of vancomycin susceptibility of
vanA, vanB, and vanC Enterococcus strains. In general,
the E-test can be used to categorize enterococci into
three main groups, vanA, vanB, and vanC, based on the
vancomycin MIC. The vanA phenotype (left) shown
here is an E. faecium isolate with a high level of resist-
ance to vancomycin. The vanB strain (center) is an
E. faecalis isolate for which the vancomycin MIC is
32 pg/ml. The vanC strain (right) is an E. gallinarum
isolate for which the vancomycin MIC is 16 pg/ml.

Figure 3-5 Vancomycin-dependent Enterococcus faeca-
lis strain. This strain, isolated from a rectal culture, ini-
tially grew on Campylobacter medium containing 10 pg
of vancomycin per ml but upon subculture failed to
grow on sheep blood agar. As seen here, the vancomycin
(30 pg) in the disk supports the growth of this isolate on
blood agar.
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Figure 3-6 Biochemicals used to identify Enterococcus spp. A typical biochemical profile of the genus
Enterococcus is growth in the presence of 6.5% NaCl (A), growth on medium containing 40% bile salts and
the ability to hydrolyze esculin (B), a positive pyrrolidonyl arylamidase (PYR) test (C), and a positive leucine
aminopeptidase (LAP) test (D). A nonenterococcal isolate negative for each reaction is shown on the left, and
the positive reactions typical of Enterococcus spp. are shown on the right.
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Figure 3-7 Arabinose utilization. Arabinose utilization can be used to
separate E. faecalis from E. faecium. Brain heart infusion broth containing
arabinose with a bromcresol purple indicator was inoculated with E. faecalis
(left) and E. faecium (right). A negative reaction, with E. faecalis, is the
original purple color of the medium and a positive reaction, as seen here
with E. faecium, is yellow.
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Figure 3-8 Acidification of methyl-a-pD-glucopyranoside. A test that can dis-
tinguish E. faecium from E. gallinarum and E. casseliflavus is acidification of
1% methyl-a-D-glucopyranoside. E. faecium (left) does not utilize this com-
pound, as demonstrated by the lack of change of color of the phenol red
indicator. The other two species can utilize this compound, as illustrated by
the yellow color of the broth inoculated with E. gallinarum (right), indicating
acidification of the medium. The broths were incubated overnight at 35°C.

Figure 3-9 Motility as a test for the identification of Enterococcus. Motility
is a common test used to differentiate E. casseliflavus and E. gallinarum
from other common clinical isolates of Enterococcus, namely, E. faecium
and E. faecalis. As shown here, E. faecium (left) is nonmotile while E. galli-
narum (right) is motile. The motility agar shown incorporates triphenyltetra-
zolium chloride, which facilitates the interpretation of this test.
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Figure 3-10 Identification of enterococci by the API 20 Strep test. Kits for the identification of streptococci can
be used to differentiate the more common enterococcal isolates. Shown here are four species of Enterococcus
inoculated into API 20 Strep strips (bioMérieux, Inc., Durham, NC).



CHAPTER 3 Enterococcus 29

Arabinose

+ —
E. faecium
E. gallinarum E. faecalis
E. casseliflavus
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Figure 3-11 Simplified algorithm for identification of (alternate test, motility)
the more common clinical isolates of enterococci.
Reactions with some of the biochemicals and tests may " _

vary, depending on the species and strain.
E. gallinarum E. faecium
E. casseliflavus

Pigment

+ —

E. casseliflavus E. gallinarum

Figure 3-12 Peptide nucleic acid (PNA) FISH for the
direct identification of Enterococcus. A blood culture
positive for Gram-positive cocci in short chains and pairs
was tested by PNA FISH (Enterococcus AdvanDx;
OpGen, Inc., Gaithersburg, MD). This is a 90-min FISH
assay that utilizes fluorescence-labeled PNA. PNA FISH
can detect E. faecalis (green) and E. faecium as well as
other Enterococcus spp. (red). These probes target the
species-specific rRNA in these organisms and can easily
penetrate the bacterial cell wall and membrane. Shown is
a mixed culture positive for both E. faecalis (green) and
E. faecium (red). (Photo courtesy of AdvanDx.)
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Aerococcus, Abiotrophia, and Other
Miscellaneous Gram-Positive Cocci

That Grow Aerobically

The organisms discussed in this chapter are catalase-
negative, Gram-positive cocci that can be found as mem-
bers of the normal microbiota throughout the body and
that, for the most part, cause opportunistic infections. They
resemble, and as a result can be misidentified as, staphylo-
cocci and streptococci because of their microscopic and
culture characteristics. In certain instances, they are recog-
nized only when presumptive streptococci are found to be
resistant to vancomycin. The genera and species that are
microscopically similar to Staphylococcus are Aerococcus,
Dolosigranulum, Gemella haemolysans, Helcococcus, and
Pediococcus. Those that resemble Streptococcus include
Abiotrophia, Dolosicoccus, Facklamia, Gemella spp. other
than G. haemolysans, Globicatella, Granulicatella,
Ignavigranum, Lactococcus, Leuconostoc, Vagococcus,
and Weissella. Globicatella, Facklamia, Ignavigranum, and
Dolosicoccus are related genera that are infrequently iso-
lated from clinical specimens.

The genus Lactococcus is composed of nonmotile
organisms previously classified as Lancefield group N
streptococci. Lactococcus lactis and Lactococcus gar-
vieae are known to cause infections in humans. However,
the motile Lactococcus-like organisms with Lancefield
group N antigen belong to the genus Vagococcus, which
resembles Enterococcus. Organisms previously classi-
fied as nutritionally deficient or satellite streptococci are
in the genera Abiotrophia and Granulicatella.

Although these organisms have low virulence, they can
cause infections in immunocompromised patients.
Infections usually occur following prolonged hospitaliza-
tion, invasive procedures, damage to tissues, entry of
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foreign bodies, and antimicrobial therapy. Aerococcus,
Abiotrophia, Gemella, Granulicatella, Pediococcus,
Globicatella, Lactococcus, Leuconostoc, and Weissella
have been isolated from patients with bacteremia and/or
endocarditis, while Helcococcus has been isolated from
wound cultures of the lower extremities, e.g., foot ulcers.
Abiotrophia and Granulicatella are recognized as agents
of endocarditis involving both native and prosthetic
valves. Weissella confusa, formerly classified as
Lactobacillus confusus, has been reported infrequently as
an agent of bacteremia and endocarditis. Vagococcus has
been isolated from blood, peritoneal fluid, and wounds.

Aerococcus urinae has been implicated in urinary
tract infections, primarily in the elderly, and can cause
lymphadenitis, endocarditis, and peritonitis. Aerococcus
sanguinicola and Aerococcus urinaehominis have also
been isolated from urine.

As expected, the Staphylococcus-like organisms appear
in pairs, tetrads, and clusters and the Streprococcus-like
bacteria are arranged in pairs and chains. However,
Gemella can appear Gram variable or Gram negative,
and Abiotrophia, along with Granulicatella, may form
coccobacilli in pairs and chains or may be pleomorphic if
grown on nutritionally deficient media. Microscopic
morphologic assessment should be made from cells
grown in a broth medium such as thioglycolate.

These organisms are facultative anaerobes with the
exception of Aerococcus viridans, which is microaero-
philic because it grows poorly or not at all under
anaerobic conditions. Most of these organisms grow well
on chocolate or blood agar and in thioglycolate broth;
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the exceptions are Abiotrophia and Granulicatella.
A test for satellitism is important for identification of
these two genera. The organism is inoculated for conflu-
ent growth onto sheep blood agar. A single cross streak
of Staphylococcus aureus (ATCC 25923) is applied to
the inoculated area. Following incubation at 35°C in
CO,, strains of Abiotrophia and Granulicatella grow
only in the area of staphylococcal growth. Alternatively,
media can be supplemented with pyridoxal, which can
be supplied in the form of a disk. Some strains of
Ignavigranum may also demonstrate satellitism.
Helcococcus grows slowly, requiring 48 to 72 h of incu-
bation before visible colonies can be detected. These
organisms grow best when incubated anaerobically, and
growth is stimulated by addition of 1% horse blood or
0.1% Tween 80 to the medium. Thayer-Martin medium
may be used for the selective isolation of pyrrolidonyl
aminopeptidase (pyrrolidonyl arylamidase [PYR])-nega-
tive, vancomycin-resistant Leuconostoc, Pediococcus,
and Weissella strains. Growth temperature characteris-
tics are also important in differentiating Lactococcus
from streptococci and enterococci. Lactococcus grows

at 10 and 35°C, streptococci grow at 35°C, although
some streptococci grow at 45°C, while enterococci grow
at all three temperatures.

A few key tests that aid in the identification of these
organisms include catalase production, esculin hydroly-
sis, growth in 6.5% NaCl, leucine aminopeptidase (LAP)
and PYR production, and vancomycin susceptibility
(Table 4-1). While most of these organisms are catalase
negative and PYR positive, A. viridans may have a weak
catalase-positive reaction, and Aerococcus, Pediococcus,
Leuconostoc, and some strains of Lactococcus are PYR
negative. LAP-negative genera include Dolosicoccus,
Globicatella, Helcococcus, and Leuconostoc. Two spe-
cies of Aerococcus, A. urinaehominis and A. viridans,
are also LAP negative.

Commercial identification kits and automated methods
are available, although their accuracy is limited. However,
they do provide phenotypic information which can be used
in combination with the basic tests described above and in
Table 4-1. Identification by sequence-based techniques
(16S rRNA) is more accurate than by the phenotypic meth-
ods for many of these infrequently isolated organisms.

Table 4-1 Identification of miscellaneous Gram-positive cocci that grow aerobically and have catalase-negative or weak reactions®

Organism Esculin hydrolysis
Abiotrophia \Y%
Aerococcus viridans® +
Aerococcus christensenii 0
Aerococcus sanguinicola +
Aerococcus urinae \%
Aerococcus urinaehominis +
Dolosicoccus 0
Dolosigranulum +
Facklamia 0
Gemella 0
Globicatella +
Granulicatella ND
Helcococcus +
Ignavigranum 0
Lactococcus +
Leuconostoc v
Pediococcus Vv
Vagococcus +
Weissella Vv

LAP

+ © O + + O© O +

+ O + 4+

o

+

+

0

PYR Growth in 6.5% NaCl VAN
+ 0 S
+ + S
0 + S
+ + S
0 + S
0 S
+ 0 S
+ + S
+ + S
+ 0 S

+ S
+ 0 S
+ \% S
+ + S
A% A% S
0 + R
0 A% R
+ \% S
0 + R

“LAP, leucine aminopeptidase production; PYR, pyrrolidonyl aminopeptidase (pyrrolidonyl arylamidase) production; VAN, vancomycin
susceptibility; +, positive; V, variable reaction; 0, negative; S, susceptible; R, resistant; ND, no data.

YRare strains may be weakly catalase positive.
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Figure 4-1 Gram stain of Aerococcus viridans from a
blood culture. Microscopically, Aerococcus strains
resemble staphylococci, appearing as Gram-positive
cocci measuring approximately 1.0 to 2.0 pm in diame-
ter. They are usually arranged in pairs, as shown here, or
in tetrads when grown in liquid media.
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Figure 4-3 Gram stain of Leuconostoc. Leuconostoc
cells are coccoid or coccobacillary with rounded ends,
measuring 0.5 to 0.7 pum by 0.7 to 1.2 pm, and can form
pairs and chains.

Figure 4-2 Gram stain of Gemella. Cells of Gemella can
be spherical or elongated, measuring 0.5 to 0.8 pm by
0.5 to 1.4 pm. However, G. haemolysans, originally clas-
sified as Neisseria species due to its Gram-variable or
Gram-negative nature, usually appears as diplococci
that occur in pairs with adjacent flattened sides.
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Figure 4-4 Gram stain of Abiotrophia. Microscopically,
Abiotrophia spp. are tiny cocci or coccobacilli, measur-
ing approximately 0.1 to 0.2 pm in diameter, arranged
in pairs and/or long chains.

Figure 4-5 Aerococcus urinae and Aerococcus viri-
dans on blood agar. Colonies of A. urinae (left) and
A. viridans (right) are similar: they are alpha-hemo-
lytic, measure 1.0 to 2.0 mm in diameter, and can
be confused on blood agar with those of the viri-
dans streptococci and, microscopically, with staph-
ylococci, as shown in Fig. 4-1. These organisms are
microaerophilic, and most strains do not grow
when incubated anaerobically, while others grow
poorly in air. Optimal growth occurs under reduced
oxygen tension.
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Figure 4-6 Production of PYR and LAP by Aerococcus urinae and Aerococcus
viridans. A. urinae and A. viridans can be differentiated based on PYR (left) and
LAP (right) reactions. A. viridans is PYR positive and LAP negative, as shown in
this figure, while A. urinae is PYR negative and LAP positive (not shown).
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Figure 4-7 Streptococcus bovis, Enterococcus faecalis,
and Aerococcus urinae on bile-esculin agar slants and in
6.5% NaCl broth. S. bovis (tubes on the left), E. faecalis
(tubes in the center), and A. urinae (tubes on the right)
may be differentiated based on their reactions on bile-
esculin agar and in 6.5% NaCl broth. As shown here,
S. bovis grows in the presence of 40% bile and hydrolyzes
esculin, as indicated by the blackening of the slant, but
does not grow in 6.5% NaCl, while E. faecalis is positive
in both media. A positive reaction in the 6.5% NaCl
broth is indicated by growth or turbidity and a color
change from purple to yellow. The reaction of A. urinae
on bile-esculin agar can vary. In this example, A. urinae
did not hydrolyze esculin; however, it did grow in the
6.5% NaCl broth.

l

Figure 4-8 Leuconostoc on blood agar. Colonies of
Leuconostoc spp. are alpha-hemolytic and small, meas-
uring 1.0 to 2.0 mm in diameter, and can be confused
with those of viridans group streptococci.
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Figure 4-9 Vancomycin-resistant Leuconostoc on blood
agar. Vancomycin resistance is used to differentiate
Leuconostoc spp. from the viridans streptococci. A
heavy inoculum of the organism is spread over blood
agar, and a 30-pg vancomycin disk is placed in the center
of the inoculum. The plate is incubated overnight at
35°C in CO,. Any zone of inhibition indicates
susceptibility, while resistant strains exhibit no zone of
inhibition, as shown in this figure. Other vancomycin-
resistant, catalase-negative, Gram-positive cocci include
Pediococcus  and  vancomycin-resistant strains  of
Enterococcus.

Figure 4-11 Gemella on blood agar. Colonies of
Gemella spp. are alpha-hemolytic and small, measuring
approximately 1.0 mm in diameter, and can be confused
with those of viridans group streptococci. Some strains
may be beta-hemolytic. The colonies are also similar to
those of A. viridans and Leuconostoc, although they are
slightly smaller and may grow more slowly.
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Figure 4-10 Gas production from glucose by
Leuconostoc. Gas production from the fermentation of
glucose is used to differentiate Leuconostoc spp. from
other vancomycin-resistant organisms. In this example,
Pediococcus was inoculated into the glucose broth on
the left and Leuconostoc was inoculated into the tube
on the right. No gas appears in the tube on the left, while
there is gas in the top half of the tube inoculated with
Leuconostoc. Weissella also produces gas and can be
confused with Leuconostoc. The difference is that
Leuconostoc is arginine negative, while Weissella hydro-
lyzes arginine.

Figure 4-12 Abiotrophia on chocolate agar. Colonies of
Abiotrophia are small, measuring 1.0 mm in diameter,
are either alpha-hemolytic or nonhemolytic, and can be
confused with those of viridans group streptococci.
Abiotrophia grows on chocolate agar, as shown here,
but does not grow on blood agar unless the medium is
supplemented with pyridoxal or an inoculum of
S. aureus, as shown in Fig. 4-13.
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Figure 4-13 Satellite growth of Abiotrophia on blood
agar. Colonies of Abiotrophia, formerly known as nutri-
tionally variant streptococci, form satellite growth
around a beta-hemolytic strain of S. aureus when grown
on a medium that otherwise fails to support its growth.
To perform this test, colonies of Abiotrophia are inocu-
lated over the surface of the medium and S. aureus is
then inoculated in a single streak, as shown here. After
incubation at 35°C in the presence of CO,, colonies of
Abiotrophia grow only in the area surrounding the
staphylococcal streak.

Figure 4-14 Satellite growth of Abiotrophia on blood
agar containing pyridoxal. An alternate method for
demonstrating satellitism by Abiotrophia involves sup-
plementing the medium with 0.001% pyridoxal. This
can be done by using an aqueous solution of pyridoxal
hydrochloride or applying a disk containing the reagent,
as shown here. Growth occurs only in the area sur-
rounding the disk into which pyridoxal has diffused.
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Coryneform Gram-Positive Bacilli

The organisms discussed in this chapter include aerobic,
Gram-positive, non-spore-forming, irregularly shaped
bacilli called coryneforms. The term “coryneform” is
derived from the Greek word coryne, meaning “club.”
Although the Corynebacterium spp. are the only true
club-shaped bacteria, the other genera may have irregular
morphologies as well. The more common such genera
include Corynebacterium, Arcanobacterium, Rothia, and
Gardnerella. The anaerobic coryneform Gram-positive
bacilli are discussed in chapter 29, including Actinomyces,
Actinobaculum, Bifidobacterium, and Propionibacterium
(Cutibacterium). There are several less frequently isolated
genera, and in general, they are usually acquired from the
environment or are part of the indigenous bacterial micro-
biota of humans. Their pathogenic potential appears to be
low. However, coryneform bacteria should be identified to
the species level if they are isolated from normally sterile
body sites, from adequately collected clinical material if
they are predominant organisms, or from urine if they are
isolated in pure culture at >10* CFU/ml or are the predomi-
nant organisms with a total count of 10° CFU/ml. The
clinical significance of these organisms is strengthened if
they are isolated from multiple specimens and if they are
observed on a direct Gram stain along with leukocytes.
Human infections with Corynebacterium spp. range from
community-acquired infections, such as conjunctivitis,
pharyngitis, genitourinary tract infections, and skin and
soft tissue infections, to health care-related infections,
such as cerebrospinal fluid shunt infections, pneumonia,
and orthopedic, intravenous catheter-related, postsurgical,
peritoneal dialysis-related, and urinary tract infections.
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The species most likely to be encountered in the clini-
cal laboratory are the opportunistic pathogens, along
with Corynebacterium diphtheriae, the causative agent of
diphtheria. However, Corynebacterium ulcerans and
Corynebacterium pseudotuberculosis may also harbor
the bacteriophage that carries the diphtheria fox gene and
may have the potential to produce diphtheria toxin. Some
of the more medically relevant organisms in the genus
Corynebacterium are Corynebacterium amycolatum,
Corynebacterium aurimucosum, Corynebacterium coyleae,
C. diphtheriae, Corynebacterium glucuronolyticum,
Corynebacterium jeikeium, Corynebacterium kroppen-
stedtii, Corynebacterium macginleyi, Corynebacterium
propinqguum, Corynebacterium pseudodiphtheriticum,
C. pseudotuberculosis, Corynebacterium  riegelii,
Corynebacterium resistens, Corynebacterium simulans,
Corynebacterium striatum, C. ulcerans, and Corynebac-
terium urealyticum.

The more common Corynebacterium spp. causing
infections in humans are C. jeikeium, C. striatum, and C.
urealyticum. C. jeikeium, one of the species most com-
monly isolated from clinical specimens, is known to cause
bacteremia and prosthetic valve endocarditis. Infections
are also seen in immunocompromised hosts with hemato-
logic and solid organ malignancies, indwelling medical
devices, and health care-related bacteremia and sepsis.
This species is often resistant to multiple antibiotics.
C. striatum, an emerging health care-related pathogen, is
associated with several infections in humans, including
prosthetic device endocarditis, sepsis and bacteremia
in immunocompromised patients, respiratory tract



infections, osteomyelitis, meningitis, and wound infec-
tions. It is also a multidrug-resistant pathogen causing
high mortality. C. urealyticum is usually isolated from
urine specimens with an alkaline pH and is associated
with struvite crystals known as alkaline-encrusted cystitis.
This organism is often resistant to multiple antibiotics.

Other coryneform bacteria of importance are
Arcanobacterium haemolyticum, Gardnerella vaginalis,
and Rothia dentocariosa. A. haemolyticum has been asso-
ciated with pharyngitis in older children, wound and soft
tissue infections, endocarditis, and osteomyelitis. G. vagi-
nalis is part of the anorectal microbiota of humans as well
as the vaginal microbiota of women and is one of the
organisms associated with bacterial vaginosis. R. dento-
cariosa is part of the normal microbiota of the oropharyn-
geal cavity of humans and has been associated with dental
caries and periodontal disease, as well as with endocarditis
and pneumonia in immunodeficient hosts.

Other medically relevant coryneform bacteria are
Arthrobacter, Brevibacterium spp., Cellulomonas spp.,
Cellulosimicrobium  spp., Dermabacter — hominis,
Microbacterium spp., Rothia mucilaginosa, Trueperella
bernardiae, Trueperella pyogenes, and Turicella otitidis.
Clinical infections and characteristics of the aerobic
coryneform bacteria are described in Table 5-1.
Microscopically, the coryneform bacteria vary in shape
and size, ranging from coccoid forms approximately 0.5
to 2 pm in diameter to definite rod forms up to 6 pm long.
They often stain unevenly with the Gram stain. The
arrangement of cells is characteristic of the corynebacte-
ria. They have been described as V forms and bacilli in a
parallel or palisade formation, and some may also branch.

With few exceptions, the frequently isolated, medi-
cally relevant coryneform bacteria grow at 37°C within
48 h in a CO,-enriched atmosphere. Broth media should
be incubated for 5 days. Slow-growing Corynebacterium
spp. can cause urinary tract infections, and therefore, for
symptomatic patients (e.g., the elderly and those with
urinary catheters or with struvite crystals), the urine cul-
ture should be held for 48 h.

A variety of carbohydrates and other tests can be used
to identify the various corynebacteria (Table 5-2). Some
important tests for identification include those for cata-
lase, oxidation-fermentation in cystine Trypticase agar
medium, motility, nitrate reduction, esculin production,
urea hydrolysis, and acid production from glucose, malt-
ose, sucrose, mannitol, and xylose. API Coryne (bioMé-
rieux, Inc., Durham, NC) and RapID CB Plus (Thermo
Scientific, Remel Products, Lenexa, KS) are two examples
of commercial systems for the identification of the
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coryneform bacteria. Although these phenotypic tests
may identify many of the coryneform bacteria accurately,
it may be necessary to use other tests, such as matrix-
assisted laser desorption ionization-time of flight mass
spectroscopy (MALDI-TOF MS) and, in some cases,
molecular assays, e.g., 16S rRNA gene sequencing.

C. diphtheriae is the most pathogenic of the
corynebacteria. The diagnosis is usually based on clini-
cal symptoms followed by culture confirmation. The
preferred specimen is a nasopharyngeal swab. It is
important to inoculate blood agar when suspected cases
of diphtheria are being investigated, although it is diffi-
cult to distinguish C. diphtheriae from other corynebac-
teria. Although corynebacteria grow on blood agar, a
selective medium, such as tellurite medium (Tinsdale or
cystine-tellurite blood agar), should be inoculated if C.
diphtheriae is suspected. C. diphtheriae can easily be
distinguished from other corynebacteria on tellurite-
containing agar by the brown halo surrounding the
black colonies, an important differentiating characteris-
tic. However, if the strain is sensitive to potassium tel-
lurite, it may not grow on tellurite-containing medium
but will grow on blood agar. Even though Loeffler’s
serum medium is no longer recommended for primary
plating because many organisms grow on it and it is dif-
ficult to distinguish the corynebacteria, it is the preferred
medium to demonstrate the presence of metachromatic
granules, which are characteristic of C. diphtbheriae.

The toxigenicity test is an important method to deter-
mine the pathogenicity of C. diphtheriae. The in vitro
diphtheria antitoxin test, also known as the modified
Elek method, is useful and is usually performed by refer-
ence laboratories. Commercially available antitoxins
applied to blank filter paper disks at 10 IU/disk have
been successfully used with the modified Elek test, and
precipitin lines can be read as early as 24 h. With the
development of PCR-based methods for detection of the
diphtheria toxin gene (fox), another option is to initiate
a real-time PCR-based test for fox gene detection when-
ever an identification method is positive for C. diphthe-
riae, C. pseudotuberculosis, or C. ulcerans. This test is
usually performed by reference laboratories. PCR-posi-
tive results should be followed by Elek testing.

Since other corynebacteria cause infections in humans,
Corynebacterium spp. other than C. diphtheriae should
be considered probable pathogens. They should be identi-
fied to the species level if they are isolated from adequately
collected specimens obtained from normally sterile sites,
if multiple specimens are positive, or if they appear in the
direct Gram stain with leukocytes.



38

Color Atlas of Medical Bacteriology

Table 5-1 Clinical infections and characteristics of coryneform bacteria®

Species

Clinical source and types of

infections

Characteristics

Corynebacterium species

C. amycolatum

C. aurimucosum

C. coyleae

C. diphtheriae

C. glucuronolyticum

C. jeikeium

C. kroppenstedtii

C. macginleyi

C. propinquum

C. pseudodiphtheriticum

C. pseudotuberculosis

Normal microbiota of the skin;
bacteremia, wound infections,
urinary and respiratory tract
infections, foreign body-
mediated infections

Sterile body fluids, female
genitourinary tract; prosthetic
joint infections, urinary tract
infections

Blood, sterile body fluids,
abscesses, urogenital tract

Respiratory tract and skin;
endocarditis among the
homeless, alcohol and drug
abusers

Prostate and urogenital tracts of
symptomatic males;
granulomatous mastitis in
males, blood infection

Bacteremia, endocarditis;
prosthetic devices, heart valve,
bone marrow, bile, wounds;
urinary tract infections

Lower respiratory tract; infects
patients with pulmonary
disease; granulomatous
mastitis in women of
reproductive age

Primarily eye infections;
bacteremia, endocarditis, sepsis,
prosthetic device infections,
ventilator-associated
pneumonia, infections of
surgical sites and heart valves

Endocarditis, keratitis,
pneumonia

Normally present in the
oropharynx; causes
pneumonia, endocarditis, skin
ulcers, urinary tract infections,
and wound infections

Caseous lymphadenitis in sheep
and goats; human infections
result from handling or
consuming meat of infected
animals

Colonies are 1-2 mm in diameter, dry, waxy, and grayish white
with irregular edges after 24 h of incubation; can be
misidentified as C. striatum or C. xerosis because of their
variable biochemical reactions

Colonies may appear slightly yellow and sticky on 5% sheep
blood agar but colorless on Trypticase soy agar without
blood; some strains may exhibit a grayish black pigment, not
seen with other corynebacteria; the colonial morphology of
C. minutissimum is similar to that of C. aurimucosum and the
two species are difficult to distinguish by MALDI-TOF MS
and 16S rRNA gene sequencing.

Colonies are 1 mm in diameter, whitish, creamy, sticky, and
glistening after 24 h of incubation; has a strong positive
CAMP reaction; ferments sugars slowly

Four C. diphtheriae biotypes: belfanti, gravis, intermedium, and
mitis; colonies vary based on the biotype; on selective media
enhanced with tellurite, e.g., freshly prepared Tinsdale agar,
colonies appear black with a black halo, a characteristic of

C. diphtheriae.

Colonies are 1.0-1.5 mm in diameter, whitish-yellow, convex,
and creamy at 24 h; rapid urea positive (5 min) if urease is
present; CAMP positive; one of few Corynebacterium spp.
exhibiting p-glucuronidase activity

Strict aerobe with tiny grayish-white colonies; can be slow
growing, requiring 48 h of incubation; lipophilic; growth is
enhanced when blood agar is supplemented with Tween 80;
oxidizes glucose and sometimes maltose

Colonies are small (0.5 mm) in diameter, grayish, translucent,
and slightly dry after 24 h of incubation at 37°C; one of few
Corynebacterium spp. that hydrolyze esculin

Lipophilic; unlike most other coryneform bacteria, ferments
mannitol

Colonies are 1-2 mm in diameter, white, and dry with entire
edges after 24 h of incubation; biochemical reactions are
similar to those of C. pseudodiphtheriticum; both are nitrate
positive; however, C. propinquum is urease variable and
C. pseudodiphtheriticum is urease positive.

Colonies are similar to those of C. propinquum as described
above; C. pseudodiphtheriticum and C. propinquum have
>99% identity to each other by 16S rRNA gene sequencing, and
therefore, it is difficult to differentiate them by biochemical tests
unless the urease is negative for C. propinquum.

Colonies are 1 mm in diameter, yellowish white, opaque, and
convex after 24 h of incubation; C. pseudotuberculosis is
closely related to C. ulcerans; positive urea test, reverse
CAMP reaction; may possess the diphtheria tox gene
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Species

Clinical source and types of

infections
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Characteristics

C. resistens

C. riegelii

C. simulans

C. striatum

C. ulcerans

C. urealyticum

Other coryneform bacteria

Arcanobacterium
haemolyticum

Arthrobacter and
Arthrobacter-like
genera

Brevibacterium spp.

Cellulomonas spp.

Cellulosimicrobium
spp-

Dermabacter hominis

Bacteremia

Blood and cord blood; urinary
tract infections and urosepsis

Blood, bile; foot abscesses,
lymph node infections, skin
boils

Sterile body fluids, tissue,
prosthetic devices

Toxigenic strains associated with
respiratory diphtheria;
cutaneous infections may be
linked to pet infections like
C. pseudotuberculosis

Urinary tract infections,
especially urine with an
alkaline pH

Pharyngitis in teens and young
adults, bacteremia,
endocarditis, wound and
tissue infections

Bacteremia, endocarditis, foreign
body infections, urinary tract
infections

Normal microbiota of human skin;
also found in food, the
environment, and animals;
bacteremia, endocarditis, foreign
body-related infection,
peritonitis, urinary tract infection

Bacteremia, cholecystitis,
endocarditis, pilonidal cyst

Bacteremia, septic arthritis,
foreign body-related infections

Normal microbiota of the skin;
bacteremia; ocular, skin, and
wound infections; abscesses,
osteomyelitis, and peritonitis

Colonies are grayish white and glistening, with entire edges;
lipophilic organism; pyrazinamidase negative; grows slowly
under anaerobic conditions

Colonies are 1.5 mm in diameter, white, glistening, and convex,
although some strains may appear creamy and sticky after 48
h of incubation; urea positive; like C. urealyticum, it
hydrolyzes urea with 5 min of incubation at room
temperature; unlike other corynebacteria, it ferments lactose
slowly, but not glucose.

Colonies are 1-2 mm in diameter, grayish white, glistening, and
creamys; it is the only Corynebacterium sp. that reduces nitrate
and nitrite.

Colonies are 1.0-1.5 mm in diameter, shiny, creamy, and moist
with entire edges after 24 h of incubation; fermentative;
CAMP reaction is weak.

Colonies are 1-2 mm in diameter, grayish white, and dry with
some hemolysis; differentiated from C. diphtheriae by a
positive urease reaction and a reverse CAMP reaction and
from C. pseudotuberculosis biochemically

Colonies are small, pinpoint, and whitish gray, similar to other
lipophilic corynebacteria; strict aerobe; strong urease reaction
and a reverse CAMP reaction

Colonies are small (<0.5 mm) in diameter, white, and
beta-hemolytic after 48 h of incubation in CO,; belongs to
the family Actinomycetaceae along with Trueperella
bernardiae and Trueperella pyogenes; a positive reverse
CAMP test confirms the identification of this catalase-
negative, nonmotile, fermentative coryneform organism.

Colonies are 2 mm in diameter, whitish-gray or yellow, and
creamy; can be sticky after 24 h incubation; may be motile; may
require assimilation media to oxidize carbohydrates since they
do not react in routine testing, e.g., API Coryne panel; definitive
identification to the species level may require molecular testing.

Colonies are 22 mm in diameter, white to yellow, convex, and
creamy after 24 h of incubation; microscopically they appear
as short bacilli, which may appear as coccoid when Gram
stained from >3-day-old cultures; catalase positive, oxidative,
and nonmotile and grow in 6.5% NaCl

Colonies are 0.5 to 1.5 mm in diameter, whitish, convex, and
creamy after 24 h of incubation; however, they appear
yellowish after 7 days; microscopically they appear as small,
thin, Gram-positive bacilli.

Colonies are 1 to 5 mm in diameter and yellowish and may pit
the agar after 24 h incubation; molecular tests are required
for definitive identification.

Colonies are 1 to 1.5 mm in diameter, whitish, convex, and
creamy or sticky after 48 h of incubation; microscopically
they appear coccobacillary or coccoid on Gram staining;
catalase positive, oxidase negative, nonmotile, and
fermentative; the only catalase-positive coryneform that is
able to decarboxylate lysine and ornithine

(continued)
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Table 5-1 (Continued)

Species

Clinical source and types of

infections

Characteristics

Gardnerella vaginalis

Microbacterium spp.

Rothia dentocariosa

Trueperella bernardiae

Trueperella pyogenes

Turicella otitidis

Part of anorectal microbiota of
humans; may be recovered
from healthy women with
vaginal pH between 6 and 7;
most commonly causes
bacterial vaginosis; also
associated with bacteremia,
endometritis, postpartum
sepsis, urinary incontinence,
and wound infections

Bacteremia, foreign body and
wound infections

Normal microbiota of
oropharyngeal cavity;
associated with dental caries
and periodontal disease,
endocarditis, bacteremia,
respiratory tract and
urogenital tract infections

Abscess, bacteremia, necrotizing
fasciitis

Abscesses and wound and tissue
infections

Ear infections, auricular abscess,
mastoiditis, bacteremia

No phylogenetic relationship to the corynebacteria; routine
cultures alone not recommended; if culture is requested,
inoculate vaginalis agar (V agar) or bilayer Tween agar
with human blood (HBT agar); colonies are tiny, usually
beta-hemolytic after 48 h of incubation at 37°C in CO,;
microscopically, Gram-variable bacilli or coccobacilli
are observed; smear of vaginal discharge showing “clue cells”
is suggestive of bacterial vaginosis; catalase and oxidase
negative; sodium hippurate hydrolysis positive; acid
production from glucose, maltose, and sucrose (variable)

Colonies are opaque and glistening, often yellow to orange, but
whitish yellow to red-orange when grown on yeast extract or
milk agar after 48 to 72 h of incubation at 35°C;
microscopically they appear as slender, irregular Gram-
positive bacilli in singles, pairs, and V formations.

Colonies are 1-2 mm in diameter, whitish, raised, and smooth
and may have a spoke-wheel form when grown on blood agar
after 48 h of incubation in CO,; some strains may have a
grayish-black pigment; microscopically it appears as
pleomorphic, Gram-positive, coccoid to rod-shaped organisms
that can form branches.

Colonies are small (<0.5 mm) in diameter, white, and
beta-hemolytic and may appear creamy or sticky after 48 h
of incubation in CO,; Gram-positive bacilli without
branching compared to Trueperella pyogenes; produces acid
faster from maltose than from glucose; ferments glycogen

Colonies are 1 mm in diameter and beta-hemolytic after 48 h of
incubation in CO,; may appear as branching Gram-positive
bacilli; belongs to the family Actinomycetaceae along with
Arcanobacterium haemolyticum and Trueperella bernardiae
and can be distinguished from them by its ability to ferment
xylose.

Colonies are 1 to 1.5 mm in diameter, whitish, creamy, and
convex with entire edges after 48 h incubation; appear as long
Gram-positive bacilli in Gram stains

“Refer to Table 5-2 for biochemical reactions.
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Table 5-2 Identification of most frequently reported coryneform bacteria causing infections in humans®

Oxidation or

Species Catalase Nitrate Urease fermentation Glucose Maltose Sucrose Mannitol Xylose

Corynebacterium species

C. amycolatum + \Y% \Y% F + \Y% A% 0 0
C. aurimucosum + 0 0 F + + + 0 0
C. coyleae + 0 0 F (+) 0 0 0 0
C. diphtheriae + + 0 F + + 0 0 0
C. glucuronolyticum + \Y% \Y% F + \Y% + 0 \Y%
C. jeikeium + 0 0 (0):¢ + \Y% 0 0 0
C. kroppenstedtii + 0 0 F + \Y% + 0 0
C. macginleyi + + 0 F + 0 + \Y% 0
C. propinquum + + \% OoX 0 0 0 0 0
C. pseudodiphtheriticum + + + OX 0 0 0 0 0
C. pseudotuberculosis + \Y% + F + + \Y% 0 0
C. riegelii + 0 + F 0 (+) 0 0 0
C. resistens + 0 0 F + 0 0 0 0
C. simulans + + 0 F + 0 + 0 0
C. striatum + + 0 F + 0 A% 0 0
C. tuberculostearicum + \Y% 0 F + \Y% \Y% 0 0
C. ulcerans + 0 + F + 0 0 0
C. urealyticum + 0 + OX 0 0 0 0 0
Other coryneform bacteria

Arcanobacterium haemolyticum 0 0 0 F + + \Y% 0 0
Arthrobacter, Arthrobacter-like spp. + \Y% \Y% OX A% \Y% \Y% 0 0
Brevibacterium spp. + \Y% 0 OX A% \Y% \Y% 0 0
Cellulomonas spp. + + 0 F + + + \% +
Cellulosimicrobium spp. + \Y% \Y% F + + + 0 +
Dermabacter hominis + 0 0 F + + + 0 \Y%
Gardnerella vaginalis 0 0 0 F + + \Y% 0 0
Microbacterium spp. A% \Y% \Y% F/OX + + \Y% \Y% A%
Rothia dentocariosa \Y% + 0 F + + + 0 0
Trueperella bernardiae 0 0 0 F + + 0 0 0
Trueperella pyogenes 0 0 0 F + \Y% v

Turicella otitidis + 0 0 OX 0 0 0 0

g5

a4, positive reaction (290% positive); V, variable reaction (11 to 89% positive); 0, negative reaction (<10% positive); F, fermentation; OX,

oxidation; parentheses indicate a delayed or weak reaction.
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Figure 5-1 Gram stain of Corynebacterium spp. The
small, Gram-positive bacilli, 1 by 3 pm in size, appear in
palisade, V, and L forms. This arrangement is the result
of a type of cell division referred to as “snapping,” which
causes the cells to arrange themselves in both parallel
and perpendicular formations.
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Figure 5-2 Gram stain of Corynebacterium diphthe-
riae. C. diphtheriae appears similar to other
Corynebacterium spp. on Gram staining. The arrange-
ment of these small, Gram-positive bacilli, 1 by 3 pm in
size, resembles that shown in Fig. 5-1. Another recom-
mended stain is methylene blue. However, although
metachromatic granules are in cells of C. diphtheriae
when grown on Loeffler’s medium and stained with
methylene blue, these granules can occur in the cells of
other corynebacteria.

Figure 5-3 Corynebacterium diphtheriae on blood agar
and colistin-nalidixic acid blood agar (CNA). C. diph-
theriae grows well as nonhemolytic, whitish, opaque
colonies after overnight incubation on blood agar under
5 to 10% CO,. Although blood agar is a primary isola-
tion medium, CNA is recommended as a selective
medium for the isolation of C. diphtheriae and other
corynebacteria if tellurite medium is not available. Here,
C. diphtheriae cells are shown on blood agar (left) and
CNA (right). If CNA is used as the selective medium for
the isolation of C. diphtheriae, several colonies should
be picked for stains and biochemical tests, because other
organisms can also grow on this medium.

Figure 5-4 Corynebacterium diphtheriae on blood agar
with a 200-pg fosfomycin disk. Corynebacteria, includ-
ing C. diphtheriae, are highly resistant to fosfomycin
(>50 pg); therefore, a blood agar-based medium con-
taining up to 100 pg of fosfomycin/ml can serve as a
selective medium for the isolation of most corynebacte-
ria. Alternatively, a fosfomycin disk can be placed on a
blood agar plate. In this example, C. diphtheriae growth
is not inhibited by 200 pg of fosfomycin.



Figure 5-5 Corynebacterium diphtheriae on tellurite
agar. Primary plating media for C. diphtheriae should
include a blood agar plate and a selective medium, pref-
erably containing potassium tellurite. On the selective
tellurite medium, C. diphtheriae colonies have a gun-
metal, gray-black appearance, as shown, while other
corynebacteria grow but most do not reduce tellurite.
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Figure 5-6 Corynebacterium diphtheriae on Loeffler’s serum agar slant.
Loeffler’s serum agar slant is no longer recommended as a primary plating
medium for the isolation of C. diphtheriae because of the overgrowth of
other bacteria. On Loeffler’s medium, there is no characteristic appear-
ance to distinguish the corynebacteria from other aerobic, Gram-positive
bacilli. However, it is important to inoculate suspected colonies of
C. diphtheriae onto this medium to check for metachromatic granules,

which are detected by staining with methylene blue.

Figure 5-7 Methylene blue stain showing metachro-
maticgranules. C.diphtheriaeand other Corynebacterium
spp. produce metachromatic granules (polar bodies)
when grown on Loeffler’s serum agar. These granules,
also known as volutin granules, are an accumulation of
inorganic polyphosphates. Methylene blue imparts a
deeper blue or red hue to the metachromatic granules of
C. diphtheriae. These are demonstrated microscopically
here.
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Figure 5-8 Corynebacterium diphtheriae identified by the API Coryne system. The API
Coryne (bioMérieux, Inc., Durham, NC) is a commercial test system that is designed for the
identification of Corynebacterium spp. and related bacteria. It consists of 20 dehydrated
substrates for the demonstration of enzymatic activity or the fermentation of carbohydrates.
Following inoculation, the strip is incubated at 35 to 37°C for 24 h. Positive reactions, indi-
cated by the arrows, are indicated by a color change. In this example, from left to right,
positive reactions occur in nitrate (NIT), a-glucosidase (aGLU), glucose (GLU), ribose (RIB),
and maltose (MAL). A catalase test was positive for this isolate. This combination of test
reactions confirmed the identification of C. diphtheriae.

Figure 5-9 Corynebacterium jeikeium on blood agar
with Tween 80. C. jeikeium is a lipophilic Coryne-
bacterium species, and its growth is enhanced by the
addition of 0.1 to 1.0% Tween 80. In this case, Tween
80 was added to the blood agar plate. This image dem-
onstrates the enhanced growth on the area of the plate
where the Tween 80 was added.
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Figure 5-10 Corynebacterium jeikeium identified by
the RapID CB Plus system. The RapID CB Plus system
(Thermo Scientific, Remel Products, Lenexa, KS) is a
micromethod employing an 18-well system with con-
ventional and chromogenic substrates for the identifica-
tion of medically important corynebacteria and related
organisms. Inoculated panels are incubated for 4 to 6 h
at 35 to 37°C in an atmosphere without CO,. Reagents
are added, and the results are interpreted as specified by
the manufacturer. For the first 11 wells, a yellow or yel-
low-orange color is interpreted as positive; for the
remaining wells, purple, red, or pink colors indicate a
positive reaction. In this example, glucose (GLU), ribose
(RIB), p-nitrophenyl phosphate (PHS), fatty acid ester
(EST), tryptophan-p-naphthylamide (TRY), leucyl-
glycine-p-naphthylamide (LGLY), and leucine-p-naphth-
ylamide (LEU) are positive, as indicated by the arrows.
These reactions are consistent with C. jeikeium.
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Figure 5-11 Corynebacterium pseudodiph-
theriticum identified by the API Coryne sys-
tem. Reactions are interpreted as described in _
the legend to Fig. 5-8. In this example, nitrate elﬁr [ L § A A e e
(NIT), pyrazinamidase (PYZ), and urease i ‘-;"h | ﬂm‘i
(URE) are positive, as indicated by the L O T P U PO et ) Sttt ooyttt
arrows. The catalase test was also positive for ‘II

waplcomme

this organism. These reactions confirm the
identification of C. pseudodiphtheriticum.
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Figure 5-12 Corynebacterium pseudodiphtheriticum Figure 5-13 Corynebacterium urealyticum on blood agar.
on blood agar. Colonies of C. pseudodiphtheriticum Colonies of C. urealyticum are pinpoint to small (approx-
are white and slightly dry with entire edges and meas- imately 0.5 to 1 mm in diameter), convex, smooth, and
ure approximately 2 mm in diameter after 48 h of whitish-grayish on blood agar. Like C. jeikeium, C. urea-
incubation. Iyticum is a lipophilic species; therefore, growth is

enhanced when it is grown in the presence of Tween 80.
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Figure 5-14 Corynebacterium urealyticum on a urea agar slant.
C. urealyticum hydrolyzes urea very quickly when inoculated onto a
urea agar slant. This results in a pink color throughout the medium.
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Figure 5-15 Corynebacterium xerosis on blood agar.
Colonies of C. xerosis on blood agar are small to
medium in size (1 to 3 mm in diameter), dry, pale yel-
low, and granular.

Figure 5-16 Arcanobacterium haemolyticum on
blood agar. Colonies of A. haemolyticum are small
(<0.5 to 1 mm in diameter) and beta-hemolytic on
blood agar when incubated for 48 h at 35 to 37°C
under CO.,. The colonies can be either smooth or rough.
In generalz, the smooth form, shown here, is isolated
from wound specimens and the rough form is isolated
from respiratory specimens. Colonies of Trueperella
pyogenes have a similar appearance.

Figure 5-17 Gram stain of Trueperella pyogenes. This
Gram stain of T. pyogenes was prepared from a peri-
tonsillar abscess. These Gram-positive bacilli are
longer than corynebacteria, measuring up to 6 pm in
length. Both V formation and branching can be seen;
both are characteristics of this organism.
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Figure 5-18 Gram stain of Gardnerella vaginalis. G.
vaginalis appears as thin, Gram-variable bacilli and coc-
cobacilli, as shown here. Because of the variable Gram
reaction, this organism was previously included in the
genera Corynebacterium and Haemophilus.

-

Figure 5-20 Colonies of Gardnerella vaginalis on blood
agar and vaginalis agar (V agar). Shown here are colo-
nies of G. vaginalis growing on 5% blood agar (left) and
V agar (right). V agar is a nonselective enriched medium
containing human blood that supports the isolation and
beta-hemolytic reaction of G. vaginalis. Colonies grow-
ing on 5% sheep blood agar are barely visible after incu-
bation for 48 h at 37°C in an atmosphere of 5 to 7%
CO,, while colonies grown on V agar with 5% human
blood are opaque, measuring 1 mm in diameter, and sur-
rounded by zones of beta-hemolysis.
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Figure 5-19 Gram stain of a clue cell. A clue cell is an
epithelial cell covered with mixed bacteria collected
from a vaginal discharge of a patient with bacterial vagi-
nosis. The typical smear, as seen in the figure, shows the
clue cell (epithelial cell) covered with small, Gram-
variable bacilli and coccobacilli.

Figure 5-21 Reverse CAMP (inhibition) test for
Arcanobacterium haemolyticun. The CAMP inhibition
test determines whether the test organism inhibits the effect
of Staphylococcus aureus p-hemolysin on sheep red blood
cells. In this image, a strain of S. aureus was inoculated
onto a sheep blood agar plate, and two streaks of the test
organism, A. haemolyticum, were inoculated vertically, but
not touching the S. aureus streak. Following overnight
incubation at 37°C, a p-hemolysin inhibition zone in the
form of a triangle is observed. The other coryneform
Gram-positive bacilli that produce a similar reaction are
C. pseudotuberculosis and C. ulcerans. This reaction dif-
fers from a positive CAMP test, which is characterized by
an arrowhead-shaped zone of complete hemolysis in the
area where the staphylococcal p-hemolysin and the CAMP
factor have diffused (not shown here).
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Listeria and Erysipelothrix

The genus Listeria includes several species; however,
only Listeria monocytogenes and Listeria ivanovii are
pathogenic to humans and animals. Listeria innocua, the
species most frequently isolated from foods, is not a
human pathogen. These organisms can be isolated from
soil, water, and vegetation. The term Listeria sensu stricto
was proposed to include L. monocytogenes, L. ivanovii,
Listeria marthii, L. innocua, Listeria welshimeri, and
Listeria seeligeri. Other species, such as Listeria grayi,
are classified as Listeria sensu lato. The latter group is
distinguished by its ability to reduce nitrate to nitrite and
by its lack of motility (except for L. grayi).

L. monocytogenes causes infections mainly during
the summer months in pregnant women, newborns,
patients with compromised cell-mediated immunity
(such as individuals with AIDS, lymphomas, and trans-
plants), and elderly persons. High mortality rates can
occur in pregnant and immunocompromised patients.
During gestation, L. monocytogenes can lead to amnio-
nitis and infection of the fetus, which can result in termi-
nation of the pregnancy. In newborns, early- and
late-onset of disseminated clinical symptoms can occur
as a result of intrauterine infection or contamination of
environmental sources such as milk products. Neonates
suffering from fetomaternal listeriosis may develop
granulomatosis infantiseptica with formation of
pyogenic granulomas over the whole body. Both epi-
demics and sporadic cases have been described. Food,
particularly dairy products and meat, is the most
common vehicle of transmission. In addition to septice-
mia, infections of the central nervous system, including
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meningitis and encephalitis, are the most frequent clini-
cal presentations. L. ivanovii is mainly a pathogen of
ruminants, but human systemic infections can occur,
particularly in patients with HIV-1.

Blood, amniotic fluid, and cerebrospinal fluid (CSF)
are frequently submitted for detection of L. monocy-
togenes. Cultures of specimens from nonsterile sites,
such as the vagina or stool, are often not diagnostically
useful, since approximately 1 to 5% of healthy individu-
als are colonized. However, for studies of carriage, stool
specimens rather than rectal swabs are preferred for
isolating this organism from the gastrointestinal tract.
Although L. monocytogenes grows well on blood and
chocolate agars, cold enrichment, performed by storing
the specimen in the refrigerator for several days,
decreases contamination with rapidly growing bacteria
and enhances recovery when specimens are plated from
nonsterile sites. Selective media for culturing Listeria
spp. include lithium chloride-phenylethanol-moxalac-
tam and PALCAM agars. PALCAM is a highly selective
medium due to the inclusion of polymyxin B, acriflavine
hydrochloride, lithium chloride, ceftazidime and esculin-
mannitol. Chromogenic media for the selective isolation
of Listeria spp. are commercially available.

L. monocytogenes is an aerobic, non-spore-forming,
short (0.4 to 0.5 pm by 0.5 to 2 pm), Gram-positive
bacillus, or coccobacillus, with rounded ends, occurring
singly or in short chains. In CSF, the organism may be
intracellular or extracellular, and it can be confused with
Enterococcus spp. or Streptococcus pneumoniae if the

cells are coccoid and arranged in pairs. L.



monocytogenes may also have a pleomorphic palisade
structure resembling that of Corynebacterium. If the
Gram stain is overdecolorized, this organism can also be
confused with Haemophilus.

Identification of L. monocytogenes from clinical speci-
mens is based on Gram stain morphology, a narrow zone
of beta-hemolysis on blood agar, tumbling motility, esculin
hydrolysis, positive catalase reaction, positive hippurate
reaction, negative reaction for H,S, acid production from
D-glucose, and positive Voges-Proskauer and methyl red
reactions. L. ivanovii produces large zones of beta-hemoly-
sis, while L. innocua is nonhemolytic. A pathogenicity
island clusters the virulence genes coding for internalin
A and B and listeriolysin. Molecular techniques, including
whole-genome sequencing and matrix-assisted laser
desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS), are available for the identification
and epidemiological characterization of Listeria spp.
Commercially available meningitis and encephalitis molec-
ular tests can detect L. monocytogenes in CSF in 1 hour.

Four  species,  Erysipelothrix  rhusiopathiae,
Erysipelothrix tonsillarum, Erysipelothrix inopinata,
and Erysipelothrix larvae, are included in the genus
Erysipelothrix. Only E. rhusiopathiae is known to be a
human pathogen. E. rhusiopathiae is carried by a variety
of animals and occasionally causes a human cutaneous
infection called erysipeloid, which is localized on the
hands. This lesion is acquired as a result of skin abra-
sion, injury, or bites from infected animals, particularly
domestic swine and fish. Therefore, veterinarians,
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butchers, and fish handlers are frequently affected.
Generalized cutaneous infections are rare. The infection
can disseminate in immunocompromised patients,
resulting in bacteremia and endocarditis.

E. rhusiopathiae is a Gram-positive, nonsporulating,
thin, short (0.2 to 0.4 pm by 0.8 to 2.5 pm) bacillus with
rounded ends; it is usually found singly or in short
chains but has a tendency to form slender, long filaments
up to 60 pm in length.

Clinical specimens, such as tissues and biopsy sam-
ples, can be plated on blood or chocolate blood agar.
Specimens plated on tryptic soy, Schaedler, or thioglyco-
late broth should be incubated at 35 or 37°C, aerobi-
cally, or in 5% CO,, for 7 days. Blood from patients with
sepsis can be inoculated into commercial blood culture
systems or into nutrient broth with 1% glucose, incu-
bated at 35°C under 5% CO,, and subcultured daily.

Erysipelothrix spp. are catalase and oxidase nega-
tive, do not hydrolyze esculin, and are methyl red and
Voges-Proskauer negative. These organisms do not pro-
duce indole or hydrolyze urea, but they produce H,S in
triple sugar iron agar. This last characteristic helps to
differentiate members of this genus from Lactobacillus,
Listeria, Brochothrix, and Kurthia. In addition,
Erysipelothrix does not grow at 4°C, while Listeria can
grow at low temperatures. Sucrose can be used to dif-
ferentiate two species of Erysipelothrix: E. rbusi-
opathiae is sucrose negative, whereas E. tonsillarum is
positive. Typing of Erysipelothrix can be performed
using molecular techniques.

B

Figure 6-1 Gram stain of Listeria monocytogenes. (A) A Gram stain shows the typical morphology of
L. monocytogenes, consisting of single or short chains of small, Gram-positive bacilli. (B) Older cultures often
appear Gram variable with a coccoid morphology that can also occur in clinical specimens such as CSE, as
shown here. In this particular case, it is very important to differentiate L. monocytogenes from S. pneumoniae.
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Figure 6-2 Listeria spp. on blood agar. (A) Front light; (B) back light. The colonies of L. monocytogenes
(top) are small, translucent, or gray with a narrow zone of beta-hemolysis and can easily be confused with
group B streptococci. Hemolysis is important for differentiating between L. monocytogenes and the other
two species of Listeria that are beta-hemolytic: L. monocytogenes and L. seeligeri produce zones of hemol-
ysis that frequently do not extend beyond the edge of the colony, while L. ivanovii (bottom right) produces
large zones of hemolysis. Thus, in the case of L. monocytogenes and L. seeligeri, removal of the colony may
be required to observe the hemolysis. L. innocua (bottom left), on the other hand, is nonhemolytic.

Figure 6-3 Listeria monocytogenes on chromogenic
media. Phosphatidylinositol-specific phospholipase
C is an enzyme produced only by L. monocytogenes
and L. jvanovii. Chromogenic substrates are incor-
porated into the plating medium to allow the rapid
identification of colonies by a characteristic color.
On BD CHROMagar Listeria (BD Diagnostic
Systems, Franklin Lakes, NJ), L. monocytogenes and
L. ivanovii produce blue-green colonies surrounded
by an opaque, white halo; however, the colonies of
L. ivanovii are smaller (top left, front light; bottom
right, back light).

Figure 6-4 Motility of Listeria monocytogenes on semisolid medium. In a
tube of semisolid medium incubated overnight at room temperature,
L. monocytogenes develops a typical umbrella-shaped pattern as a result
of its motility (shown here), whereas when it is incubated at 37°C, this
pattern does not occur. The end-over-end tumbling motility can be
observed under a microscope after incubation for 1 to 2 h in nutrient
broth at room temperature (not shown).




Figure 6-5 The CAMP test. The CAMP test is used to differenti-
ate between species of Listeria. Here, Staphylococcus aureus and
Rhodococcus equi were streaked in one direction on a blood
agar plate and test cultures of the Listeria spp. were streaked at
right angles to the S. aureus and R. equi streaks but without
touching the streaks. L. monocytogenes and L. seeligeri hemoly-
sis is enhanced in proximity to S. aureus (top plate); L. ivanovii
hemolysis is enhanced near R. equi, giving the typical picture of
a shovel (bottom plate). Depending on the strain, the hemolysis
of L. monocytogenes may or may not be enhanced near R. equi.
The CAMP factor is a diffusible extracellular protein produced
by certain organisms, such as L. monocytogenes, L. seeligeri, and
most group B streptococci, that acts synergistically with the
staphylococcal beta-lysin. The CAMP test is not reliable, and a
commercially available beta-hemolysis disk method (Remel
Products, Lenexa, KS) is recommended.

Figure 6-6 Micro-ID Listeria system. The Micro-ID Listeria assay (Remel Micro-ID Listeria Identification
System; Thermo Fisher Scientific, Inc., Waltham, MA) includes 15 biochemical tests used to identify Listeria
to the species level. An additional test for hemolytic activity is required to differentiate between L. monocy-
togenes and L. innocua. As shown here, L. monocytogenes and L. innocua are dD-xylose (XYL) and mannitol
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L. innocua
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(MANN) negative and L-rhamnose (RHAM) positive, while L. seeligeri is D-xylose positive.
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Figure 6-7 Gram stain of Erysipelothrix rbusiopathiae. E. rbusiopathiae is Gram positive but can be easily
decolorized, giving a beaded appearance. Bacteria stained from smooth colonies appear as bacilli or coc-
cobacilli (A), while cells from rough colonies are long and filamentous (B). Rough colonies preferentially
grow at 37°C and smooth colonies at 30°C.

Figure 6-8 Erysipelothrix rhusiopathiae on blood agar. Colonies of E. rhusiopathiae at 24 h are small and
pinpoint (A, left). By 72 h, two types can be recognized: smooth, transparent, glistening, circular, convex
colonies with entire edges, measuring approximately 1 mm in diameter (A, right), and larger, rough colonies
that are flat and opaque, with a matte surface and an irregular edge (B). The colonies are nonhemolytic,
although a greenish discoloration can be found under them.
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Figure 6-9 Erysipelothrix rhusiopathiae in a gelatin
stab culture. A useful differential characteristic of
E. rhusiopathiae is its “pipe cleaner” or “bottle brush”
pattern of growth in gelatin stab cultures incubated

at 22°C.

Figure 6-10 Production of H,S by Erysipelothrix.
As shown here, Erysipelothrix species produce H,S on a
triple sugar iron agar slant.
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Bacillus

The genus Bacillus belongs to the family Bacillaceae.
There are more than 300 species of Bacillus; however,
the most frequently isolated are Bacillus cereus, Bacillus
licheniformis, Bacillus megaterium, Bacillus mycoides,
Bacillus pumilus, Bacillus simplex, Bacillus subtilis, and
Bacillus thuringiensis. Another species, previously clas-
sified within the genus Bacillus, has been transferred to
the genus Geobacillus. Geobacillus stearothermophilus
is frequently used as an indicator organism in autoclave
sterility testing. Most Bacillus spp. are saprophytes and
are widely distributed in nature, but some are opportun-
ists. The exceptions are Bacillus anthracis and B. cereus
biovar anthracis, which are obligate pathogens of
humans and animals.

Microscopically, Bacillus spp. are Gram-positive
bacilli; however, it is not unusual for them to be Gram
variable or Gram negative, especially in older cultures.
They produce endospores and may be either aerobes or
facultative anaerobes. Endospores are very resistant to
heat, radiation, disinfectants, and desiccation and are
frequent contaminants of otherwise clean environments,
such as operating rooms, pharmaceutical products, and
food. They can germinate when hydrated and, in the
case of food, can cause spoilage or result in food
poisoning.

Bacillus spp. are catalase positive and hydrolyze gela-
tin, casein, and starch; most species, with the exception
of B. anthracis and B. mycoides, are motile. Other tests
that assist in the identification of Bacillus spp. are those
for lecithinase production (egg yolk reaction), nitrate
reduction, and the ability to grow anaerobically.
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Identification systems, e.g., API 20E (bioMérieux, Inc.,
Durham, NC), can be used to identify members of the
B. cereus group. The pathogenicity of the B. cereus
group is due to the production of cytolysins, endotoxins,
exotoxins, and hemolysins.

B. anthracis is clinically the most important member
of the genus, since it is the causative agent of anthrax in
animals and humans. Anthrax is primarily a disease of
herbivores and humans and is contracted by direct or
indirect contact with infected animals or their carcasses.
Dissemination of toxigenic strains is a major public
health concern. For this reason, diagnostic laboratories
should be prepared to recognize B. anthracis from clini-
cal specimens and refer suspicious isolates to the appro-
priate laboratory, carefully following CDC guidelines
(https://www.cdc.gov/biosafety/publications/bmbl5/)
and guidelines found in the LRN Sentinel Level Clinical
Microbiology Laboratory Guidelines, available from the
American Society for Microbiology (https://www.asm.
org/Articles/Policy/Laboratory-Response-Network-
LRN-Sentinel-Level-C). It is recommended that isola-
tion and presumptive identification of B. anthracis be
performed using biosafety level 2 practices.

The three major clinical presentations of anthrax are
cutaneous, respiratory (inhalation), and gastrointestinal
(ingestion). Cutaneous anthrax presents with a nonde-
script painless papule that evolves from a vesicle with
central necrosis and formation of a black eschar; it
accounts for 99% of naturally acquired anthrax cases
worldwide. Inhalation anthrax begins with a flu-like ill-
ness, and subsequently, the patient develops wheezing,



cyanosis, shock, and meningitis. X rays of the chest
show pulmonary infiltrates or mediastinal widening due
to enlarged mediastinal lymph nodes and pleural effu-
sions. Ingestion anthrax occurs in two forms: oral or
oropharyngeal and gastrointestinal. In oral or oro-
pharyngeal infection, the lesion is in the buccal cavity or
on the tongue, tonsil, or posterior pharyngeal wall. The
symptoms can include sore throat with cervical edema,
dysphagia, and respiratory difficulties. Intestinal anthrax
causes nausea, vomiting, sepsis, and bloody diarrhea
with ulcerations primarily in the mucosae of the termi-
nal ileum or cecum. The three virulence factors of B.
anthracis—edema toxin, lethal toxin, and a capsular
antigen—contribute to the high mortality rate, espe-
cially in cases of intestinal and pulmonary anthrax.

If the microscopic and colony morphologies of the
organism being studied are consistent with B. anthracis
and the isolate is nonhemolytic, catalase positive, and
nonmotile, the LRN laboratory should be notified imme-
diately and the isolate sent to rule out B. anthracis. Gram
staining of the colonies reveals Gram-positive bacilli in
chains with oval spores that do not cause significant swell-
ing of the cells. Spores may also be observed in a wet
mount, phase microscopy, or a malachite green stain.
Spores are not found in clinical material unless it is
exposed to CO,. Microscopically, B. anthracis cells are
Gram-positive bacilli measuring 1 to 1.5 um by 3 to 5 um.
When seen in clinical specimens, the bacilli appear encap-
sulated and occur in short chains of two to four cells. India
ink may be used to visualize the capsules by direct exami-
nation of peripheral blood, cerebrospinal fluid, or cells
grown on medium supplemented with sodium bicarbo-
nate. In addition, M’Fadyean stain (polychrome methyl-
ene blue) may be used for capsule staining of B. anthracis.
A direct fluorescent-antibody (DFA) assay has been used
to detect the galactose/N-acetylglucosamine cell wall-
associated polysaccharide and capsule produced by vege-
tative cells of B. anthracis. The availability of monoclonal
antibodies recognizing the cell wall polysaccharide and
capsule antigens provides the ability to rapidly differenti-
ate B. anthracis from other Bacillus spp.
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Both blood and chocolate agars support the growth
of B. anthracis. Growth is rapid, and colonies may be
observed on blood agar within 8 h. After overnight
incubation at 35 to 37°C on blood agar, colonies are 2
to 5 mm in diameter, nonhemolytic, and flat or slightly
convex, with irregular or waxy borders and a ground-
glass appearance. The colonies have a tenacious con-
sistency, causing them to pull up, like a beaten egg
white, when teased with an inoculating loop. Some of
the tests that may be performed in reference laborato-
ries to confirm B. anthracis include lysis by gamma
phage, DFA assay, time-resolved fluorescence, and
molecular characterization, as well as antimicrobial
susceptibility testing.

B. cereus is also an important pathogen in humans,
causing catheter-related bacteremia and foodborne ill-
ness often associated with consumption of Asian-style
fried rice. This organism causes two forms of foodborne
illness: intoxication and true infection. Intoxication is
caused by a heat-stable enterotoxin, resulting in an
abrupt onset of nausea and vomiting within 1 to 5 h
after ingestion of the contaminated food. True infection
is caused by a heat-labile enterotoxin, resulting in
abdominal pain and diarrhea within 8 to 16 h after the
food ingestion. B. cereus can also cause serious eye and
wound infections following trauma.

B. cereus colonies are large (4 to 7 mm in diameter)
and beta-hemolytic and vary in shape from circular to
irregular with a grayish to greenish color and a ground-
glass appearance. The colonies may appear very similar
to those of B. anthracis, except that B. cereus is hemo-
lytic and usually motile and grows on phenylethyl alco-
hol blood agar. Other reactions that differentiate B.
cereus from B. anthracis and other members of the
Bacillaceae are that it is lecithinase positive and gelatin
hydrolysis positive and produces acid from glucose,
maltose, and salicin.

Of recent concern are strains of B. cereus biovar
anthracis described in early 2000 in the African
countries of Cameroon and Cote d’Ivoire. These
strains cause anthrax-like disease, are genetically

Table 7-1 Differentiation of B. anthracis, B. cereus, B. cereus biovar anthracis CA, and B. cereus biovar anthracis CI*

B. anthracis 0
B. cereus +
B. cereus biovar anthracis CA 0
B. cereus biovar anthracis CI 0

0 S +

+ R 0 in vitro
+/0 R +
+/0 S +

“CA, Cameroon strains; CI, Cote d’Ivoire strains; 0; negative; +, positive; S, susceptible; R, resistant; +/0, variable (the majority are positive).
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similar to B. anthracis, produce B. anthracis viru-
lence factors, and are considered select agents in the
United States. They differ from other B. cereus
strains in that they are nonhemolytic and demon-
strate a capsule. The characteristics of B. anthracis,
B. cereus, and B. cereus biovar anthracis strains are
presented in Table 7-1.

Isolation and presumptive identification of B. cereus
and B. cereus biovar anthracis strains should also be
performed using biosafety level 2 practices. In addition,
these isolates must be referred to an LRN reference
laboratory.

Table 7-2 Differentiation of Bacillus®

Other Bacillus spp. demonstrate a wide variety of colony
morphologies ranging from smooth and glossy to granular
and wrinkled. Colonies may range in color from creamy to
greenish or orange. Overall, the Bacillus spp. are easily rec-
ognized despite their morphologic diversity. Identification
of the various species of Bacillus should include the basic
tests assessing spore and colony characteristics, motility,
hemolysis, and the egg yolk reaction. If further identifica-
tion is required for isolates other than B. anthracis, com-
mercial identification systems may be used once the basic
tests have been performed. Differentiating characteristics of
Bacillus spp. are presented in Table 7-2.

Lecithinase
Anaerobic (egg yolk Gelatin Arginine Nitrate
Species growth Motility reaction) hydrolysis dihydrolase  reduction
B. anthracis + 0 + \Y% 0 +
B. cereus + + + + A% A%
B. licheniformis + + 0 + \Y% +
B. megaterium 0 0 + 0 0
B. mycoides + + + \Y% \Y%
B. pumilus 0 + 0 + 0 0
B. subtilis 0 + 0 + 0 +
B. thuringiensis + + + + + +
“+, positive reaction (285% positive); V, variable reaction (15 to 84% positive); 0, negative reaction (<15% positive).
—
- Ny -

Figure 7-1 Gram stain of Bacillus anthracis. Gram stain
of B. anthracis, showing cells approximately 1 to 5§ pm
in size occurring in long chains. The bacilli are primarily
Gram positive; however, a few Gram-variable and
Gram-negative cells are also present. The spores are oval
and central to subterminal and do not cause significant
swelling of the cell.

Figure 7-2 Gram stain of Bacillus anthracis grown on a
urea agar slant. Bacillus spp. do not always stain Gram
positive, as demonstrated here. In this example,
B. anthracis was grown on a urea agar slant to enhance
the formation of spores. This Gram-stained smear shows
Gram-negative bacilli with bamboo-type joints and
unstained areas suggestive of spores.
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Figure 7-3 Spore stain of Bacillus anthracis. Spores are stained - ‘
by flooding a heat-fixed smear with 10% aqueous malachite 4,
green for up to 45 min. The slide is then washed, and 0.5% | L e
L : . ) ¢ i
aqueous safranin is applied as the counterstain for 30 s. Spores SN

stain green and the vegetative cells are pinkish red, as shown
here. (Courtesy of Orange County Health Department, Santa

Ana, CA.)

Figure 7-4 Gram stain of Bacillus cereus. A Gram stain
of B. cereus showing cells similar to those of B. anthracis
(Fig. 7-1); however, the B. cereus cells appear in a pali-
sade formation rather than in long chains.
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Figure 7-6 M’Fadyean stain of Bacillus cereus. In con-
trast to B. anthracis, cells of B. cereus stain deep blue but
are not surrounded by a pink area because they are not
encapsulated.

| P

Figure 7-5 M’Fadyean stain of Bacillus anthracis. The
M’Fadyean stain is a modification of the methylene blue
stain developed for the detection of B. anthracis in clini-
cal specimens. As shown here, the bacilli stain deep blue
surrounded by a pink capsule; this is known as the
M’Fadyean reaction.

—
5 micron

Figure 7-7 India ink stain of Bacillus anthracis. The India
ink stain is used to improve visualization of encapsulated
B. anthracis in clinical specimens, as shown here. (Courtesy
of Orange County Health Department, Santa Ana, CA.)
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Figure 7-8 DFA assay of Bacillus anthracis. The DFA assay is used to detect the galactose/N-
acetylglucosamine cell wall-associated polysaccharide and capsule produced by vegetative cells
of B. anthracis. The availability of monoclonal antibodies recognizing the cell wall polysaccha-
ride (A) and capsule antigens (B) provides the ability to rapidly differentiate B. anthracis from
other Bacillus spp. Concomitant demonstration of both antigens confirms the identification.

Figure 7-9 Bacillus anthracis on blood agar. After overnight incubation at 35°C on blood agar,
colonies of B. anthracis measure approximately 2 to 5 mm in diameter. The flat or slightly con-
vex nonhemolytic colonies may vary in shape from circular to irregularly round, with edges that
are entire or irregular and with a matte, wavy, or ground-glass appearance. The colonies are
tenacious and behave like beaten egg white when lifted with an inoculating loop, as shown
above the arrow in the center of this figure. Colonies may also appear comma shaped or with
“curled-hair” projections resembling a Medusa head.
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Figure 7-10 Bacillus cereus on blood agar. B. cereus
colonies are large (approximately 7 mm in diameter),
beta-hemolytic, circular, and greenish, with a ground-glass
appearance. The colonies are very similar in appearance to
those of B. anthracis; however, B. anthracis colonies are
slightly smaller, nonhemolytic, and very tenacious.

Figure 7-11 Motility test differentiating Bacillus anthracis from other Bacillus spp.
Colony morphology, hemolysis, and motility are the key characteristics that differenti-
ate B. anthracis from other Bacillus spp. To determine motility, an agar deep containing
tryptose and the dye triphenyltetrazolium is inoculated with an organism and incu-
bated at 35°C overnight. If the organism is motile, it will migrate from the inoculation
or stab line. This migration is visualized with the aid of triphenyltetrazolium, which is
reduced by the organism to form an insoluble red pigment (formazan). In this example,

B. anthracis is nonmotile (left) and B. cereus is motile (right). i
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Figure 7-12 Bacillus licheniformis on blood agar.
B. licheniformis derives its name from the formation
of lichen-like colonies. The colonies are irregular in
shape and 3 to 4 mm in size. Young colonies can
appear moist, butyrous, and mucoid; they become
dry, rough, and crusty as they age, giving them the
licheniform appearance, as shown here. Initially
they can be confused with B. subtilis colonies;
however, the licheniform appearance distinguishes
them from other Bacillus spp.
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Figure 7-13 Bacillus subtilis on blood agar. B. subtilis
colonies are approximately 4 to 5§ mm in diameter, flat,
dull, and somewhat dry, with a ground-glass appear-
ance. The beta-hemolysis distinguishes B. subtilis from
B. anthracis. The colonies are similar to those of
B. cereus (Fig. 7-10) but usually smaller.

Figure 7-14 Egg yolk reaction of Bacillus cereus
and Bacillus subtilis. B. cereus synthesizes lecithi-
nases, forming opaque zones of precipitation
around the colonies on egg yolk agar (left), while
B. subtilis does not (right).

Figure 7-15 Bacillus mycoides on blood agar. Colonies
of B. mycoides have a characteristic rhizoid or hairy-
looking appearance, as shown in this figure. Eventually,
these hairy, rhizoid, rootlike outgrowths spread across
the entire plate. Unlike other Bacillus spp. (with the
exception of B. anthracis), B. mycoides is nonmotile.
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Figure 7-16 Bacillus cereus identified by the API 20E system. The API 20E system includes
Bacillus spp. in its database. In this example, the arginine dihydrolase test is positive. This test
rules out B. anthracis. Of the remaining reactions, the gelatin test is positive and the other

tests are negative, confirming the identification of B. cereus. The positive reactions are indi-
cated by the arrows.
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Nocardia, Rhodococcus, Actinomadura,
Streptomyces, Gordonia, and Other Aerobic

Actinomycetes

Aerobic actinomycetes are a heterogeneous group of dif-
ferent genera. These organisms are classified in this group
mainly on the basis of microscopic characteristics. They
are Gram-positive and partially acid-fast bacilli and may
have branched, filamentous hyphae that can form spores
or can reproduce by fragmentation. All genera except
Lawsonella grow better under aerobic than anaerobic
conditions. The taxonomy of these organisms is currently
undergoing significant changes based primarily on the
application of genomic and proteomic molecular tech-
niques. However, a more clinically relevant taxonomy
may be implemented in the future. The most relevant
human pathogens include Nocardia, Actinomadura,
Streptomyces, Rhodococcus, Gordonia,and Tsukamurella.
It is important to note that the isolation of some of these
organisms from clinical specimens does not necessarily
mean that they are truly pathogens, since they can be part
of the commensal microbiota. Most infections are oppor-
tunistic and affect immunocompromised hosts.

Among the aerobic actinomycetes, the genus found
most frequently in humans is Nocardia. This organism is
distributed worldwide in the soil and water. Infections
usually occur via the pulmonary and cutaneous routes in
immunocompromised patients or those with an underly-
ing pulmonary disease. Traumatic inoculation can occur
in immunocompetent hosts. Of the more than 100
Nocardia species identified, those most often isolated from
humans include Nocardia asteroides, Nocardia abscessus,
Nocardia brasiliensis, Nocardia cyriacigeorgica, Nocardia
farcinica, Nocardia nova, Nocardia pseudobrasiliensis,
Nocardia veterana, and Nocardia wallacei. A clinically
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useful classification of organisms phenotypically resem-
bling Nocardia asteroides has been proposed based on
antibiotic susceptibility. These organisms identified as
the N. asteroides complex include N. abscessus, N.
brasiliensis, N. cyriacigeorgica, N. farcinica, Nocardia
nana complex, Nocardia otitidiscaviarum, N. pseudo-
brasiliensis, and Nocardia transvalensis complex.

Infection with N. asteroides via the pulmonary route
usually results in a chronic bronchopneumonia that pro-
gresses in a matter of weeks or months and has a high
mortality rate. Following a focus of pneumonitis, necrosis
occurs with minimal inflammatory response. The organ-
ism may eventually disseminate to other organs, includ-
ing the brain, subcutaneous tissues, and kidneys. The
sputum is thick and purulent, but unlike in infections due
to anaerobic actinomycetes, sulfur granules or sinus tracts
are observed only rarely. Although many clinical cases of
infections due to N. asteroides have been reported, molec-
ular techniques have failed to support these claims. It is
now considered that N. asteroides sensu stricto is rarely
pathogenic. Many isolates identified as N. asteroides are
currently thought to be N. cyriacigeorgica. Clinically rel-
evant isolates should be identified using molecular testing
and antimicrobial susceptibility profiles.

Inoculation of N. brasiliensis in the skin or subcuta-
neous tissues of the foot may result in the formation of
abscesses, termed actinomycotic mycetomas (in contrast
to the eumycotic mycetomas produced by fungi), that
can destroy the surrounding tissues, including the bone.
Sinuses are formed that drain in the skin, and the pus
may contain sulfur granules that are yellow to orange



and consist of groups of organisms and calcium sulfate.
Pus from draining sinuses can be used for direct exami-
nation using wet mounts. The granules can be broken
between two glass slides, releasing the Gram-positive
branching, interwoven thin filaments.

Nocardia spp. are aerobic, Gram-positive bacilli.
However, they may appear Gram negative with Gram-
positive beads and can form delicate filamentous branches,
similar to fungal hyphal forms. These hyphal forms can
fragment into bacillary or coccoid, nonmotile elements. The
cell walls of these organisms contain mycolic acid, and as a
result, they are partially acid fast. Nocardia spp. are cata-
lase positive and utilize carbohydrates oxidatively.

Nocardia spp. grow relatively well on nonselective
media, including blood and chocolate agars, Sabouraud’s
dextrose agar without chloramphenicol, and Lowenstein-
Jensen or Middlebrook medium. However, Nocardia
spp. grow slowly, and typically it takes 5 to 7 days for the
colonies to appear at temperatures between 25 and 37°C.
Nocardia spp. form aerial hyphae on culture media, and
their hyphae may be visible under a dissecting micro-
scope. The ability of Nocardia spp. to utilize paraffin as
an energy source is a characteristic that has been used to
differentiate them from other aerobic bacteria.

The genus Rbodococcus (red-pigmented coccus)
includes more than 50 species of Gram-positive, partially
acid-fast, coccobacillary, obligately aerobic actinomycetes.
Rhodococcus equi is clinically the most important species
and may cause granulomatous pneumonia in immuno-
compromised patients, particularly those infected with
HIV-1. Cavitating lesions in the lungs frequently occur,
and the organisms may disseminate to other organs,
including the brain and subcutaneous tissues. This organ-
ism can be recovered from sputum, bronchoalveolar lav-
age fluid, lung biopsy specimens, and blood cultures. It
grows well on nonselective media, although the typical
salmon-pink pigment may take 3 to 5 days to appear.
Biochemical characterization is difficult, and identifica-
tion usually relies on colony morphology and on Gram
staining showing Gram-positive coccobacilli with traces
of branching and partial acid-fast properties.

The genus Actinomadura contains nearly 80 species, of
which Actinomadura madurae, Actinomadura latina, and
Actinomadura pelletieri may be associated with human
infections, particularly in tropical regions, producing
actinomycotic mycetomas. These organisms are transmit-
ted subcutaneously from the soil, with formation of
Madura foot, which leads to pus-draining sinuses.
Draining sinuses are typically present in mycetomas with
macroscopically visible grains (microcolonies). Progression
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can result in involvement of connective tissue, muscle,
and bone, which become fibrotic and deformed.

Almost 700 species are included in the genus
Streptomyces. Streptomycetes primarily cause local,
suppurative, chronic mycetomas similar to those result-
ing from Actinomadura infections. Streptomyces soma-
liensis is the most common species in this genus and is
usually found in immunocompromised patients. In cer-
tain parts of the world, particularly in Africa, Mexico,
and South America, S. somaliensis is a relatively frequent
cause of actinomycotic mycetomas of the legs, head, and
neck. Other Streptomyces spp. have recently been asso-
ciated with a variety of infections, particularly in patients
with AIDS. Colonies of Streptomyces spp. can produce a
diverse range of pigments, which may result in colora-
tion of the substrate, and aerial hyphae, although these
are not produced by all the strains.

Nocardia, Actinomadura, and Streptomyces species
were initially differentiated on the basis of their ability
to decompose casein, tyrosine, xanthine, and starch on
the Nocardia ID Quad plate (BD Diagnostic Systems,
Franklin Lakes, NJ) (Table 8-1). However, it is now rec-
ommended that all clinically relevant isolates be submit-
ted for testing using genomic and/or proteomic
techniques and antibiotic susceptibility testing.

Gordonia and Tsukamurella spp., which are closely
related to Rhodococcus spp., are found in the soil and are
considered opportunistic human pathogens. Members of
these two genera have been associated with catheter-
related sepsis and cutaneous, pulmonary, and central

Table 8-1 Decomposition of substrates used for the
differentiation of actinomycetes

Actinomadura + + 0 + 0
madurae

Actinomadura + + 0 0 0
pelletieri

Nocardia 0 0 0 0 +
asteroides

Nocardia + + 0 0 +
brasiliensis

Nocardia 0 0 + 0 +
otitidiscaviarum

Streptomyces + + 0 A% 0
somaliensis

Streptomyces + + + + \Y
anulatus

a4, positive reaction (>90% positive); V, variable reaction (11 to
89% positive); 0, negative reaction (<10% positive).
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nervous system infections, particularly in immunocom-
promised patients. The colony morphology of Gordonia
spp. ranges from smooth and mucoid to dry, and the
colonies are beige to salmon pink. Rudimentary hyphae
are produced by some strains, while others form aerial
synnemata, which should not be confused with aerial
hyphae. Synnemata (also called coremia) are groups of
erect conidiophores cemented together and producing
conidia at the apex and/or the sides of the upper por-
tion. Colonies of Tsukamurella measure 0.5 to 2 mm in
diameter and are circular, with smooth to rhizoid edges,
dry and white to orange. On prolonged incubation,
the colonies have a cerebroid morphology but do not
produce aerial hyphae.

Other aerobic actinomycetes rarely associated with
human infections include members of the genera

Dermatophilus, Dietzia, Nocardiopsis, Segniliparus,
and Williamsia.

The most important role of the clinical laboratory
when working with aerobic actinomycetes is to assess
the clinical significance of the isolate and try to differen-
tiate between colonizers or contaminants and real path-
ogens. Collection of appropriate specimens, microscopic
evaluation, and culture are critical for guiding thera-
peutic interventions. Attention should be paid to the
presence of polymorphonuclear and mononuclear cells
in the clinical specimens. Isolates—particularly those
collected from immunocompromised patients, for whom
there is clinical and laboratory evidence that it is a path-
ogenic aerobic actinomycete—should be forwarded to
specialized laboratories to perform definitive identifica-
tion and antimicrobial susceptibility testing.

Figure 8-1 Gram stain of Nocardia asteroides from a
tracheal aspirate. N. asteroides appears as thin, delicate,
branching Gram-negative filaments with beaded areas
and thus can resemble Gram-positive cocci.

Figure 8-2 Acid-fast stain of Nocardia asteroides.
N. asteroides produces long, thin, filamentous structures
that are partially acid fast. In culture, as shown here, the
filaments fragment.
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Figure 8-3 Nocardia asteroides on 7H11 medium.
Colonies of N. asteroides are highly variable in
morphology, depending on the culture conditions. The
color can range from chalky white, as shown here, due to
the growth of aerial hyphae, to orange and salmon pink.

A B

Figure 8-4 Nocardia asteroides on a Nocardia ID Quad plate. The Nocardia ID Quad plate
is used to determine the ability of the organism to decompose xanthine (top left), tyrosine
(bottom left), casein (top right), and starch (bottom right). (A) Organisms that can utilize
these substrates produce a clear halo around the colonies. (B) Hydrolysis of starch is indi-
cated by the presence of a colorless zone around the colonies after the quadrant is flooded
with Gram’s iodine. As shown here, N. asteroides does not decompose any of these four
substrates. These plates should be observed weekly for 1 month because the organisms grow,
and break down the substrates, at different rates. Production of a melanin-like pigment may
occur in the quadrants containing the tyrosine and xanthine agars.

Figure 8-5 Nocardia brasiliensis on Sabouraud dextrose agar. Colonies of
N. brasiliensis are typically orange-tan with a dry, crumbly consistency.
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Figure 8-6 Nocardia brasiliensis in urea and nitrate
broths. N. brasiliensis hydrolyzes urea (left) and reduces
nitrates to nitrites or nitrogen gas (right). To perform the
urease test, Christensen urea agar is inoculated and incu-
bated at room temperature for several weeks. Nocardia
spp. contain urease, which breaks down urea to form car-
bonic acid and ammonia, resulting in an increase in the pH
that turns the medium red due to the phenol red present in
the agar. Reduction of nitrate to nitrite results in the devel-
opment of a red color due to the formation of a red diazo-
nium dye. Negative reactions are confirmed by adding zinc
dust; this should result in the appearance of a red color in
5 to 10 min, indicating that nitrate has not been reduced. If
the broth remains clear after the addition of the zinc dust,
it means that nitrate has been reduced to free nitrogen gas
and the reaction should be considered positive.

Figure 8-7 Lysozyme test for Nocardia brasiliensis.
Practically all members of the genus Nocardia can grow
in the presence of lysozyme. This is in contrast to anaer-
obic actinomycetes, which do not grow in the presence
of lysozyme. To perform this test, two tubes of sterile
glycerol broth, one with lysozyme (left) and one without
(right), are inoculated with the organism to be identi-
fied. As shown here for N. brasiliensis, the test is consid-
ered positive if the bacteria grow equally well in both
tubes. If there is no growth in the tube containing
lysozyme, the test is considered negative.

Figure 8-8 Nocardia otitidiscaviarum on Sabouraud
dextrose agar. N. otitidiscaviarum usually produces pale
tan colonies. This particular isolate has formed dried,
cerebroid colonies after 2 weeks of incubation.

Figure 8-9 Actinomadura madurae on Sabouraud dex-
trose agar. Colonies of A. madurae can be white to pink,
are usually mucoid, and, as shown here, have a molar-
tooth appearance. Actinomadura spp. sometimes
produce aerial hyphae.
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Figure 8-10 Actinomadura madurae on a Nocardia ID Quad plate. A. madurae does not
break down xanthine (top left), but decomposes tyrosine (bottom left), casein (top right), and
starch (bottom right) (see the legend to Fig. 8-4 for details).

Figure 8-11 Gram stain of Rhodococcus equi. Depending on the culture conditions, the mor-
phology of R. equi can range from bacillary to coccoid. (A) In a 24-h culture, the bacillary
morphology of R. equi is evident. (B) After 72 h in culture, the same organism has a coccoid

structure.
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Figure 8-12 Rhodococcus equi on blood agar. Members
of the genus Rhodococcus may have variable colony
morphology, ranging from rough to smooth or mucoid.
The color can also vary from buff to orange or deep
rose. The isolate shown here has smooth, round colonies
with a pink-orange color.

Figure 8-13 Streptomyces spp. on Sabouraud dextrose
agar. There are many colony morphotypes due to the
great variety of organisms included in this group. The
colonies shown here are orange to tan, irregular, and
with a smooth, rugose or warty surface due to the
growth of Streptomyces anulatus.

Figure 8-14 Streptomyces anulatus on a Nocardia ID Quad plate. S. anulatus can decom-
pose the substrates xanthine (top left), tyrosine (bottom left), casein (top right), and starch
(bottom right), present in the Nocardia ID Quad plate (see the legend to Fig. 8-4 for details).



Figure 8-15 Streptomyces spp. in urea and nitrate
broths. Most Streptomyces spp. do not produce urease
and cannot reduce nitrates to nitrites, in contrast to
Nocardia spp. (Fig. 8-6).
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Figure 8-16 Lysozyme test for Streptomyces spp.
Streptomyces spp. do not grow in the presence of
lysozyme (left). The organism was able to grow only in
the tube that did not contain lysozyme (right). This is in
contrast to members of the genus Nocardia, which can
grow in media containing lysozyme (Fig. 8-7).
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Mycobacterium

Mycobacterium is the only genus in the family
Mycobacteriaceae and includes more than 180 species.
Based on the epidemiology and disease presentation,
isolates of human relevance are divided into four major
groups: Mycobacterium tuberculosis complex (MTBC),
Mycobacterium leprae, Mycobacterium ulcerans, and
the nontuberculous mycobacteria. The MTBC includes
M. tuberculosis, Mycobacterium bovis, M. bovis
BCG (bacillus Calmette-Guérin), Mycobacterium africa-
num, Mycobacterium canettii, Mycobacterium caprae,
Mycobacterium microti, Mycobacterium pinnipedii,
Mycobacterium mungi, Mycobacterium orygis, dassie
bacillus, chimpanzee bacillus, and Mycobacterium suri-
cattae. Culturable mycobacteria of clinical significance
are listed in Table 9-1.

It is estimated that approximately one-third of the
world’s population is infected with M. tuberculosis, and
approximately 2 million people die per year as a result
of this infection. Latent tuberculosis in the United States
affects ~4% of the population, and 10 to 15% of infected
individuals will develop active disease in the future. The
continuous increase of multidrug-resistant and exten-
sively drug-resistant isolates of M. tuberculosis and the
high risk of infection in HIV patients have further aug-
mented the awareness of this disease. M. tuberculosis is
transported by airborne particles (1 to 5 pm in size) gen-
erated mainly by patients with a productive cough. The
50% infective dose is very low (<10 acid-fast bacilli),
and therefore, transmission is a significant concern.

M. bovis has a wide host range, including nonhuman
primates, cattle, buffalo, goats, pigs, dogs, cats, and
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some birds. The number of M. bovis human infections is
on the rise as a result of drinking raw (unpasteurized)
milk from infected cows. The M. bovis BCG strain is an
attenuated form of M. bovis that has been used exten-
sively in many parts of the world as a vaccine to protect
against meningitis and disseminated tuberculosis in chil-
dren. It does not prevent primary infection and reactiva-
tion. It is also utilized to treat certain tumors, e.g., those
of the urinary bladder, due to its ability to stimulate the
immune system. M. africanum and M. canettii are found
mainly in Africa, and their epidemiology is not well
characterized. M. microti causes infections in immuno-
competent and immunocompromised humans. M.
caprae, formerly identified as M. tuberculosis subsp.
caprae and M. bovis subsp. caprae, accounts for up to
30% of cases of human tuberculosis, most with pulmo-
nary manifestations, in certain parts of Europe.
Transmission of M. pinnipedii from sea lions to humans
has been demonstrated and results in granulomatous
lesions involving the lungs, pleura, lymph nodes, and
spleen.

In addition to MTBC, other slow-growing mycobac-
teria of human significance include the nontuberculous
Mycobacterium avium complex (MAC), Mycobac-
terium kansasii, Mycobacterium haemophilum, and
Mycobacterium marinum. The nontuberculous bacteria
are ubiquitous in the environment and are found on the
skin and in the respiratory and gastrointestinal tracts of
healthy individuals. Routes of transmission include the
respiratory and gastrointestinal tracts, and occasionally
infections are iatrogenically acquired or health care
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Table 9-1 Cultivable mycobacteria of clinical significance

Slow growers Rapid growers
M. tuberculosis complex Nontuberculous mycobacteria Nonchromogens Chromogens
(nonchromogens) Nonchromogens Chromogens
M. tuberculosis M. avium complex M. asiaticum M. abscessus M. phlei
M. africanum M. celatum M. flavescens M. chelonae M. vaccae
M. bovis M. gastri M. gordonae M. fortuitum group
M. bovis BCG M. genavense M. kansasii M. mucogenicum
M. canettii M. haemophilum M. marinum M. smegmatis
M. caprae M. malmoense M. scrofulaceum
M. microti M. shimoidei M. simiae
M. mungi M. terrae complex M. szulgai
M. pinnipedii M. triviale M. xenopi

M. ulcerans

related. Transmission from person to person is unusual,
and pathogenicity is low. Gastrointestinal manifesta-
tions usually predominate in immunocompromised
patients, and blood cultures are frequently positive in
this group of individuals.

The MAC includes 11 species: M. aqvium,
Mycobacterium intracellulare, Mycobacterium chimaera,
Mycobacterium arosiense, Mycobacterium colombi-
ense, Mycobacterium  vulneris,
marseillense, Mycobacterium  bouchedurhonense,
Mycobacterium timonense, Mycobacterium yongonense,
and Mycobacterium paraintracellulare. In addition, four
subspecies of M. agvium have been described:
Mycobacterium avium subsp. avium, M. avium subsp.
paratuberculosis, M. avium subsp. silvaticum, and M.
avium subsp. hominissuis. These mycobacteria are found
readily in the environment, including water and soil, and
in pigs, chickens, and cats. From the point of view of human
infections, their importance has significantly increased
with the HIV epidemic. MAC members are the most fre-
quently isolated pathogenic slow-growing mycobacteria,
followed by M. kansasii. MAC infections are common in
middle-aged male smokers and postmenopausal females
with bronchiectasis (Lady Windermere syndrome). These
environmental organisms are frequently found in water,
soil, plants, and animals, and therefore, determining their
significance in pulmonary specimens requires careful
clinical correlation. M. chimaera has been reported in
several hospitals following cardiac bypass surgery. The
organisms appear to be present in the heater-cooler
devices used during surgery. Patients may present with
prosthetic valve endocarditis, vascular graft infection, or
disseminated disease 1 to 4 years after surgery.

Mycobacterium

Mycobacterium ulcerans is, after MTBC and M. lep-
rae, the most common mycobacterial pathogen in
humans. This organism is particularly prevalent in
Africa, where the disease it causes is known as Buruli
ulcer; in Australia, it is called Bairnsdale ulcer.

The noncultivable nontuberculous mycobacteria
include M. leprae, which causes leprosy (Hansen’s dis-
ease), a chronic granulomatous disease that usually
manifests with anesthetic skin lesions and peripheral
neuropathy. M. leprae cannot be cultured in vitro, and
thus, the diagnosis is primarily based on the clinical
presentation and skin biopsy. A skin test with lepromin,
a preparation of the bacterial antigen, can help in the
diagnosis.

Mycobacteria are straight or slightly curved aerobic
bacilli that measure 1.0 to 10.0 pm by 0.2 to 0.6 pm,
may branch, are nonmotile, and do not form spores,
although the production of spore-like structures is con-
troversial. M. tuberculosis persists in tissues for years
and can reactivate, suggesting its ability to adapt to
anaerobic conditions. The large amount of lipids present
in the wall of the mycobacteria makes these organisms
difficult to stain. Arylmethane dyes, such as fuchsin and
auramine O, are used as primary stains that in the pres-
ence of phenol can penetrate the cell wall and are com-
plexed to mycolic acid. After exposure of the cells to
acid-alcohol or to strong mineral acids, a counterstain is
added. The ability of these organisms to resist decolora-
tion with up to 3% hydrochloric acid is referred to as
acid-fastness. Other microorganisms that are partially
acid fast include species of Nocardia and Rhodococcus,
Legionella micdadei, and the protozoa Isospora,
Cyclospora, and Cryptosporidium.
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Respiratory tract samples are the specimens most fre-
quently submitted for culture. Biopsy specimens, gastric
aspirates, cerebrospinal fluid, and urine are also often
processed in the mycobacteriology laboratory. Blood
and feces are usually obtained from immunocompro-
mised patients. Optimal recovery of mycobacteria from
clinical specimens requires the inoculation of both a
broth and a solid medium. Broth media have the advan-
tage of being more sensitive and providing more rapid
detection than solid media. Semiautomated systems are
available that utilize a broth medium. Solid media, on
the other hand, allow preliminary identification of iso-
lates based on colony morphology and pigment
production.

Lowenstein-Jensen medium can be used for the isola-
tion of mycobacteria. It contains whole eggs, glycerol,
potato flour, and salts to support the growth of myco-
bacteria and malachite green to inhibit the growth of
contaminating bacteria. Some selective media contain
additional antibiotics to minimize the growth of other
bacteria. Middlebrook 7H10 and 7H11 are transparent
agar-based media that, in comparison with Lowenstein-
Jensen medium, have the advantages of allowing early
detection of growth and microscopic examination of the
morphology of the colonies by looking through the back
of the plate. These media, in addition to defined salts,
vitamins, and malachite green, contain some enrichment
factors such as oleic acid, bovine albumin, glucose, and
catalase; 0.1% casein hydrolysate is added to 7H11 to
improve the recovery of isoniazid-resistant strains of M.
tuberculosis.

Mycobacteria are classified as rapid growers (such as
the Mycobacterium fortuitum group, the Mycobacterium
chelonae-Mycobacterium  abscessus complex, and
Mycobacterium mucogenicum) if they produce visible
colonies in less than 7 days and as slow growers (e.g.,
MAC, M. kansasii, M. haemophilum, and M. marinum)
if they form colonies in 2 to 8 weeks (Table 9-1). The
growth rate depends on the species of mycobacteria and
is influenced by the media and the temperature of incu-
bation. According to their photoreactive characteristics,
mycobacteria are categorized into three groups. Species
that produce yellow to dark orange carotene pigment in
response to light are called photochromogens, while
those that produce pigment independent of the amount
of light are termed scotochromogens. Species that do
not produce pigment, such as M. tuberculosis, have a
buff color and are classified as nonchromogens.

Specimens from normally sterile tissues can be ground
in sterile 0.85% saline or 0.2% bovine albumin and

then directly inoculated onto the media. Samples from
contaminated tissues need to be treated with the mildest
decontaminating procedures that control the contami-
nants. The most common decontaminant used is sodium
hydroxide, which serves both as a mucolytic agent and
as a decontaminant. However, mycobacteria are also
susceptible to sodium hydroxide, and therefore, it needs
to be used with caution after careful testing. All proce-
dures that result in aerosol formation should be con-
ducted in a class II biosafety cabinet and manipulation
of cultures should be performed under biosafety level 3
conditions. Maximum precautions need be taken to pro-
tect health care workers and to prevent specimen
contamination.

The most rapid method to diagnose tuberculosis is
staining with carbol-fuchsin sputum smears by the
Ziehl-Neelsen or the Kinyoun procedure. Alternatively,
fluorescent dyes that are more sensitive, such as
auramine O alone or in combination with rhodamine
B, can be used. It is recommended to collect three
smears within a 24-h period. The first one should be
collected early in the morning. With the first smear,
~90% of patients can be identified as acid-fast bacillus
smear positive, and the other two smears add ~8%
and 3% positive patients, respectively. The number of
acid-fast bacilli should be reported. The use of spu-
tum smears, or a combination of smears and nucleic
acid amplification techniques, is recommended to
determine when to discontinue respiratory isolation in
hospitals.

All cultures for mycobacteria should be incubated at
37°C under S to 10% CO, for 6 to 8 weeks. In addition,
specimens from skin lesions should be incubated at
30°C, because pathogens such as M. marinum, M. hae-
mophilum, M. chelonae, and M. ulcerans grow better at
lower temperatures. To recover M. haemophilum, a
chocolate agar medium should also be included, since
this organism requires hemin or hemoglobin for
growth. Culture systems that use liquid media are now
available commercially.

Historically, identification of mycobacteria relied on
growth rates, colony morphology, pigmentation, and
biochemical tests. Biochemical tests for the identifica-
tion of mycobacteria are listed in Table 9-2, and they
should be applied in conjunction with molecular
assays. DNA probes are commercially available to
identify MTBC, MAC, M. avium, M. intracellulare,
Mycobacterium gordonae, and M. kansasii. Probes for
the MTBC cannot differentiate between M. tuberculosis,
M. bovis, M. bovis BCG, M. africanum, M. microti,



Table 9-2 Useful tests for the identification of mycobacteria
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Test“ for:
Nonchromogens Photochromogens
Arylsulfatase Arylsulfatase at 28°C
Catalase Catalase
NacCl tolerance Growth rate at 28°C
Niacin Niacin

Nitrate reduction Nitrate reduction
PZA Pigment

Tween 80 hydrolysis Tween 80 hydrolysis

Urease
T2H

Scotochromogens Rapid growers
Arylsulfatase at 42°C Arylsulfatase
Catalase Catalase

Growth rate at 42°C

NaCl tolerance

Iron uptake

NacCl tolerance

Nitrate reduction
MacConkey without CV

Utilization of sodium citrate,
inositol, and mannitol

Nitrate reduction
Pigment at 25°C
Tween 80 hydrolysis

Urease

*PZA, pyrazinamidase; CV, crystal violet; T2H, thiophene-2-carboxylic acid hydrazide.

and M. canettii. Compared with culture and biochem-
icals, the probes for identification from culture have
sensitivities and specificities greater than 99%. Nucleic
acid amplification techniques are performed in some
laboratories for the detection and identification of
mycobacteria directly from clinical specimens. The spec-
ificity and sensitivity of these techniques, however, are
still under investigation. Whole-genome sequencing,
matrix-assisted laser desorption ionization-time of flight
mass spectrometry, and high-performance liquid chro-
matography for the identification of mycobacteria are
available and are replacing traditional identification
methods.

The most frequently utilized immunodiagnostic test
for the diagnosis of tuberculosis is the tuberculin skin
test. This test has shortcomings, though, including the
inability to distinguish active tuberculosis from past
sensitization with BCG and cross-reactivity with non-
tuberculous mycobacteria. The gamma-interferon
release assays are able to overcome some of these
shortcomings. These assays determine T-cell gamma-
interferon responses to two or three antigens that are
found only in M. tuberculosis, Mycobacterium szulgai,
M. kansasii, and M. marinum. These tests are mainly
used to detect latent tuberculosis and not active
tuberculosis.

Figure 9-1 Kinyoun stain of Mycobacterium tuberculosis. In sputum (A) and tissue (B) speci-
mens stained by carbol fuchsin methods, such as those involving Ziehl-Nielsen and Kinyoun
stains, M. tuberculosis appears as red-purple, curved, short or long bacilli, ranging from 1.0
to 10.0 pm by 0.2 to 0.6 pm, against a blue or a green background.
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Figure 9-2 Auramine stain of Mycobacterium tuberculosis. (A) With the two fluorochromes
commonly used, auramine O and auramine-rhodamine, M. tuberculosis fluoresces yellow to
orange, depending on the microscope filters used. The fluorescent stains are more sensitive
and have the advantage that the specimen can be screened at low magnification. According
to some authors, one of the shortcomings of the fluorescence methods is that some of the
rapid growers may not stain. For this reason, they recommend counterstaining the smear
with the Ziehl-Neelsen or Kinyoun stain when rapid growers are suspected. (B) Following incu-
bation in liquid medium, M. tuberculosis organisms form large serpentine cord formation.
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Figure 9-3 Gram stain of Mycobacterium tuberculosis. Mycobacteria are considered Gram
positive, although they are usually not easily stained by this method. (A) This Gram stain of
a sputum sample shows that mycobacteria may stain faintly or not at all, producing a “ghost-
like” image. (B) Sometimes, however, they appear as beaded Gram-positive bacilli.



CHAPTER 9 Mycobacterium 75

-."Q . *
! . X ¥ . r
- 4 ] ‘.' %
J _.‘ i F. 5 »
. i -~ "
3 e s ¥ ° s _ﬁf
e i , E k!ul l' ' - ‘h
w . - ¥

Figure 9-4 Kinyoun and auramine stains of Mycobacterium avium-Mycobacterium intracel-
lulare. (A) M. avium-M. intracellulare has a beaded appearance when stained by the Kinyoun
method. (B) In liquid medium, these organisms remain as single cells and do not form serpentine
cords as does M. tuberculosis.

Figure 9-5 Mycobacterium leprae stained by the Fite-
Faraco method. M. leprae is only partially acid fast and
thus stains weakly, if at all, with the standard acid-fast
stains. For this reason, it is recommended to use the Fite-
Faraco stain.
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Figure 9-6 Mycobacterium tuberculosis on a Lowenstein-
Jensen agar slant (A) and on Middlebrook 7H11 agar (B
to E). (A to C) Colonies of M. tuberculosis are dry, wrin-
kled, rough, thin, and friable with an irregular periphery
and buff color. (D and E) When the colonies on
Middlebrook agar are examined from the reverse side
with transmitted light, cording can be observed at low
magnification and is more apparent in older colonies and
at higher magnification.
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Figure 9-7 Mycobacterium avium-Mycobacterium intracellulare on a Lowenstein-Jensen
agar slant (A) and on Middlebrook 7H11 agar (B to D). (A) M. avium-M. intracellulare
organisms grow very slowly on Lowenstein-Jensen agar, and it usually takes 3 to 4 weeks
before the colonies are clearly visible. (B) As shown in this Middlebrook 7H11 agar culture,
most strains of M. avium-M. intracellulare grow with mixed colony morphology. Like M.
tuberculosis colonies, they are buff colored; however, they are significantly smaller than M.
tuberculosis colonies. (C) Smooth-domed, round, entire, transparent, nonpigmented, and
glistening colonies can be observed. Rough and wrinkled colonies similar to those produced
by M. tuberculosis are also frequently present. (D) When observed from the reverse side with
transmitted light, colonies may have a rough, dry, wrinkled, sunspot appearance or smooth
translucent edges with a buff-colored center.



78 Color Atlas of Medical Bacteriology

A B

Figure 9-8 Mycobacterium abscessus on a Lowenstein-Jensen agar slant (A) and on
Middlebrook 7H11 agar (B). M. abscessus rapidly forms large, rounded, entire or scalloped,
smooth colonies with a dark buff color. Occasionally rough, wrinkled colonies are also found.
This organism is present in tap water and has been associated with several injection- and
catheter-related outbreaks of health care-related infections. In addition, it can produce pul-
monary and disseminated cutaneous lesions, particularly in immunosuppressed patients.
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Figure 9-9 Mycobacterium chelonae on a Lowenstein-
Jensen agar slant (A and B) and on Middlebrook 7H11
agar (C). (A and C) M. chelonae is a rapid grower that
produces domed, round, smooth, glistening, buff-
colored colonies with thin, irregular edges in 2 to 4 days.
(B) It may also produce rough, wrinkled colonies,
depending on the strain. Clinically, M. chelonae is fre-
quently associated with a disseminated nodular skin dis-
ease in immunocompromised individuals.
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Figure 9-10 Mycobacterium fortuitum on a Lowenstein-Jensen agar slant (A) and on
Middlebrook 7H11 agar (B to D). Depending on the strain, smooth or rough colonies of
M. fortuitum may grow in 2 to 4 days on Middlebrook medium. (A and C) The smooth
colonies shown here on the Lowenstein-Jensen agar slant and at higher magnification on the
7H11 agar are circular, convex, smooth, glistening, entire, and buff. (B and D) Rough, wrin-
kled colonies can also be observed on Middlebrook 7H11 agar. M. fortuitum usually causes
infection secondary to a penetrating injury, such as trauma or surgical procedure, associated
with contaminated water or soil.
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Figure 9-11 Mycobacterium gordonae on a Lowenstein-Jensen agar slant (A) and on
Middlebrook 7H11 agar (B to D). (A and B) M. gordonae (referred to as the tap water bacil-
lus) produces round, smooth, convex, entire, glistening, yellow to orange colonies.
Pigmentation appears in the absence of exposure to light. (C) Under higher magnification, the
colonies are dense with a smooth edge. (D) Reverse side of a colony of M. gordonae illumi-
nated with transmitted light. M. gordonae is frequently found in water and soil but rarely
causes disease in humans.
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Figure 9-12 Mycobacterium haemophilum on Middlebrook
7H11 agar. A unique characteristic of M. haemophilum is that
it requires hemin or hemoglobin for growth. On this plate, the
organism grows next to the strip containing X factor but does
not grow next to the strip containing V factor. The colonies
shown here are smooth, round, and nonpigmented. This
mycobacterium is usually isolated from immunocompromised
patients, particularly those with AIDS.
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Figure 9-13 Mycobacterium kansasii on Lowenstein-Jensen agar slants (A) and on Middlebrook
7H11 agar (B to D). (A) Colonies of M. kansasii are usually smooth, domed, and yellow when
exposed to light (left) and buff with thin irregular edges when grown in the dark (right). (B and
C) They can also be rough and wrinkled with wavy edges and a dark center containing B-caro-
tene crystals. (D) The dark center can easily be seen by looking at the back of the plate with
transmitted light. M. kansasii is one of the most common causes of nontuberculous mycobacte-
rial pulmonary disease in humans and is isolated more frequently from individuals with AIDS or
organ transplants than from the general population.
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Figure 9-14 Mycobacterium marinum on a Lowenstein-
Jensen agar slant (A) and on Middlebrook 7H11 agar (B
and C). (A) Overall, the colonies of this microorganism
are irregular, with thin, trailing edges and a buff color that
turns yellow following exposure to light. (B and C) The
colonies of M. marinum shown here are rough and wrin-
kled (the front of the colony [B] and the back of the trans-
illuminated colony [C] are shown). Occasionally some
strains produce smooth colonies. This organism should be
suspected in individuals who sustained skin trauma while
in contact with freshwater (swimming pool granuloma or
fish tank granuloma) or salt water.
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Figure 9-15 Mycobacterium mucogenicum on a Lowenstein-Jensen agar slant (A) and on
Middlebrook 7H11 agar (B). This organism typically produces large, smooth, very mucoid
colonies with a buff color, as shown here. It used to be known as M. chelonae-like organism
and is frequently isolated from tap water. M. mucogenicum causes catheter-related sepsis and
posttraumatic wound infections. Isolation of this organism from a single sputum sample is
usually not clinically significant.

Figure 9-16 Mycobacterium scrofulacenm on a Lowenstein-Jensen agar slant (A) and on
Middlebrook 7H11 agar (B). M. scrofulaceum produces smooth, round, moist, glistening colo-
nies with elevated centers and a light yellow color that can become dark orange, depending on the
strain. This organism is a slow grower and usually takes 3 to 4 weeks to form distinct colonies.
It is most commonly isolated from children younger than 5 years with cervical lymphadenitis.
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Figure 9-17 Mycobacterium simiae on a Lowenstein-Jensen agar slant (A) and on
Middlebrook 7H11 agar (B). M. simiae produces smooth, domed, round, glistening colonies
that change from buff to light yellow when exposed to light. Originally isolated from mon-
keys, it has now been found in a few humans with a clinical presentation similar to that
caused by M. avium-M. intracellulare complex in patients with AIDS.

Figure 9-18 Mycobacterium szulgai on a Lowenstein-Jensen agar slant (A) and on
Middlebrook 7H11 agar (B). M. szulgai forms small, buff-colored colonies that range from
smooth to rough. This organism is scotochromogenic when grown at 37°C and photochro-
mogenic when grown at 25°C. It causes a chronic pulmonary disease similar to tuberculosis
in middle-aged men.
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Figure 9-19 Mycobacterium xenopi on a Lowenstein-
Jensen agar slant (A) and on Middlebrook 7H11 agar (B
and C). (A and B) M. xenopi produces small, round,
smooth, yellow colonies. (C) Microscopic examination of
the reverse side of a young colony on Middlebrook media
with transmitted light reveals a typical bird’s nest appear-
ance, with stick-like projections. This is particularly evi-
dent when the organism is grown at 45°C. Originally
isolated from the African frog Xenopus laevis, M. xenopi
is now found all over the world in individuals with predis-
posing conditions, such as diabetes mellitus, chronic lung
problems, malignancy, and alcoholism.
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Figure 9-20 Arylsulfatase test. The enzyme arylsul-
fatase, present in most Mycobacterium species, breaks
down tripotassium phenolphthalein disulfate into phe-
nolphthalein, which in the presence of sodium carbon-
ate, as a result of a pH change, yields a red color, as
shown in the tube in the center. The 3-day test is used to
identify rapid growers, while 14 days may be required
for the identification of slow growers. M. chelonae and
M. fortuitum give a positive reaction in less than 3 days,
while M. szulgai, Mycobacterium smegmatis, Myco-
bacterium asiaticum, and Mycobacterium flavescens
may be positive in the 14-day test. M. xenopi and
Mycobacterium triviale, although slow growers, may
give a positive reaction in 3 days. The tube on the left is
a control uninoculated tube, the tube in the center con-
tains M. fortuitum (positive), and the one on the right
contains M. avium (negative).

Figure 9-22 Growth on MacConkey agar without crys-
tal violet. MacConkey agar without crystal violet is used
to differentiate rapidly growing, potentially pathogenic
mycobacteria from nonpathogenic ones. As shown here,
members of the M. fortuitum complex usually grow on
this medium, while rapidly growing, nonpathogenic
mycobacteria do not. Rarely, M. smegmatis can also
grow on this medium.
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Figure 9-21 Catalase test. In general, mycobacteria pos-
sess catalase, except for Mycobacterium gastri, some
isoniazid-resistant mutants of M. tuberculosis and M.
bovis, and some nonpathogenic isoniazid-resistant
strains of M. kansasii. In this test, catalase splits hydro-
gen peroxide to water and oxygen. The height of the
oxygen bubbles produced allows mycobacteria to be
classified into two groups: those that produce a column
of bubbles less than 45 mm in height and those that
produce one higher than 45 mm. This test can further
help subdivide mycobacteria based on the thermostabil-
ity of the catalase. Some mycobacteria have a catalase
that is thermostable up to 68°C for 20 min, while other
catalases are thermolabile under these conditions. Here,
M. fortuitum (left) produced a column of bubbles higher
than 45 mm, while M. avium generated a column less
than 45 mm high (right). The tube in the center is an
uninoculated control.
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Figure 9-23 Iron uptake test. Mycobacteria able to convert ferric ammo-
nium citrate to an iron oxide produce red-brown-rust colonies. This test is
used to distinguish M. chelonae, which is usually negative (left), from M.
fortuitum (right). Most rapid growers are positive, while slow growers are
negative. The cultures should be incubated at 28°C for 2 weeks in tubes
with the caps loose. They should be incubated for an additional 2 weeks
before the test is considered negative.

Figure 9-24 Niacin accumulation test. Certain myco-
bacteria, including M. tuberculosis, M. simiae, and some
strains of M. marinum and M. bovis BCG, have a block
in the metabolic pathway that converts free niacin to
nicotinic acid. The niacin reacts with cyanogen bromide
and a primary aromatic amine to produce a yellow
color. M. tuberculosis (positive) is shown in the center,
e —_— ; while an uninoculated control is shown on the left and
M. avium (negative) is shown on the right.
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Figure 9-25 Nitrate reduction test. The nitrate reduction assay is based on the ability of certain myco-
bacteria to reduce nitrate to nitrite due to the production of nitroreductase. It can be performed with
chemical reagents or chemical strips. (A) In addition to M. tuberculosis, M. kansasii, M. szulgai, M.
smegmatis, and M. fortuitum give positive results. The tube on the right contains M. avium (negative),
the one in the center contains M. tuberculosis (positive), and that on the left is an uninoculated control.
(B) A nitrate standard can be used to compare results. The three tubes on the left are considered negative
and the three tubes on the right positive.



Figure 9-26 Pyrazinamidase test. Pyrazinamidase
hydrolyzes pyrazinamide to pyrazinoic acid and ammo-
nia. Pyrazinoic acid is detected in the presence of ferrous
ammonium sulfate. M. tuberculosis gives positive results
within 4 days (right), while M. bovis is negative even
after 7 days (center). The tube on the left is an uninocu-
lated control. The pyrazinamidase test is also useful for
differentiating M. kansasii (negative) from M. marinum
(positive in 4 days).

Figure 9-27 NaCl tolerance test. Most rapid growers, except M. chelonae
and M. mucogenicum, and the slow-growing M. triviale can grow in the
presence of 5% NaCl. Here, M. gordonae (negative) was inoculated in the
left tube and M. flavescens (positive) was inoculated in the right tube.

Figure 9-28 Tellurite reduction test. Certain mycobacteria contain tellurite
reductase, which reduces colorless potassium tellurite to a black metallic
tellurium precipitate. This is illustrated by the negative reaction of M. gordo-
nae (left). Organisms in the M. avium-M. intracellulare complex (right) reduce
tellurite within 3 to 4 days, while other nonchromogens do not.
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Figure 9-29 Tween 80 hydrolysis test. This assay helps
to separate commonly saprophytic from potentially
pathogenic, slow-growing scotochromogens and non-
chromogens. M. avium-M. intracellulare complex, M.
xenopi, and M. scrofulaceum are usually negative.
Lipases produced by some mycobacteria hydrolyze
Tween 80 (polyoxyethylene sorbitan monooleate) into
oleic acid and polyoxyethylene sorbitol, resulting in a
change in color of the medium. When bound by Tween
80, neutral red has an amber color at neutral pH as a
result of the optical rotation of the transmitted light.
Hydrolysis of Tween 80 releases the neutral red, which
changes to a red color. Here, from left to right, are
an uninoculated tube and tubes containing M. avium,
M. kansasii, and M. gordonae.
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Figure 9-30 Urease test. Several methods are available
for the detection of urease in mycobacteria. Hydrolysis
of urea results in the production of ammonia and CO,.
This test is helpful in identifying scotochromogens and
nonchromogens. The tube on the left was not inocu-
lated. Pigmented strains of the M. avium-M. intracellu-
lare complex should be urease negative (middle), while
M. scrofulaceum produces urease (right).

Figure 9-31 BD BACTEC MGIT. BD BACTEC MGIT (mycobacterial
growth indicator tubes) (BD Diagnostic Systems, Franklin Lakes, NJ) use

fluorometric technology to expedite the reading of results. Positive tests
emit an orange fluorescent glow at the base of the tube and at the meniscus
that can be read using a Wood’s lamp or other long-wave UV light source,
or they can be incubated and read in the BD BACTEC 960 Instrumented
Mycobacterial Growth System.
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Introduction to Enterobacterales

The family Enterobacteriaceae was formerly in the order
Enterobacteriales. However, the order has been reclassi-
fied as Enterobacterales, and the family Enterobacter-
iaceae, which was previously a single family in the order
Enterobacteriales, has been split into seven families in
the order Enterobacterales. Although a majority of the
facultative anaerobic Gram-negative bacilli responsible
for clinical infections are members of the family
Enterobacteriaceae, Yersinia and Serratia have been
moved to the family Yersiniaceae fam. nov.; Proteus,
Providencia, and Morganella belong to Morganellaceae
fam. nov.; Hafnia and Edwardsiella have been moved to
the family Hafniaceae fam. nov.; and Pantoea and
Tatumella belong to Erwiniaceae fam. nov. Plesiomonas
is included in the order Enterobacterales; however, dur-
ing the published 2016 reclassification (http://www.
bacterio.net/enterobacterales.html), it was not assigned
to a family and is considered family incertae sedis, since
it has limited association with other members of the
Enterobacterales.

The order Enterobacterales is composed of numerous
genera of Gram-negative bacilli; however, 11 are respon-
sible for the majority of clinical infections. These include
Citrobacter, Cronobacter, Enterobacter, Escherichia,
Klebsiella, Plesiomonas, Proteus, Salmonella, Serratia,
Shigella, and Yersinia. Among these genera, the species
Escherichia coli, Klebsiella pneumoniae, and Proteus
mirabilis represent more than 90% of the Enterobacterales
recovered in the clinical microbiology laboratory.

Some strains of Enterobacterales colonize the intes-
tinal tract of humans. However, they can cause both

gastrointestinal and extraintestinal infections, espe-
cially in compromised hosts. Four genera are known
to cause intestinal infections: Escherichia, Salmonella,
Shigella, and Yersinia. Urinary and respiratory tract,
wound, and bloodstream infections are the most com-
mon extraintestinal infections caused by Citrobacter,
Cronobacter, Enterobacter, Klebsiella, Plesiomonas,
and Serratia. Although it is rare, some can cause
meningitis.

There has been a major increase in the number of
genera and species within the family Enterobacteriaceae
during the past 4 decades. The genera increased from 11
to 37 and from 26 to 148 species, biogroups, and
unnamed enteric groups, although not all cause infec-
tions in humans. The taxonomic changes present a chal-
lenge to clinical microbiology laboratories, those caring
for patients, and the commercial companies providing
products for identification. Of the 29 species and sub-
species of Enterobacter, several have been transferred to
eight new genera not aligned with Enterobacter. For
example, three well-known Enterobacter spp.,
Enterobacter aerogenes, Enterobacter agglomerans, and
Enterobacter sakazakii, have now been transferred to
three other genera, Klebsiella, Pantoea, and Cronobacter,
respectively. E. aerogenes, a commonly isolated organ-
ism, is now classified as Klebsiella aerogenes.
Enterobacter agglomerans has been reclassified as
Pantoea agglomerans, and Enterobacter sakazakii has
been moved to the genus Cronobacter, which now
includes five species previously identified as E. saka-
zakii, and all cause infections in humans.

91
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The taxonomic change from E. aerogenes to
K. aerogenes may be detrimental to the treatment of
patients, since E. aerogenes produces a chromosomally
encoded AmpC, whereas Klebsiella oxytoca and K.
pneumoniae do not, possibly resulting in treatment fail-
ures. Therefore, the impact on patient care should be
considered before proposed taxonomic changes are
implemented.

Prior to the recent approach for reclassification, the
definition of the Enterobacterales included facultative
anaerobic, Gram-negative bacilli that are cytochrome
oxidase negative, non-spore forming, and glucose fer-
menters. This definition is no longer accurate, since
Plesiomonas, recently transferred to the order
Enterobacterales, is oxidase positive, and two species
of Serratia, Serratia marcescens subsp. sakuensis and
Serratia ureilytica, produce spores.

Microscopically, members of the order Enterobacter-
ales vary from short bacilli measuring 2 to 3 pm in length
to long, slender bacilli measuring 6 to 7 pm in length and
are 0.5 to 2 pm in width. Some species are motile by
means of uniformly distributed flagella, while others are
nonmotile.

Although the Enterobacterales are considered facul-
tative anaerobes, most grow well under aerobic condi-
tions on routine laboratory media, including 5% sheep
blood agar, as well as on differential media, such as
MacConkey agar, or selective differential media, such as
Hektoen enteric (HE) agar and xylose lysine deoxycho-
late (XLD) agar. In general, the Enterobacterales grow
within 18 to 24 h at 35°C.

On blood agar, colonies of the Enterobacterales may
be beta-hemolytic and are typically medium to large,
glistening, and gray; however, some species have a char-
acteristic morphology. For example, Klebsiella may pro-
duce mucoid colonies, Proteus colonies swarm, and
Yersinia colonies are wusually tiny and pinpoint.
Additionally, some species, e.g., S. marcescens, Serratia
rubidaea, Cronobacter sakazakii, and Pantoea agglom-
erans, produce a pigment.

Differential media are useful in differentiating the
Enterobacterales from one another. MacConkey and
eosin methylene blue agars are used to distinguish rapid
lactose fermenters from delayed lactose fermenters or
non-lactose fermenters. Other differential media, such
as HE and XLD agars, further help to characterize the
genera and species and differentiate some of the enteric
pathogens from members of the normal intestinal micro-
biota. Most genera that are considered members of the
normal enteric microbiota ferment salicin and produce a

salmon color on HE agar, whereas the enteric pathogens
do not ferment salicin and form green colonies. Both HE
and XLD agars contain ferric ammonium citrate, which
permits the detection of H,S-producing organisms such
as Salmonella and Proteus. Selective media are helpful in
differentiating a specific serotype within a species. For
example, MacConkey agar with sorbitol can be used to
distinguish E. coli O157:H7 from other serotypes of E.
coli. E. coli O157:H7 produces colorless colonies on
MacConkey agar with sorbitol because it is sorbitol
negative, whereas most other serotypes of E. coli are
sorbitol positive and appear as pink colonies.
CHROMagar O157 is also a selective medium for E.
coli O157:H7. Cefsulodin-irgasan-novobiocin (CIN)
agar is a selective medium for Yersinia.

The Enterobacterales are biochemically active. They
ferment glucose and other carbohydrates, often with the
production of gas; they are oxidase negative, with the
exception of Plesiomonas; they are catalase positive;
and they reduce nitrate to nitrite. Fermentation of glu-
cose results in the production of various end products,
which can be determined by the methyl red and Voges-
Proskauer tests.

Four commonly used methods to identify the
Enterobacterales are the indole, methyl red, Voges-
Proskauer, and citrate tests. As a group, they are usually
referred to as the IMVIC tests, and the various reactions
are listed in Table 10-1. Other biochemical tests that
assist in the identification of the Enterobacterales are
those for phenylalanine, tryptophan, lysine, ornithine,
arginine, urea, o-nitrophenyl-p-D-galactopyranoside
(ONPG), gelatin, and 4-methylumbelliferyl-B-p-glucu-
ronidase (MUG). The lysine decarboxylase, ornithine
decarboxylase, and arginine dihydrolase tests are sup-
plemental tests that are very helpful in identifying the
Enterobacterales, especially the commonly isolated gen-
era Klebsiella, Enterobacter, and Serratia (Table 10-2).
Triple sugar iron (TSI) agar is also very helpful in iden-
tifying the Enterobacterales (Table 10-3).

Some of the Enterobacterales have the ability to uti-
lize sodium malonate as the sole carbon source and
ammonium dihydrogen as the sole nitrogen source.
The reaction is similar to that described for citrate uti-
lization. Table 10-4 lists the positive reactions for some
of the commonly used tests for identification of
Enterobacterales.

In general, one approach in the clinical microbiology
laboratory is to use one or more screening tests to deter-
mine if additional testing with an identification system
1S necessary.
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Table 10-1 IMVIC lactose reactions of common Enterobacterales

Organism(s) with reaction®

Lactose
fermentation
Rapid Escherichia Klebsiella
Yersinia V(+/0),+00 Klebsiella oxytoca
(+0++)
Plesiomonas Raoultella (VO++)
shigelloides®
Enterobacter
Cronobacter
Late Escherichia Hafnia alvei (00+0)
Klebsiella
pneumoniae
subsp. pneumoniae
Enterobacter
Serratia
Negative Edwardsiella

Proteus vulgaris

Morganella morganii

Plesiomonas®

Citrobacter

Citrobacter

Salmonella

Salmonella

Salmonella enterica
serotype Typhi
(0+00)

Proteus mirabilis
0+V(+/0) V(+/0)

Citrobacter

Providencia

Shigella sonnei

Klebsiella
pneumoniae
subsp. ozaenae

Klebsiella
pneumoniae
subsp.
rhinoscleromatis

Proteus penneri
Shigella

Yersinia

“Reactions are positive (+), negative (0), or variable (V) for indole, methyl red, Voges-Proskauer, and citrate.

*The only oxidase-positive organism in the order Enterobacterales.

Table 10-2 Decarboxylase-dihydrolase reactions of various members of the Enterobacterales

Reaction’ for:

Organism

Citrobacter koseri

Citrobacter freundii

Cronobacter sakazakii

Edwardsiella tarda

Enterobacter (Klebsiella) aerogenes
Enterobacter cloacae

Escherichia coli

Hafnia alvei

Klebsiella pneumoniae subspp. other than K. rhinoscleromatis
Klebsiella pneumoniae subsp. rhinoscleromatis
Morganella morganii

Pantoea agglomerans

Plesiomonas shigelloides

S O o+ o+

+

Arginine

S+

S O O O O O + o o +

+

Ornithine

+ © o + +

o

(continued)
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Table 10-2 (Continued)

Reaction’ for:

Organism Arginine Ornithine
Pluralibacter (Enterobacter) gergoviae + 0 +
Proteus mirabilis 0 0 +
Proteus vulgaris 0 0 0
Providencia 0 0 0
Salmonella serovars other than S. enterica serovar Typhi + + +
Salmonella enterica serotype Typhi + 0 0
Serratia spp. other than S. rubidaea + 0 +
Serratia rubidaea + 0 0
Shigella spp. other than S. sonnei 0 0 0
Shigella sonnei 0 0 +
Yersinia 0 0 +
“+, positive; 0, negative.
Table 10-3 TSI reactions? of various Enterobacterales
A/AG A/AG H,S* ALK/A ALK/AG ALK/AG H_S* ALK/A H_S"
Citrobacter spp. Citrobacter spp. Escherichia coli Escherichia coli Citrobacter spp. Salmonella
enterica
serotype Typhi
Cronobacter Proteus vulgaris  Klebsiella pneumoniae Citrobacter spp. Edwardsiella tarda
subsp. rhinoscleromatis
Enterobacter Morganella Enterobacter spp.  Proteus mirabilis
Escherichia coli Proteus penneri Hafnia Salmonella serovars
other than
S. enterica serovar
Typhi and Paratyphi
Klebsiella spp. Providencia spp. Klebsiella spp.
Pantoea Serratia spp. Proteus
myxofaciens
Pluralibacter Shigella spp. Providencia
gergoviae alcalifaciens
Plesiomonas Yersinia spp. Salmonella enterica

shigelloides®

Yersinia spp.©

serovar
Paratyphi

Serratia spp.

Yersinia kristensenii

A, acid; ALK, alkaline; G, gas; +, positive; w, weak.

bPlesiomonas shigelloides does not produce gas from glucose; the TSI reaction is acid/acid.
“Yersinia frederiksenii can produce gas from glucose; Yersinia enterocolitica does not produce gas. Both ferment sucrose, resulting in an acid slant.
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Table 10-4 Positive reactions of the Enterobacterales in commonly used tests

Phenylalanine deaminase  Urease o]\ c}
Morganella Citrobacter™® Citrobacter
Proteus Enterobacter cloacae™®  Enterobacter
Providencia Klebsiella® Cronobacter
Morganella Escherichia
Proteus® Hafnia alvei
Providencia rettgeric Klebsiella
Yersinia® Pantoea

Plesiomonas shigelloides
Raoultella

Serratia

Shigella sonnei

Yersinia

Malonate Gelatin hydrolysis
Citrobacter koseri  Proteus
Enterobacter Serratia

Klebsiella

Serratia rubidaea

*Qvernight incubation.
bVariable (+/0).
“Within 3 h.
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Figure 10-1 Gram stain of Enterobacterales. Some species, such as E. coli, are short (2 to 3
pm long), plump, Gram-negative bacilli with bipolar staining (A), while others, such as Proteus

spp., are long (6 to 7 pm long) with bipolar staining (B).

Figure 10-2 Klebsiella pneumoniae on blood agar.
Colonies of K. prneumoniae are large (approximately 4
to 6 mm in diameter), gray, opaque, and somewhat
mucoid.
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Figure 10-3 Proteus spp. on blood agar. Proteus species
exhibit a characteristic swarming on blood agar, causing
a wave-like appearance across the agar plate. Individual
colonies are not distinguishable due to the swarming
effect resulting from this motility.

Figure 10-4 Yersinia enterocolitica on blood agar.
Colonies of Y. enterocolitica are small (approximately 1
to 2 mm in diameter), gray, opaque, and pinpoint.
Because of their small size, colonies of Y. enterocolitica
do not resemble those of commonly isolated members of
the Enterobacterales.

Figure 10-5 Serratia spp. on blood agar. Serratia rubi-
daea and some strains of Serratia marcescens produce a
red to red-orange pigment, prodigiosin, that may appear
throughout the colony or just at the center or margin.

Figure 10-6 Escherichia coli and Klebsiella spp. on
MacConkey agar. Presumptive identification of
E. coli and Klebsiella spp. can be made based on their
characteristic morphology on MacConkey agar.
E. coli colonies are dry, doughnut shaped, and dark
pink, approximately 2 to 4 mm in diameter (left),
while Klebsiella colonies are often mucoid, larger
(4 to 6 mm), and dark to faint pink (right).
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Figure 10-7 Escherichia coli and Shigella spp. on HE agar. HE agar is a selective and dif-
ferential medium for the isolation and differentiation of enteric pathogens from members of
the normal enteric microbiota. The medium contains bile salts; carbohydrates, including lac-
tose, sucrose, and salicin; indicator dyes (bromthymol blue and acid fuchsin); sodium thio-
sulfate; and ferric ammonium citrate for the detection of H,S. The increased carbohydrate
and peptone contents counteract the inhibitory effects of the bile salts and indicators. The
carbohydrates distinguish the fermenters from the nonfermenters. Rapid fermenters, such as
E. coli, appear as salmon pink to orange, surrounded by a zone of bile precipitate (left), while

Shigella colonies are green (right).

Figure 10-8 H,S-positive Salmonella colonies on HE
agar. Salmonella and some Proteus strains form green to
blue-green colonies with black centers when the colonies
are H,S positive.

Figure 10-9 H,S-positive Salmonella colonies on XLD
agar. On XLD agar, Salmonella can be differentiated
from members of the normal enteric microbiota by three
reactions: xylose fermentation, lysine decarboxylation,
and hydrogen sulfide production. On this medium, the
production of hydrogen sulfide under alkaline condi-
tions results in the formation of red colonies with black
centers, characteristic of Salmonella, whereas under
acidic conditions, this black precipitate is not formed.
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Figure 10-10 Escherichia coli and E. coli O157:H7

on MacConkey agar with sorbitol. E. coli O157:H7 is
sorbitol negative, and colonies appear colorless (left),
whereas other strains of E. coli ferment sorbitol and
appear as pink colonies (right).

Figure 10-11 Yersinia enterocolitica on CIN agar. CIN
agar is a selective medium specifically used for the isola-
tion of Y. enterocolitica from fecal specimens. This
medium contains yeast extract, mannitol, and bile salts,
with neutral red and crystal violet as pH indicators.
Colonies are small (1 to 2 mm in diameter). Y. enteroco-
litica ferments mannitol, causing a drop in pH around
the colony. The colony absorbs neutral red, which may
appear as a red bull’s-eye in the center of the colony.
Most other bacteria, including other enteric bacteria
that ferment mannitol, are inhibited on CIN agar.

Figure 10-12 MUG test. In the presence of the enzyme
B-glucuronidase, the substrate MUG releases 4-methyl-
umbelliferone, a fluorescent compound that is easily
detected by long-wave (360-nm) UV light (left tube).
Since approximately 97% of all E. coli strains possess
B-glucuronidase, the MUG test provides a rapid (30-min)
method for the identification of this species. However,
E. coli O157:H7 (right tube) rarely possesses
B-glucuronidase.
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Figure 10-13 BBL Crystal Enteric/Nonfermenter ID
system. The BBL Crystal Enteric/Nonfermenter ID panel
(BD Diagnostic Systems, Franklin Lakes, NJ) is a modi-
fied microplate consisting of 30 wells of organic and
inorganic substrates for the identification of both the
Enterobacterales and other Gram-negative bacilli.
Following an 18- to 20-h incubation period, the wells
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reactions is converted into a 10-digit profile number
that is used as the basis for identification. Shown here
are Klebsiella pneuwmoniae (top), Proteus mirabilis
(middle), and Escherichia coli (bottom).
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Figure 10-14 Micro-ID system. The Remel
Micro-ID system (Thermo Fisher Scientific,
Inc., Waltham, MA) is a self-contained unit

with 15 biochemical tests for the rapid iden-
tification of the Enterobacterales. The system
is based on the principle that bacteria con-
tain preformed enzymes that can be detected
in 4 h. Each reaction chamber contains a fil-
ter paper disk impregnated with a reagent
that detects an enzyme or metabolic product.
Following inoculation and incubation for
4 h, the reaction chambers are inspected and
the findings are interpreted based on color
changes. Shown here are Klebsiella pneumo-
niae (top), Proteus mirabilis (middle), and
Escherichia coli (bottom).
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Figure 10-15 MicroScan Combo plate system. The
MicroScan Combo plate system (Beckman Coulter, Brea,
CA) utilizes modified conventional and chromogenic tests
for the identification of fermentative and nonfermentative
Gram-negative bacilli. Identification is based on detection
of pH changes, substrate utilization, and growth in the
presence of antimicrobial agents after 16 to 42 h of incu-
bation at 35°C. Shown here is Escherichia coli.

BTSSP S ST DS i e

(AT T T T *'m
IRa ;‘Ei DNE rane.f | I| "'1| e -

| |

m"al} !MIWIL m%u

|| \y SR o
" ) /\._/‘\..,/\.J*«,{Aqi ; ’@

em|]mwi

A
i

Figure 10-16 RapID onE system. The RapID onE
system (Thermo Scientific, Inc., Waltham, MA) is a qual-
itative micromethod in which conventional and chro-
mogenic substrates are used for the identification of
medically important Enterobacterales and other selected
oxidase-negative, Gram-negative bacilli. A suspension
of test organisms is used to rehydrate and initiate the
test reactions. After 4 h at 35°C, each test cavity is exam-
ined for reactivity by noting the development of a color.
The pattern of positive and negative results is used as
the basis for identification of the isolate by comparison
of the test results to reactivity patterns in a database.
Shown here is Escherichia coli.
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Figure 10-17 API 20E system. The API 20E system (bioMérieux, Inc., Durham, NC) is a self-
contained system consisting of 20 microtubes of dehydrated substrates designed to measure
standard biochemical tests for Enterobacterales. Substrates are rehydrated by adding a bacte-
rial suspension of a colony in 0.85% NaCl. For a rapid interpretation (4 h), the inoculum must
equal a no. 1 McFarland turbidity standard. The substrates/tests included in the system are
ONPG, arginine (ADH), lysine (LDC), ornithine (ODC), citrate (CIT), H,S, urea (URE), tryp-
tophan (TDA), indole (IND), Voges-Proskauer (VP), gelatin (GEL), glucose (GLU), mannitol
(MAN), inositol (INO), sorbitol (SOR), rhamnose (RHA), saccharose (sucrose) (SAC), melibi-
ose (MEL), amygdalin (AMY), and arabinose (ARA). Identification is made by adding the
required reagents and visually interpreting the results. A numerical code is derived by dividing
the tests into seven groups of three. The test results are converted to a seven-digit profile. The
oxidase test, not performed on the API strip, is included with the results of AMY and ARA,
thus providing the seventh digit. If any of the tests are positive, a score is assigned to each tube;
the first test of each set is given a score of 1, the second test is assigned a score of 2, and the
third test is assigned a score of 4. If the test is negative, it is given a 0. The total scores in a set
can range from 0 to 7. Shown here is Escherichia coli with positive reactions (above the
arrows) for ONPG, LDC, ODC, IND, GLU, MAN, SOR, RHA, MEL, and ARA. The oxidase
test result, not shown, was negative. Therefore, the profile code number is 5144552.
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Figure 10-18 Enterotube II identification system for

Enterobacterales. The Enterotube I system (BD Diagnostic

Systems, Franklin Lakes, NJ) is a compartmented plastic

tube containing 12 different conventional media and an

enclosed inoculating wire, resulting in the reactions of 15

standard biochemical tests using a single colony. The tests

include glucose, gas production from glucose, lysine decar-

boxylase, ornithine decarboxylase, H,S production, indole,

adonitol, lactose, arabinose, sorbitol, Voges-Proskauer, - &
dulcitol, phenylalanine deaminase, urea, and citrate. = = 'i.

:
tol, phe . . AR v B
Identification is made by adding the required reagents and I I ]

visually interpreting the results. The combination of color I I I
reactions, together with the computer coding system,

allows identification of Enterobacterales. The system

should be used only on oxidase-negative bacteria. The

organism represented in this image is Escherichia coli. The

positive reactions, indicated by the arrows, are glucose, gas

production from glucose, lysine decarboxylase, ornithine

decarboxylase, indole, lactose, arabinose, and sorbitol. The

five-digit identifier is 36560.
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Figure 10-19 Microbact Gram-negative identification system. The Microbact 24E identification system (Thermo Fisher
Scientific, Inc., Waltham, MA) consists of two separate strips, 12A (also referred to as 12E) and 12B, each containing 12
different biochemical substrates. Use of one strip alone will limit the ability to identify a wide range of Gram-negative
bacilli. For example, the 12A strip will identify 15 genera within the order Enterobacterales that are oxidase negative,
nitrate positive, and glucose fermenters. When the 12B strip is added, identification is expanded to include organisms that
are oxidase positive, nitrate negative, and glucose nonfermenters. The substrates included in the Microbact 24E (with their
abbreviations and expected positive reactions in parentheses), beginning with the top row, left to right, are lysine (LYS,
blue-green), ornithine (ORN, blue), H,S (black), glucose (GLU, yellow), mannitol (MAN, yellow), xylose (XYL, yellow),
ONPG (yellow), indole (IND, pink—reé), urease (URE, pink-red), Voges-Proskauer (VP, pink-red), citrate (CIT, blue), and
tryptophan deaminase (TDA, cherry red). The bottom row includes gelatin (GEL, black), malonate (MAL, blue), inositol
(INO, yellow), sorbitol (SOR, yellow), rhamnose (RHA, yellow), sucrose (SUC, yellow), lactose (LAC, yellow), arabinose
(ARA, yellow), adonitol (ADO, yellow), raffinose (RAF, yellow), salicin (SAL, yellow), and arginine (ARG, green-blue at
24 h and blue at 48 h). Reagents are added to the IND, VP, and TDA wells. Additionally, nitrate reagents are added to the
ONPG well once its reaction is read. It should be noted that the gelatin well should be read at 24 and 48 h for the
Enterobacterales and only at 48 h for the other Gram-negative bacilli. The arginine color reaction is different at 24 and 48
h, as noted above. Identification is based on an eight-digit coding system similar to the API system described in the legend
to Fig. 10-17. The organisms shown in this image, from top to bottom, are Escherichia coli (rows A and B), Klebsiella
pneumoniae (rows C and D), Proteus mirabilis (rows E and F), and Enterobacter cloacae (rows G and H).
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Figure 10-20 TSI agar. A TSI agar slant contains three carbohydrates, sucrose, lactose, and
glucose, at a ratio of 10:10:1. For the detection of H,S, sodium thiosulfate is present in the
medium as the source of sulfur atoms. Two iron salts, ferrous sulfate and ferric ammonium
citrate, react with the H,S to form a black precipitate of ferrous sulfide. In the TSI tube, the
agar in the top half forms a slant and thus is aerobic due to the exposure to oxygen, while
the bottom (butt) is protected from air and, as a result, is considered anaerobic. Production
of the gases CO, and H, is also detected by observing cracks or bubbles in the agar. The tubes
should be inoculated with a single, well-isolated colony by using a long, straight wire. No
change in the medium, indicated by an alkaline reaction in the slant and butt (ALK/ALK),
means that the organism cannot ferment any of the sugars present, thereby excluding the
Enterobacterales. If glucose alone is fermented, the butt will be yellow due to the acid (A)
production by the fermentation of glucose under anaerobic conditions; however, the slant
will be alkaline (pink) due to the oxidative degradation of the peptones under aerobic condi-
tions (ALK/A). Fermentation of glucose and lactose or of sucrose results in both an acidic
slant and an acidic butt (A/A). As shown in this figure, members of the Enterobacterales
demonstrate a variety of reactions, and these six correspond to those shown in the headings
of Table 10-3, beginning with an acid slant and an acid butt and gas in the very bottom of
the tube (A/AG). Because they all ferment glucose, the butt will always be acidic (yellow). The
last tube on the right shows a characteristic reaction for Salmonella enterica serovar Typhi
because of the slight H,S production. An alternative to the TSI system is Kligler iron agar
(KIA), which does not contain sucrose. The advantage of the sucrose in TSI is that Salmonella
and Shigella do not metabolize either lactose or sucrose. Thus, any acid-acid reaction on a
TSI agar slant excludes Salmonella and Shigella spp. Yersinia enterocolitica ferments sucrose
but not lactose, yielding results of A/A in TSI and ALK/A in KIA.



de la Maza LM, Pezzlo MT, Bittencourt CE, Peterson EM
Color Atlas of Medical Bacteriology, Third Edition

© 2020 ASM Press, Washington, DC
doi:10.1128/9781683671077.ch11

Escherichia, Shigella, and Salmonella

Escherichia coli is a member of the family
Enterobacteriaceae and the enteric group Escherichia-
Shigella. Although the genus Escherichia includes six
species, E. coli is by far the most common, as well as
being the bacterial species most frequently isolated in
the clinical microbiology laboratory. It is normally
found in the gastrointestinal tracts of humans and
animals.

E. coli can be spread from person to person by the
fecal-oral route and by contaminated food, unchlorin-
ated water, raw milk, and improperly cooked beef. The
source of contamination is usually bovine manure.
E. coli causes both extraintestinal and gastrointestinal
infections, including urinary tract infections, septicemia,
health care-related pneumonia, and wound infections.

The most common extraintestinal E. coli infections
are urinary tract infections (UTI) in young women of
childbearing age. In addition, E. coli catheter-associated
UTT are the most common health care-related infections.
UTI can subsequently result in bloodstream infections.
E. coli has now surpassed Streptococcus agalactiae as
the leading cause of early-onset meningitis in neonates
due to the adoption of screening and prophylaxis for
group B streptococci in pregnant females.

The strains causing gastroenteritis or enteritis can be
grouped according to clinical presentation: the most
common are enterotoxigenic E. coli (ETEC), associated
with chronic, persistent diarrhea and possibly a com-
mon cause of diarrhea in infants, young toddlers, and
adults; enteropathogenic E. coli (EPEC), the cause of
infantile diarrhea worldwide that results in fever,

vomiting, and watery diarrhea; enteroinvasive E. coli
(EIEC), the E. coli type (pathovar) that is closely related
to Shigella and that causes symptoms ranging from a
mild form of diarrhea to a dysentery-like disease;
enteroaggregative E. coli (EAEC), a cause of persistent,
non-bloody watery diarrhea, which is implicated in
traveler’s diarrhea in the developed world; and Shiga
toxin-producing E. coli (STEC) O157/enterohemor-
rhagic E. coli (EHEC) and non-O157, a cause of hem-
orrhagic colitis which is implicated in hemolytic-uremic
syndrome (HUS).

All STEC isolates encode Shiga toxin 1 (Stx1) and/or
Shiga toxin 2 (Stx2). STEC strains that cause hemorrhagic
colitis or HUS are further designated as EHEC. Stx1 is
associated with mild disease, and strains expressing Stx2
variants are more virulent, being linked to severe bloody
diarrhea and increased incidence of HUS. STEC O157 is
responsible for 30 to 80% of all STEC infections world-
wide. Non-O157 STEC serotypes, which cause both mild
and severe gastroenteritis, account for a majority of infec-
tions in some countries and are responsible for 20 to 50%
of STEC infections in the United States. As a result, the
Joint Commission has introduced standard QSA.04.06.01.
This standard requires laboratories to perform tests that
specifically detect Shiga toxin or the genes encoding the
toxin in all patients with community-acquired diarrhea
for the purpose of identifying non-O157 STEC. CDC rec-
ommends using a Shiga toxin assay (e.g., enzyme immu-
noassay) or molecular test. The guidelines were proposed
to avoid missing STEC infection by testing on selective
specimens, such as bloody stools.
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Table 11-1 Characteristic reactions of E. coli and Shigella spp.®

TSI A/AG Alk/A G Alk/A
Indole + \" \"
Methyl red + + +
Voges-Proskauer 0 0 0
Citrate 0 0 0
Sorbitol + A% v
Lactose + 0 0/+¢
Xylose + A% 0
Lysine + \" 0
Motility + 0 0

A, acid; Alk, alkaline; G, gas; +, positive reaction (290% positive);
V, variable reaction (11 to 89% positive); 0, negative reaction (<10%
positive).

*Nonmotile, anaerogenic biotypes.

<S. sonnei is lactose positive.

Timing of specimen collection from patients with sus-
pected gastrointestinal infections is based on the onset
of illness. For example, fecal specimens should be col-
lected within 4 days of disease onset, when organisms
are usually present in their greatest numbers. Specimens
should be processed within 2 h of collection or stored at
4°C until processed. A Gram stain of fecal specimens is
not useful, since the Gram-negative bacilli cannot be dis-
tinguished from the normal Gram-negative intestinal
microbiota.

Colonies of E. coli are gray, smooth, and often beta-
hemolytic on blood agar. Hemolytic colonies isolated
from urine specimens usually suggest more virulent
strains. Most strains ferment lactose rapidly. Aerobic
growth appears within 12 to 18 h at 35°C. The colonies
are pink on MacConkey agar and are yellow to salmon
on both Hektoen enteric (HE) and xylose lysine deoxy-
cholate (XLD) agar plates. Sorbitol-containing
MacConkey agar (SMAC) enhances the identification of
E. coli O157. The inability of E. coli O157 to ferment
sorbitol aids in differentiating this serogroup from
strains normally found in the intestinal tract. In addition
to SMAC, other media are available and have been
shown to increase the sensitivity of cultures for STEC
0157. These include CHROMagar O157 and cefixime-
and tellurite-containing SMAC (CT-SMAC; BD
Diagnostic Systems, Franklin Lakes, NJ). There is no
selective medium for STEC non-O157 strains; therefore,
testing for the presence of Shiga toxin is important.

Presumptive identification of E. coli should be based
on Gram stain morphology, colony morphology on
MacConkey agar, growth on triple sugar iron (TSI)
agar slants, and IMViC (indole, methyl red, Voges-
Proskauer, citrate) reactions (Table 11-1). In addition,
E. coli strains can be differentiated from most other
members of the Enterobacterales because they are
methylumbelliferyl-p-p-glucuronide positive. Most
strains of E. coli are motile, with the exception of the
nonmotile EIEC. This strain may also be a non-lactose
fermenter or a late lactose fermenter and thus may be
confused with Shigella spp. In addition, 5% of E. coli
spp. are nonreactive/inactive or negative for many of the
biochemical reactions routinely used to identify E. coli
and, therefore, may also be confused with Shigella.

The genus Shigella is composed of four species, also
considered serologic subgroups. These include Shigella
dysenteriae (subgroup A), Shigella flexneri (subgroup B),
Shigella boydii (subgroup C), and Shigella sonnei (sub-
group D). Although E. coli (especially EIEC) and Shigella
are similar, the difference between the two genera is the
ability of Shigella to invade the intestinal epithelium.
Biochemically, Shigella can be differentiated from
E. coli, since Shigella strains are anaerogenic, nonmotile,
and lysine decarboxylase negative and do not ferment
lactose, with the exception of S. sonnei, which is a late
lactose fermenter.

The common clinical symptoms of shigellosis are
self-limiting and initially present as fever, abdominal
cramps, and watery diarrhea. Within a few days,
blood and mucus appear in the feces, suggesting that
the organism has penetrated the intestinal mucosa.
Large numbers of polymorphonuclear leukocytes can
be observed during microscopic examination of feces.
Overall, symptoms associated with shigellosis are
mild, and some patients are asymptomatic. S. dysente-
riae causes dysentery, the most severe form of shigel-
losis, which is related to the production of Shiga
toxin. HUS is one of the most serious complications
of these types of infections. Reactive arthritis, or
Reiter’s chronic syndrome, has been associated with S.
flexneri infection. Humans are a natural reservoir,
and the organism is spread by person-to-person con-
tact or via contaminated water or food. As few as 10
bacteria can cause infection, compared to 10° organ-
isms for infection with Salmonella and some of the
other enteric pathogens. For this reason, shigellosis is
the most common infection among laboratory
workers. S. sonnei is the most common Shigella
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species causing shigellosis in developed countries, fol-
lowed by S. flexneri.

MacConkey agar and either HE or XLD agar are
recommended for optimal isolation of Shigella.
Chromogenic agar is also helpful for identification,
especially in combination with XLD agar. Shigella
strains appear as colorless colonies on all four media
because they do not ferment the carbohydrates con-
tained in the media: lactose, salicin, sucrose, and xylose.
Shigella spp. produce an alkaline (Alk) slant and an acid
(A) butt, referred to as Alk/A and no gas in TSI agar
slants. IMViC reactions can be similar to those of E.
coli, i.e., indole positive, methyl red positive, Voges-
Proskauer negative, and citrate negative, although S.
sonnei is indole negative and 25 to 50% of the other
Shigella spp. are indole positive (Table 11-1). Serologic
testing is required for the grouping of Shigella isolates,
because S. flexneri and S. boydii are biochemically indis-
tinguishable by phenotypic testing. Also, identification
by matrix-assisted laser desorption ionization-time of
flight mass spectrometry is another option to differenti-
ate these two species. In the diagnostic laboratory, sero-
logic identification is routinely performed by a slide
agglutination method with polyvalent antisera to
somatic antigens. Isolates of S. dysenteriae should be
sent to a reference laboratory for identification of the S.
dysenteriae serotype.

The genus Salmonella is composed of two species,
Salmonella enterica and Salmonella bongori, and there
are more than 2,400 antigenically distinct members of
these two species. S. enterica is subdivided into six
subspecies, as determined by genetic similarity. Each
subspecies is identified by a subspecies name or group
number: Salmonella enterica subspecies enterica
(group 1), S. enmterica subsp. salamae (group II), S.
enterica subsp. arizonae (group Illa), S. enterica subsp.
diarizonae (group Illb), S. enterica subsp. houtenae
(group IV), and S. enterica subsp. indica (group VI). S.
enterica subsp. enterica (group I) is most commonly
isolated from humans and warm-blooded animals.
Serotypes of clinical or epidemiologic importance
within each subspecies may also be assigned a com-
mon name, such as S. enterica subsp. enterica serotype
Typhi and S. enterica subsp. enterica serotype
Enteritidis, which can be referred to as S. Typhi and S.
Enteritidis.

Most infections with Salmonella are caused by con-
taminated food or water. Other reservoirs are humans
and animals colonized with the organism. Pathogenicity

is based on the ability of the organism to invade and
replicate within the gastric epithelial cells, which can-
not be cleared by phagocytosis. Similar to infections
with Shigella spp., intestinal infections with Salmonella
spp. are usually self-limited in the otherwise healthy
host; they cause diarrhea that can last as long as
1 week. Salmonella is also a cause of osteomyelitis in
children with sickle cell disease. However, infection
with S. Typhi causes serious sepsis, known as typhoid
fever. The symptoms include fever and headache, often
without diarrhea. The infection is more common in
developing countries and is usually associated with
foreign travel when it occurs in the United States.
Similar infections are caused by Salmonella enterica
serotype Paratyphi A, B, and C. Outbreaks of infec-
tions caused by S. Enteritidis are increasing in the
United States and are usually associated with contami-
nated food, including raw or poorly cooked eggs. S.
Typhi and S. Paratyphi express the Vi capsular anti-
gen, which is unique among Salmonella serotypes.
Approximately 5% of those infected with S. Typhi and
S. Paratyphi become chronic asymptomatic carriers
and shed the organism for up to 10 years. Carriage
occurs in the gallbladder, and 90% of carriers have
gallstones with biofilm formation on the surface. Of
concern are Salmonella infections that are resistant to
several antimicrobial agents. These are usually associ-
ated with S. Typhi and S. Paratyphi A.

Although MacConkey agar and either HE or XLD
agar are recommended for the isolation of Salmonella,
more highly selective media are available. These
include xylose lysine Tergitol 4 (XLT4) and Rambach
agars. Bismuth sulfite and brilliant green agars are the
preferred media for isolation of S. Typhi. Suspicious
colonies isolated from selective media should be sub-
cultured onto TSI or Kligler iron agar slants. Typically,
most Salmonella serotypes produce an alkaline reac-
tion on the slant and an acidic reaction in the butt
(Alk/A). They also generate gas in the tube, as well as
large amounts of H,S. Although S. Typhi produces
Alk/A, it produces a very small amount of H,S, which
has been referred to as mustache-like, and no visible
gas in TSI agar. The H,S reaction for S. Paratyphi A is
negative or weakly positive. Additional biochemical
tests may be used to confirm the identification
(Table 11-2).

Isolates of Salmonella spp. should be serotyped.
These organisms may possess somatic (O), flagellar
(H), and capsular (Vi) antigens. In the diagnostic
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laboratory, serological identification is routinely per-
formed by a slide agglutination method using polyva-
lent somatic antigen antisera as described for Shigella.
Typing usually begins with O antigen antisera to con-
firm that the organism is Salmonella. If S. Typhi is
suspected, the isolate should also be tested with the H
group and then the Vi antigen. The Vi antigen is found
predominantly in typhoidal strains. If only Vi is posi-
tive, the isolate should be heated in boiling water for
15 min, because the capsular antigen is heat labile. On
retesting with O antiserum, the group D test should
be positive. Since the Vi antigen is also expressed in
some Citrobacter spp., the isolate should be identified
to exclude Citrobacter. A laboratory may provide a
preliminary report of Salmonella spp. based on bio-
chemical reactions and serotyping. The isolate should
then be referred to the health department for
confirmation.
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Figure 11-1 Gram stain of Escherichia coli. E. coli is a
Gram-negative bacillus appearing as a short, plump,
straight rod with bipolar staining, often resembling a
safety pin. This morphology helps to distinguish E. coli
from other Enterobacterales. Although bipolar staining
occurs with the other Enterobacterales, they are usually
longer bacilli.

Table 11-2 Characteristic reactions of Salmonella spp.*

Salmonella Salmonella
Characteristic spp.® serotype Typhi
TSI Alk/A G Alk/A
H,S on TSI + Slight
Indole 0 0
Methyl red + +
Voges-Proskauer 0 0
Citrate + 0
Ornithine + 0
Arabinose + 0
Dulcitol + 0
Rhamnose + 0

A, acid; Alk, alkaline; G, gas; +, positive reaction (290% positive);
V, variable reaction (11 to 89% positive); 0, negative reaction (<10%
positive).

YReactions for most commonly isolated Salmonella serotypes.

Figure 11-2 Colonies of Escherichia coli on MacConkey
agar. On MacConkey agar, the colonies are pink, dry,
and doughnut shaped and are surrounded by a dark
pink area of precipitated bile salts. This is due to the
rapid fermentation of lactose by this organism.



Figure 11-3 Colonies of Escherichia coli on HE
agar. Colonies of E. coli on HE agar appear
yellow-orange to salmon pink. This is due to the
rapid fermentation of lactose by this organism.

Figure 11-4 Colonies of Escherichia coli on
CHROMagar O157. BBL CHROMagar O157
medium (BD Diagnostic Systems, Franklin Lakes,
NJ), a selective medium for the isolation, differen-
tiation, and presumptive identification of E. coli
0O157:H7, has been shown to increase the sensi-
tivity of culture, thus allowing presumptive identi-
fication from the primary isolation plate and
differentiation from other organisms. Due to the
chromogenic substrates in the medium, colonies
of E. coli O157:H7 produce a mauve color, as
shown here, whereas E. coli non-O157:H7 and
other Enterobacterales produce blue colonies.
CHROMagar O157 contains cefixime, cefsulodin,
and potassium tellurite, which reduces the number
of other bacteria that grow on this medium.

CHAPTER 11 Escherichia, Shigella, and Salmonella

Figure 11-5 Escherichia coli on a TSI agar slant. Colonies of E. coli on a

TSI agar slant produce an acid slant and acid butt due to the rapid fermen-
tation of glucose and lactose. This can result in copious gas production,
causing the agar to split or be lifted from the bottom of the tube, as shown
in this figure. A description of this test can be found in the legend to

Fig. 10-20.
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Figure 11-6 IMViC reactions of Escherichia coli. The
four characteristic IMVIiC reactions of E. coli are indole
positive, methyl red positive, Voges-Proskauer negative,
and citrate negative (left to right). Descriptions of these
tests can be found in chapter 41.

Figure 11-7 Toxin assay for the qualitative detection
of Shiga toxins 1 and 2 produced by toxin-producing
strains of Escherichia coli. The Meridian Bioscience
ImmunoCard STAT! EHEC (Fisher Scientific,
Waltham, MA) is based on the immunochromato-
graphic lateral-flow principle. The test device con-
tains immobilized monoclonal anti-Shiga toxin 1 and
anti-Shiga toxin 2 antibodies labeled with red-colored
gold particles. Each test has an internal control. The
toxins in the sample form complexes with the gold-
labeled antibody, which migrates through the pad
until it encounters the binding zone in the test area.
Due to the gold labeling, a distinct red line is formed,
as shown here. The test on the left is negative for Shiga
toxins 1 and 2, the center test is positive for toxin 2
only, and the test on the right is positive for both
toxins 1 and 2.

Figure 11-8 Colonies of Shigella spp. and Escherichia
coli on MacConkey agar. Shigella spp. are lactose nega-
tive and appear as colorless colonies (left), whereas E.
coliis a rapid lactose fermenter and appears pink (right).
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Figure 11-9 Shigella spp. on HE agar. Shigella spp. do
not ferment lactose, salicin, or sucrose, the carbohy-
drates contained within HE agar; therefore, they appear
as colorless colonies, as shown here.

Figure 11-11 Salmonella spp. on HE agar. Although
Salmonella spp. do not ferment the carbohydrates in HE
agar, they do produce H,S. The presence of ferric ammo-
nium citrate in HE agar causes the colonies of Salmonella
to appear black.

S e

Figure 11-10 Shigella spp. on a TSI agar slant. Shigella
spp. ferment glucose but not lactose or sucrose present
in the TSI agar slant; therefore, their result is Alk/A.
They also do not produce H,S or gas.
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Figure 11-12 Salmonella serotype Typhi on bismuth
sulfite agar. Bismuth sulfite agar contains ferrous sul-
fate, bismuth sulfite indicator, and brilliant green. Well-
isolated colonies of Salmonella serotype Typhi are
circular, jet black, and well defined. The black colony
may vary from 1 to 4 mm in diameter, depending on the
particular strain, length of incubation, and position of
the colony on the agar. The larger colonies appear in the
less dense areas on the agar plate. The typical discrete
surface of a Salmonella serotype Typhi colony is black
and is surrounded by a greenish or brownish black zone
that appears several times the size of the colony, as
shown here. By reflected light, this zone exhibits a dis-
tinctly characteristic metallic sheen.

Figure 11-13 Salmonella on XLT4 agar. XLT4 agar
was introduced in 1990 for the purpose of inhibiting
bacterial overgrowth commonly associated with screen-
ing of fecal specimens for Salmonella spp. contaminated
with enteric organisms. This medium is similar to XLD
agar; however, the sodium deoxycholate is replaced
with a 27% solution of Tergitol-4. This supplement
inhibits the growth of non-Salmonella organisms.
Typical H,S-positive Salmonella colonies, other than
Salmonella serotype Typhi, appear black after 18 to
24 h of incubation. Colonies of H,S-negative Salmonella
strains appear pinkish yellow. Other enteric organisms
may appear red or yellow but should appear markedly
inhibited, as shown here.

Figure 11-14 Salmonella on CHROMagar. BBL
CHROMagar Salmonella (BD Diagnostic Systems)
is a selective and differential medium for the isola-
tion and presumptive identification of Salmonella
spp. based on chromogenic substrates in the
medium. Salmonella spp. appear as mauve (rose to
purple) colonies, shown here, whereas other enteric
organisms appear blue or colorless.
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S il
Figure 11-15 Salmonella on a TSI agar slant. Most Figure 11-16 Salmonella enterica serotype Typhi on a
Salmonella spp. ferment glucose and produce gas and TSI agar slant. Although S. Typhi ferments glucose like
large amounts of H,S. Therefore, they cause the Alk/A G other Salmonella spp., it does not produce gas and pro-
H,S* reaction on a TSI agar slant. duces only a small amount of H,S, which has been

referred to as mustache-like. The resulting reaction on a
TSI agar slant is Alk/A slight H,S.

A B

Figure 11-17 IMVIiC reactions of Salmonella serotype Typhi. The four characteristic reac-
tions of S. Typhi are indole negative, methyl red positive, Voges-Proskauer negative, and cit-
rate negative (A, left to right). Descriptions of these tests can be found in chapter 41. In
comparison, most other commonly isolated Salmonella species have similar reactions for
indole, methyl red, and Voges-Proskauer; however, they are citrate positive (B).
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Figure 11-18 Salmonella enterica and Salmonella serotype Typhi in the API 20E system.
Shown here are the reactions of S. enterica and S. Typhi on API 20E (bioMérieux, Inc., Durham,
NC). S. enterica is in the top strip. The differentiating characteristics, indicated by the arrows,
are arginine dihydrolase (ADH), ornithine decarboxylase (ODC), citrate (CIT), and H,S. Most
Salmonella serotypes are strongly positive for these reactions, whereas S. Typhi is negative for
ADH, ODC, and CIT and weakly positive for H,S. The carbohydrate reaction differences are
shown in Table 11-2 and here.
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Klebsiella, Enterobacter, Citrobacter,
Cronobacter, Serratia, Plesiomonas,
and Selected Other Enterobacterales

The Gram-negative bacilli discussed in this chapter were
previously assigned to the order Enterobacteriales and
the family Enterobacteriaceae. The order has been
reclassified as Enterobacterales, and the single family
Enterobacteriaceae has been split into seven families, of
which four are included in this chapter. Klebsiella,
Enterobacter, Citrobacter, Cronobacter, Kosakonia,
Lelliottia, Pluralibacter, and Raoultella are all members
of the family Enterobacteriaceae. Edwardsiella and
Hajfnia belong to the family Hafniaceae fam. nov.
Morganella, Proteus, and Providencia belong to the
family Morganellaceae fam. nov., Pantoea is in the fam-
ily Erwiniaceae fam. nov., and Serratia is a member of
the family Yersiniaceae fam. nov. Plesiomonas is a mem-
ber of the order Enterobacterales, although it has not
been placed in one of the seven families because of its
limited association with other Enterobacterales. These
genera have been isolated from clinical specimens and
also have been recovered from the environment, plants,
and animals. Although some are considered health care-
related pathogens, the pathogenicity of others has not
been established.

Klebsiella, Enterobacter, Citrobacter, Cromobacter,
Pantoea, Raoultella, and Serratia cause a wide variety of
infections, most frequently in hospitalized patients. These
organisms are known to cause sepsis, infections of the
respiratory tract and urinary tract, wound infections,
and meningitis. They are part of the normal intestinal
microbiota, and this is usually the source of the infec-
tion; however, they may be spread by person-to-person
transmission, intravenous fluids, and medical devices.

Multidrug-resistant strains have caused outbreaks in hos-
pitals, usually in locations with seriously ill patients, such
as intensive care units. Over the last decade, there has been
a sharp increase in Klebsiella pneumoniae isolates produc-
ing a carbapenemase referred to as KPC. In addition to
being resistant to carbapenems, these isolates are often
resistant to a variety of other antimicrobial agents. KPC,
as well as other carbapenemases, can occur in other
Enterobacterales along with other mechanisms that
make these organisms carbapenem resistant. Therefore,
Enterobacterales species that are resistant to carbapenems
are referred to as carbapenem-resistant Enterobacterales
(CRE). In addition to carbapenem resistance, some mem-
bers of the Enterobacterales have also been reported to
possess one or more Amp C B-lactamases. These include,
but are not limited to, Klebsiella (Enterobacter) aerogenes,
Citrobacter, Enterobacter, Morganella spp., Proteus spp.,
Klebsiella oxytoca, and Serratia marcescens.

The genus Klebsiella is composed of five species and
three subspecies: Klebsiella (Enterobacter) aerogenes,
Klebsiella granulomatis, Klebsiella oxytoca, Klebsiella
pneumoniae, and Klebsiella variicola. Additionally, there
are three subspecies of K. pneumoniae: Klebsiella pneu-
moniae subsp. pneumoniae, K. pneumoniae subsp. ozae-
nae, and K. pneumoniae subsp. rbinoscleromatis. K.
pneumoniae subsp. pneumoniae is the most frequently
isolated from clinical specimens and causes pneumonia,
urinary tract infections, and a variety of other infections,
of which many are health care-associated infections.
There is a hypervirulent strain of K. pneumoniae with a
hypermucoviscous phenotype that is endemic in Taiwan
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and Southeast Asia. If this phenotype is observed, a
string test should be performed, and if it is positive, the
isolate should be considered a hypervirulent strain.

The other two K. pneumoniae subspecies, K. pneu-
moniae subsp. ozaenae and K. pneumoniae subsp. rhi-
noscleromatis, are less frequently isolated and are
associated with chronic infections. K. preumoniae
subsp. ozaenae causes atrophic rhinitis, and K. preumo-
niae subsp. rhinoscleromatis causes rhinoscleroma, a
chronic infectious process of the upper respiratory tract.
K. granulomatis is a sexually transmitted pathogen,
causing granuloma inguinale (also called donovanosis),
which presents as chronic genital ulcers. Identification is
based on the observation of Donovan bodies in biopsy
specimens or tissue smears stained with Giemsa,
Warthin-Starry, or Wright stains. K. oxytoca can cause
antibiotic-associated hemorrhagic colitis due to the
presence of a heat-labile cytotoxin, resulting in an
abrupt onset of bloody diarrhea. However, unlike
Clostridioides (Clostridium) difficile, it does not cause
pseudomembranous colitis; it is self-limiting and resolves
when the antibiotic is discontinued. K. variicola is asso-
ciated with infections in blood and urine. Since Klebsiella
(Enterobacter) aerogenes was recently transferred to the
genus Klebsiella, it is discussed with the Enterobacter
spp., to avoid confusion created by the taxonomic
change, described in chapter 10.

There are eight species within the genus Enterobacter.
Of these, seven have been recovered from clinical speci-
mens. The two most common clinical isolates are
Enterobacter (now classified as Klebsiella) aerogenes
and Enterobacter cloacae. Species recently included in
the genus Enterobacter are Enterobacter asburiae,
Enterobacter ~ hormaechei,  Enterobacter  kobei,
Enterobacter ludwigii, and Enterobacter nimipressura-
lis. They are closely related to E. cloacae, have similar
biochemical reactions, and may not be easily differenti-
ated with commonly used identification methods.
Therefore, it is recommended that they be reported as E.
cloacae complex. Also included in this genus is
Enterobacter cancerogenus, which causes a variety of
infections in humans, including bacteremia, osteomyeli-
tis, pneumonia, and urinary tract and wound infections.
Health care-related Enterobacter colonization and
infection are frequently associated with contaminated
medical devices and instrumentation.

The genus Citrobacter is composed of 13 species. The
three most common clinical isolates are Citrobacter fre-
undii, Citrobacter braakii, and Citrobacter koseri. These
organisms are opportunistic pathogens causing health

care-related infections. They include blood infections
(which can be polymicrobic), gastrointestinal infections,
urinary tract infections, and brain abscesses. Neonatal
meningitis is exclusively associated with C. koseri.

Six species of the genus Cronobacter have been iso-
lated from clinical specimens, five of which were previ-
ously classified as Enterobacter sakazakii. The most
commonly isolated species is Cronobacter sakazakii. C.
sakazakii is associated with neonatal meningitis and
necrotizing enterocolitis. The source of infection has
been traced to contaminated powdered milk formula. C.
sakazakii has a yellow pigment, which is intensified
when the organism is incubated at 25°C.

Seven Serratia species have been isolated from clinical
specimens Serratia marcescens is the one species that
causes health care-related infections. Like other oppor-
tunistic organisms, it causes infections of the respiratory
and urinary tracts, septicemia, and surgical wound infec-
tions. Other species, including Serratia liquefaciens and
Serratia rubidaea, have been isolated from clinical infec-
tions, although their pathogenicity has not been con-
firmed. The genus Raoultella contains three species:
Raoultella ornithinolytica, Raoultella planticola, and
Raoultella terrigena. The latter two species share patho-
genicity characteristics with K. prneumoniae and there-
fore are difficult to differentiate biochemically. However,
K. pneumoniae grows at 44°C but not at 10°C, whereas
R. planticola and R. terrigena grow at 10°C but not at
44°C.

The genus Pantoea is composed of more than 20 spe-
cies, although eight have been isolated from clinical
specimens. The most common isolate is Pantoea (for-
merly Enterobacter) agglomerans. This organism was
responsible for a widespread outbreak of septicemia due
to contaminated intravenous fluid. It has also caused
osteomyelitis, soft tissue infections, and other infections
due to administered contaminated fluids.

Klebsiella, Enterobacter, Pantoea, Raoultella,
Citrobacter, and Serratia are Gram-negative bacilli that
range from approximately 3 to 6 pm in length and are
up to 1 pm in width. In general, these genera grow well
on blood and MacConkey agars when incubated aerobi-
cally at 35°C for 18 to 24 h. Although encapsulated
strains of Klebsiella are known to produce mucoid colo-
nies, strains from the other genera can also have the
same appearance. Some of the Serratia spp. are pig-
mented, including Serratia rubidaea, Serratia plymuth-
ica, and some strains of S. marcescens. They produce a
red pigment known as prodigiosin. Another characteris-
tic that aids in the identification is the potato-like odor
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Table 12-1 Key characteristics of some Klebsiella and Raoultella species and subspecies®

Species Indole  Ornithine
K. pneumoniae subsp. pneumoniae 0 0
K. pneumoniae subsp. ozaenae 0 0
K. pneumoniae subsp. 0 0
rhinoscleromatis
K. oxytoca + 0
R. ornithinolytica + +
R. planticola \Y% 0
R. terrigena 0 0

VP

o O+

+ + <+

Malonate = ONPG  Growth at 10°C Growth at 44°C
+ + 0 +
0 A% NA NA
+ 0 NA NA
+ + 0 +
+ + + NA
+ + + 0
+ + + 0

“VP, Voges-Proskauer; ONPG, o-nitrophenyl-D-galactopyranoside; +, positive reaction (290% positive); V, variable reaction (11 to 89%

positive); 0, negative reaction (<10% positive); NA, not available.

produced by Serratia odorifera. C. sakazakii and P.
agglomerans also produce a pigment that ranges from
bright to pale yellow.

Most  Klebsiella,  Enterobacter,  Citrobacter,
Cronobacter, Pantoea, Raoultella, and Serratia spp. are
identified using commercial kits, along with triple sugar
iron (TSI) agar slants. If the identification of these gen-
era is <90% for any species, the identification should
be confirmed using conventional methods. These
organisms, in the absence of pigment, may have similar
colony morphologies. They may also be indistinguisha-
ble on TSI agar slants. Key biochemical tests that are
helpful in the identification of Klebsiella, Enterobacter,
Citrobacter, Cronobacter, Pantoea, Raoultella, Serratia,
and other related genera are shown in Tables 12-1
through 12-4. The IMViC (indole, methyl red, Voges-
Proskauer, and citrate) reactions of Klebsiella and
Enterobacter are similar: negative for indole and methyl
red and positive for Voges-Proskauer and citrate.
However, K. oxytoca and R. ornithinolytica are indole
positive (Table 12-1). Six species of Citrobacter, includ-
ing C. freundii, may produce H,S; however, some of the

more common clinical isolates are H,S negative
(Table 12-4). The late lactose-fermenting, H,S-producing
Citrobacter spp. resemble Salmonella on TSI agar slants
and in IMVIC reactions.

Proteus, Providencia, and Morganella are normally
found in the human gastrointestinal tract and can cause
urinary tract infections, although they have been iso-
lated from other specimen types. Of the members of the
tribe Proteeae isolated from clinical specimens, there
are six species of Proteus (Proteus mirabilis, Proteus
vulgaris, Proteus penneri, Proteus hauseri, Proteus ter-
rae, and Proteus cibarius), five species of Providencia
(Providencia retigeri, Providencia stuartii, Providencia
alcalifaciens, Providencia rustigianii, and Providencia
heimbachae),and one species of Morganella (Morganella
morganii). A majority of Proteeae infections appear to
be community acquired, although Providencia spp. usu-
ally cause health care-related infections. P. mirabilis is a
common cause of urinary tract infections, whereas
P. vulgaris is isolated more often from wounds than
from urine. Infections with M. morganii are frequently
health care associated.

Table 12-2 Key characteristics of Enterobacter, Pantoea, and other related genera®

Species

Cronobacter sakazakii
E. (Klebsiella) aerogenes
E. asburiae

E. cancerogenus

E. cloacae

E. hormaechei

E. kobei

Hafnia alvei

Hafnia paralvei
Kosakonia cowanii
Lelliottia amnigena
Pantoea agglomerans
Pluralibacter gergoviae

+ OO0+ + OO+ O
co<CcoocOo+ <+ + <o+

+ O+ o<+ + 4+ + + + + +

Malonate Sorbitol
0 0 0
+ + 0
0 + \
+ 0 0
A% + A\
+ 0 \%
+ + 0
+/V 0 0
ov 0 0
0 + 0
+ + 0
A% \% 0
+ 0 +

2LDC, lysine decarboxylase; ADH, arginine dihydrolase; ODC, ornithine decarboxylase; +, positive reaction (290% positive); V, variable
reaction (11 to 89% positive); 0, negative reaction (<10% positive); +/V, variable (majority are positive); 0/V, variable (majority are negative);

NA, not available.
bUsually >3 h.
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Table 12-3 Differentiating characteristics of Serratia spp. isolated from clinical specimens?

Species Indole LDC oDC

S. entomophila®

S. ficaria

S. fonticola

. liquefaciens group

. marcescens

. marcescens biogroup 1
. odorifera biogroup 1

. odorifera biogroup 2
plymuthica

. rubidaea

Lt nn
co<<c oo OoOO
<o+ + <+ ++ 00
oo+ <+ + + o0

Malonate Sorbitol Arabinose Red pigment
0 0 0 0
0 + +
+ + + 0
0 + + 0
0 + 0 v
0 + 0 0
0 + + 0
0 + + 0
0 \% + +
+ 0 + +

¢LDC, lysine decarboxylase; ODC, ornithine decarboxylase; +, positive reaction (290% positive); V, variable reaction (11 to 89% positive); 0,

negative reaction (<10% positive).
bTest reactions are from growth at 37°C; optimal growth is 30°C.

The Proteeae grow well on routine laboratory media.
Characteristic reactions of the Proteeae are shown in
Table 12-5. All species are lactose negative. P. mirabilis
and P. vulgaris are easily recognized by their swarming
growth on blood or chocolate agar media and their dis-
tinct odor, often resembling that of chocolate cake. They
can be differentiated by an indole spot test and ampicil-
lin susceptibility. P. mirabilis is indole negative and
ampicillin susceptible, and P. vulgaris is indole positive
and ampicillin resistant. All Proteeae produce phenyla-
lanine deaminase. Proteus, Morganella, and P. rettgeri
produce urease. Commercially available systems accu-
rately identify Proteus; however, Providencia can be
misidentified. Also, rapid 2-h identification systems can
misidentify M. morganii subsp. morganii.

There are three species of Edwardsiella, but
Edwardsiella tarda is the only one associated with
human disease. The organism, an infrequent cause of
gastroenteritis and infections, has been linked to contact
with fish and turtles. Serious wound infections have

been reported in immunocompetent individuals with
aquatic exposure, whereas patients with liver disease
may acquire serious systemic infections. E. farda resembles
Salmonella on many media, including MacConkey agar,
xylose lysine deoxycholate agar, and TSI agar slants,
because it is lactose negative and produces H,S, but
E. tarda is indole positive and citrate negative (Table 12-4).

The genus Hafnia has two species, Hafnia alvei and
Hafnia paralvei, that have been recovered from clinical
specimens. Both species have been found in the intestinal
tracts of humans and are responsible for a wide variety
of opportunistic infections, primarily gastrointestinal,
respiratory, and urinary tract infections in immuno-
suppressed patients. Like other members of the
Enterobacterales, they grow well on routine laboratory
media. Their biochemical characteristics are similar
to those of Enterobacter and other related genera
(Table 12-2).

The genus Plesiomonas has only a single species,
Plesiomonas shigelloides. It was formerly a member of

Table 12-4 Key characteristics of Citrobacter spp. and Edwardsiella tarda*

Species Indole Citrate

C. amalonaticus
C. braakii

C. farmeri

C. freundii
C. gillenii

C. koseri

C. murliniae
C. sedlakii

C. werkmanii
C. youngae
E. tarda

+ <o+ + o<+ <+
o<+ <+ + < <o+

H,Son TSI LDC OoDC Malonate
0 0 + 0
A% 0 + 0
0 0 + 0
\% 0 0 \%
\% 0 0 +
0 0 + +
\% 0 0 0
0 0 + +
+ 0 0 +
A% 0 0 0
+ + + 0

¢LDC, lysine decarboxylase; ODC, ornithine decarboxylase; +, positive reaction (290% positive); V, variable reaction (11 to 89% positive); 0,

negative reaction (<10% positive).
g p
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Table 12-5 Biochemical differentiation between members of the Proteeae and Plesiomonas®

Proteus
P. hauseri + \% +
P. mirabilis 0 + +
P. penneri 0 \Y% +
P. vulgaris + + +
Providencia
P. alcalifaciens + 0 0
P. heimbachae 0 0 0
P. rettgeri + 0 +
P. rustigianii + 0 0
P. stuartii + 0 A%
Morganella
M. morganii + 0 +
Plesiomonas
P. shigelloides + 0 0

0 + 0 0
+ 0 + 0
0 0 A% 0
0 + \% 0
0 + 0 0
0 A% 0 A%
0 0 0 +
0 0 0 0
0 0 + +
+ 0 0 0
+ + + +

“+, positive reaction (290% positive); V, variable reaction (11 to 89% positive); 0, negative reaction (<10% positive).

the family Vibrionaceae. However, because Plesiomonas
is closer to the family Enterobacteriaceae than
Vibrionaceae and because it contains the enterobacterial
common antigen, it has been included in the family
Enterobacteriaceae. However, it is oxidase positive,
while all other members of the Enterobacteriaceae are
oxidase negative.

Plesiomonas is found in surface waters and in soil. Its
minimum growth temperature of 8°C and its inability to
grow in a salty environment limit its distribution to fresh-
water and estuarine water. It infects cold-blooded ani-
mals. Humans are infected as a result of ingesting
contaminated foods, especially raw fish, and handling
infected cold-blooded animals. P. shigelloides is known to
cause gastroenteritis, septicemia, and meningitis, although
the last two infections are rare. Infections have been asso-
ciated with travel to areas where the organism is endemic,
mostly tropical and subtropical countries, and with resi-
dence in areas of endemic infection, such as Thailand,
where the organism is found in approximately 25% of
the population. Infections occur in the warmer months.
Symptoms can range from short episodes of watery diar-
rhea to several days of dysentery-like diarrhea.

P. shigelloides is a straight, short, Gram-negative
bacillus, measuring approximately 3.0 pm long by 1.0
pm wide. It is usually motile by means of tufts of two to
five flagella at one end, although nonmotile strains do
occur. The organism grows well on 5% sheep blood agar
and most enteric media. Colonies are nonhemolytic,
gray, shiny, and smooth, measuring approximately 1.5
mm in diameter after overnight incubation at 30 to
35°C, with optimal growth at 30°C. A selective medium,

inositol-bile salts-brilliant green agar, can be used if
P. shigelloides is suspected; however, because of the low
incidence of infection, it is not recommended for routine
use. P. shigelloides is oxidase, indole, and catalase
positive, reduces nitrate to nitrite, and ferments glucose
along with other carbohydrates. It is positive for
arginine, lysine, and ornithine and is DNase negative.
Additional biochemical characteristics of P. shigelloides
are presented in Table 12-5.

Three new genera, Kosakonia, Lelliottia, and
Pluralibacter,have resulted because former Enterobacter
spp. are better aligned with these three new genera.
Enterobacter amnigenus biogroups 1 and 2 have been
reclassified as Lelliottia amnigena. L. amnigena is a
water organism that has been isolated from clinical
specimens. Infections include cystitis, osteomyelitis, and
sepsis following heart transplantation and blood trans-
fusion. Enterobacter cowanii is now Kosakonia cowa-
nii, and it has been isolated from blood, respiratory
tract,urinary tract,and wound specimens. Biochemically,
it resembles Pantoea agglomerans, since they are both
lysine, ornithine, and arginine negative. K. cowanii can
be differentiated from P. agglomerans based on dulcitol
and sucrose. K. cowanii ferments dulcitol and sucrose,
whereas P. agglomerans does not. Enterobacter gergo-
viae is now Pluralibacter gergoviae. P. gergoviae has
been isolated from blood, respiratory tract, and urinary
tract specimens. Biochemically it resembles Enterobacter
(Klebsiella) aerogenes although P. gergoviae hydrolyzes
urea and does not grow in KCN, while Enterobacter
(Klebsiella) aerogenes is urea negative and KCN positive
(Table 12-2).
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Figure 12-1 Gram stain of a sputum specimen with
Klebsiella. This Gram stain from a sputum specimen
containing Klebsiella demonstrates Gram-negative
bacilli with bipolar staining, approximately 6 pm long
and up to 1 pm wide. These bacilli are longer than the
characteristic Escherichia coli cells shown in Fig. 11-1.

Figure 12-2 Enterobacter and Klebsiella on MacConkey
agar. Enterobacter colonies are shown on the left of the
MacConkey agar plate, and Kl