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Introduction

Gram-positive bacterial (GPB) infections are an important
cause of serious illness in patients undergoing transplanta-
tion [1]. In recipients of hematopoietic stem cell transplanta-
tion (HSCT), GPB are by far the most common bacterial
pathogens isolated. A relative decline in infections due to
Gram-negative bacteria (GNB) has been attributed to a vari-
ety of factors: (1) frequently used antimicrobial prophylaxis
with an emphasis on prevention of systemic infections result-
ing from these microorgansisms; (2) a rise in drug-
resistance among disease-casuing GPB due to extensive
exposure to healthcare environment and frequent use of
broad-spectrum antibiotics that are often given as preventive
or empiric therapy; (3) the necessity for maintenance of vas-
cular access results in retention of intravascular devices for
extended duration; (4) orointestinal mucositis associated
with conventional preparatory regimens in patients undergo-
ing allogeneic stem cell transplantation; (5) the presence of
severe pre-engraftment neutropenia that may result in pro-
tracted courses of recovery in certain high-risk trans-
plant groups, such as adults following conventional cord
blood stem cell transplantation; (6) the emergence and wide-
spread distribution of community-acquired methicillin-
resistant Staphylococcus aureus (CA-MRSA) colonization
and subsequent risk for invasive disease; (7) acute and
chronic graft-versus-host disease (GVHD) involving the skin
and orointestinal tract; and (8) hyposplenism noted in
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patients with chronic GVHD, which promotes the likelihood
for serious, invasive pneumococcal disease and infections
due to other encapsulated microorganisms [2—4].

Infection prevalance varies among patients undergo-
ing solid organ transplantation (SOT), in most part the risk is
a reflection upon the transplanted organ allograft and surgi-
cal procedure(s) involved. Deceased donor allograft-derived
and organ perfusion fluid (PF)-associated GPB infections are
a potential source for such infections. The risk of invasive
bacterial infections reflects a proclivity for GPB in this
group, and mostly related to surgical procedures that are
often long and difficult. Prolonged tissue hypoperfusion,
posttransplant allograft ischemia, and retransplantation pro-
cedures further increases the risk for bacterial infections.
Furthermore, surgical drain(s) that are left in place for a long
duration; external biliary tract drains like percutaneous tran-
shepatic biliary catheter; percutaneous nephrostomy cathe-
ter, chest tube, and thoracic drains to name a few, promote
risk for hospital-acquired bacterial infections; among such
infections, GPB are common pathogens encountered.
Postsurgical wound infections including wound dehiscence
or other early complications following transplant surgery
such as the development of primary or secondary hematoma
or persistent seroma in the deep surgical bed may provide a
nidus for bacterial infection; GPB are also prominent in such
post -surgical complications. It is important to note that colo-
nization with MRSA and vancomycin-resistant enterococci
(VRE) poses a substantial burden due to a more notice-
able risk for subsequent invasive bacterial disease and the
risk for potential allograft compromise [5, 6].

Presence of extended-use intravascular access devices
that are crucial in patients undergoing transplantation for
supportive care that includes and not limited to fluid, electro-
lyte and mineral supplimentation, hyperalimentation, renal
replacement therapy, plasma exchanges, blood and blood
product transfusions, and administration of antibiotics
among other medications needed to be given parenterally.
These intravascular acess devices serve as a direct conduit
between skin and blood vessels thereby promoting the risk
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for bloodstream infections (BSIs). Skin commensals such as
coagulase-negative staphylococci (CoNS) and
Corynebacterium jeikeium are a well-recognized cause of
catheter-related bloodstream infection (CR-BSI). Similar to
HSCT recipients, patients undergoing SOT are also suscep-
tible to serious invasive disease due to CA-MRSA. Allograft
rejection and need for intensified drug-induced immune sup-
pression further promote the risk for invasive disease due to
conventional and opportunistic bacterial pathogens. In this
regard, Staphylococcus aureus, viridans streptococci, and
Enterococcus spp. are important pathogens [7—10].

Genetic susceptibility for GPB infections may be further
accentuated in patients undergoing allograft transplantation.
Minor genetic alternations such as single-nucleotide poly-
morphisms (SNPs) in the essential components of innate
immune signaling pathways may become unmasked follow-
ing trnspantation procedure and are thought to increase
hosts’ susceptibility for infections. Toll-like receptor 2
(TLR2) is an immune sensor for the components of GPB cell
wall. Genetic alterations in the TLR2 gene may render this
important pattern recognition receptor with impaired func-
tion, thereby enhanced susceptibility for GPB infections in
such individuals. In a cohort of 694 liver transplant recipi-
ents, it was interesting to note that patients with TLR2
R753Q SNP (an amino acid substitution of arginine for glu-
tamine at position 753) had similar frequency of GPB infec-
tions compared with those individuals without this TLR2
SNP. However, the presence of TLR2 R753Q SNP was iden-
tified in patients with higher rates of infection recurrence
(28% vs. 12%, P = 0.07) and initial infection presentation
with septic shock was significatly higher in subjects with this
TLR2 mutation (11% vs. 1%, P = 0.04) versus those without.
Important to note that presence of TLR2 R753Q SNP did not
result in higher infection-related deaths among liver trans-
plant recipients in this report [11].

Further studies are underway to assess clinical relevance
for this and other genetic minor aberrations that may unmask
minor immune dysfunction against commonly encountered
pathogens, especially in individuals following allograft
transplantation.

Staphylococcus Species

Staphylococci are the predominant GPB with the ability to
cause serious illness in patients undergoing transplantation
[12, 13]. Staphylococci can be divided into two main classes
based on their ability to coagulate rabbit plasma. Staphylococcus
aureus being coagulase positive and all other Staphylococcus
species are referred to as coagulase-negative staphylococci
(CoNS). Infections due to S. aureus may present as simple cel-
lulitis or bacteremia versus a disseminated disease that fea-
tures involvement of various organ systems. Patients with

disseminated S. aureus infection usually present as life-
threatening illness with sepsis or severe sepsis and even in
non-transplant immunocompetent patients such infections
may progress, in short order, to cause multiorgan dysfunction,
disseminated intravascular coagulation, hemodynamic col-
lapse and death. Probablity of severe illness is emphasized in
transplant recipients with compromised immune defenses and
compounded by dysregulation of hosts’ immune-inflamma-
tory response. The potential to cause pneumonia, endovascular
and prosthetic device infections is an important ability of
S. aureus and to a lesser extent by species belonging to the
CoNS group. In general, infections due to CoNS are less
severe, which is a reflection of low inherent virulence of these
bacteria to cause disease in humans [14, 15].

Staphylococcus aureus

Epidemiology and Pathogenesis

S. aureus is a common commensal that can be isolated from
10% to 40% of individuals residing in various communi-
ties [16]. S. aureus has been well-established as a leading
cause of both community-onset and nosocomial infections.
Prior to the year 2000, a vast majority of MRSA infections
were related directly, or indirectly, to the exposure to health-
care environment. S. aureus infections acquired in the com-
munity, almost exclusively were methicillin-susceptible
strains of S. aureus (MSSA) [17]. The emergence and global
spread of CA-MRSA have resulted in an increased preva-
lence of these pathogens among the general population and
those undergoing transplantation procedures. MRSA coloni-
zation has been regarded as an important risk factor among
HSCT recipients, and a precursor for subsequent inva-
sive staphylococcal disease [18]. The risk for such infections
now extends beyond healthcare exposure and must be enter-
tained when assessing the possibility of illness due to staph-
ylococci in the transplant population [19].

Most invasive S. aureus diseases in transplant recipi-
ents occur when mechanical defenses are breached, for
example, due to break in the skin barrier resulting from cath-
eter placement or bypassing upper airway defenses follow-
ing insertion of an endotracheal tube [20]. The main risk
factors include severe neutropenia, GVHD, allograft rejec-
tion, solid allograft retransplantation, treatment with sys-
temic corticosteroids, and complicated allograft transplant
surgery. Staphylococcus aureus infections are also encoun-
tered in a high frequency among patients requiring prolonged
intensive care unit stay, mechanical assisted ventilatory sup-
port, renal replacement therapy, and those with severe pre-
engraftment  neutropenia.  Diabetic  patients  with
persistent hyperglycemia-induced neutrophil and macro-
phage dysfunction are also at risk for potentially severe
staphylococcal disease [21, 22].
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HSCT Recipients

A recent study from Europe in 15,181 neutropenic HSCT
patients assessed 2,388 episodes of BSI. The annual inci-
dence of BSI in this population was 16%; 62% had under-
gone allogeneic and 38% autologous stem cell graft
transplants [23]. The authors noted an increase in enterococ-
cal BSI from 2% in 2002 to 3% in 2014 (P < 0.001). Whereas
the incidence of bacteremia due to CoNS declined from 8%
to 5% (P < 0.001), in autologous stem cell recipients, this
decline was even more pronounced, from 8% to 2% between
2002 and 2011, respectively (P = 0.02). No significant
change in the trend for MRSA or vancomycin-resistant
Enterococcus (VRE) bacteremia was evident during the
study years. The case fatality rate among 2,388 bactere-
mia episodes was 3% and remained unchanged over the
course of the study [23].

Myeloablative preparative conditioning regimen pro-
motes the risk for bacterial infections. In a recent study of
460 patients, the risk of BSI was assessed during the first
year after transplantation between 2008 and 2013. Thirty-
four percent of patients who received myeloablative condi-
tioning developed BSI, whereas, in patents, in
whom nonmyeloablative stem cell transplantations were per-
formed, BSIs were 17%. Sixty-eight percent of bacteremia
episodes were due to GPB [24].

At a comprehensive cancer center in New York, the fre-
quency of late HSCT S. aureus bacteremia was reported as 6
episodes per 100,000 patient-days. The median time of onset
after transplantation was 137 days, and ranged between 55
and 581 days. Majority of these infections (84%), as
expected, were acquired in the community [25]. Risk factors
included ongoing acute GVHD, acute or chronic GVHD
involving the skin (P = 0.002), use of systemic corticoste-
roids, liver dysfunction, and prolonged transplantation-
related hospitalization (P = 0.02). S. aureus bacteremia in
HSCT recipients at this large stem cell transplant center for
the most part, occurred in patients with GVHD and/or those
receiving systemic corticosteroids [25].

Solid Organ Transplant Recipients

Solid organ transplantation is a high-risk setting for MRSA
and VRE colonization, and the carrier state is associated with
a heightened risk for subsequent invasive bacterial disease. In
a recent meta-analysis of 23 studies, including 17 with refer-
ence to liver transplants, the prevalence estimates for MRSA
and VRE colonization prior to transplantation surgery were
8.5% and 12%, respectively. After transplantation, the preva-
lence estimates for MRSA were 9% and 16% for VRE. MRSA
colonization significantly increased the risk for invasive bacte-
rial disease both before and after transplantation (risk ratio
[RR] 5.5 and RR 10.5, respectively). Similarly, VRE coloniza-
tion was also associated with a significantly higher risk for
subsequent invasive disease (RR 6.6 during pre-transplant and

RR 7.9 after transplantation) [6]. In a small study of patients
undergoing small bowel and multivisceral transplantation at
the University of Nebraska, nearly one-third (36%) of S. aureus
isolates associated with systemic infection were strains exhib-
iting resistance to several classes of antimicrobials [26].

Bacterial contamination of solid allograft perfusion
fluid has been regarded as a potential source for organ graft
contamination, which may result in early postsurgical allograft
infection that carries a greater risk for systemic dissemina-
tion and sepsis during this period of high immune vulnerabil-
ity. Microbiological data of 290 PF infections from a single
center showed 35% PF had positive cultures for microorgan-
sims, and of these, half (50%) were Staphylococcus species.
However, it was important to note that invasive bacterial dis-
ease seldom resulted following PF contamination graft trans-
plantation compared with patients in whom allografts were
transported in PF with no evidence of contamination [27].

Donor-derived infection is an important concern in har-
vesting organs from donors with a recent history of, or ongo-
ing high-grade S. aureus bacteremia, with or without evidence
of endovascular infection. Transmission of such infections
are well-established by sophisticated epidemiologic analysis
and provides a pause for concern in assessing risk of expo-
sure to potentially life-threatening S. aureus disease [28]. It
is important to note that despite appropriate systemic antibi-
otics given after such allograft transplantation, patients
remain at risk for these infections during or after the antibi-
otic prophylaxis has ended [29].

In living donor liver transplantation, the prominent risk
factors for early bacterial infections were a high serum cre-
atinine level (odds ratio [OR] 1.5), a long anhepatic arterial
perfusion phase (OR 1), a reoperation (OR 6.4), young age
(OR 1), and recipient who had no history of hepatocellular
carcinoma (OR 2) [30].

In patients with cystic fibrosis (CF) undergoing lung trans-
plantation, higher risk of infection is seen in a disease caused
by mutations involving endosomal cystic fibrosis transmem-
brane conductance regulator (Cftr), pulmonary S. aureus col-
onization that occurs early in the course of illness and often,
prior to colonization with pathogens such as Pseudomonas
aeruginosa. These patients continue to remain susceptible to
S. aureus infections as a result of intracellular survival of
S. aureus in macrophages. In animal experiments, S. aureus
after being internalized by Cftr-deficient macrophages are not
killed due to a defect in the fusion of endosomal phagosomes
with lysosomes [31]. This defect may persist in CF patients
following pulmonary allograft transplant surgery.

A 5-year retrospective study from the University of
Pittsburgh evaluated S. aureus infections within the first
90 days after lung transplantation [32]. In 596 patients follow-
ing lung transplantation, 18% developed S. aureus infection, of
these 38% were MRSA. The study observed an incremental
increase in MRSA prevalence over the duration of the study.



422

A. Safdar and D. Armstrong

Isolation of MRSA from the nares (P < 0.0001) or from respi-
ratory tract samples (P = 0.02) at the time of transplantation
was noted to significantly increase the risk for invasive MRSA
disease within 3 months after transplantation [32].

Clinical experience at the University of Pittsburgh
endorsed that S. aureus screening and decolonization for
patients undergoing heart and heart-lung transplantation was
fiscally beneficial, and averted 6.7 S. aureus infections (4.3
MRSA and 2.4 MSSA) leading to a cost saving of $240,602.
The authors found that 89 patients were needed to be
screened to prevent one S. aureus infection in this at risk
organ transplant group [33].

The cross talk between bacterial communities and innate
immune cells potentially determines the functional integrity
of the transplanted lung allograft. In lung transplant recipi-
ents, long-term graft survival depends upon the balance
between inflammation and tissue remodeling. Host-microbe
interactions after lung transplant determines the immuno-
logic tone of the airways and, consequently, may possibly,
impact survival of the pulmonary allograft. In a French and
Swiss study, the characteristics of the pulmonary microbiota
aligned with distinct innate cell gene expression profiles pro-
vided evidence that bacterial dysbiosis could lead to proin-
flammatory or remodeling profiles in macrophages, whereas
a congruous microbial community maintained homeostasis.
Such an impact was associated with equitable distribution of
bacterial communities with proinflammatory properties such
as Staphylococcus spp. and Pseudomonas spp. versus bacte-
ria like Prevotella and Streptococcus spp. with low immune-
inflammation potential [34]. Further research is underway to
assess the impact of host lung and respiratory tract microbi-
ota and its impact on allograft survival.

Clinical Manifestations

S. aureus infections commonly involve the skin and skin
structures, and clinical presentations include cellulitis and
abscesses; systemic infections and end-organ disease are
seen in both immunocompetent and immunocompromised
patients [35, 36]. S. aureus is a leading cause of catheter-
related bacteremia, prosthetic joint infections, and infections
following a surgical procedure [15]. Suppurative complica-
tions such as infective endocarditis, pneumonia with concur-
rent bacteremia, osteomyelitis, spinal diskitis, native and
prosthetic joint infections, and septic pulmonary emboli
from subcutaneous abscesses may occur due to secondary
bacterial seeding in patients with high-grade, persistent
S. aureus bacteremia [37].

Bacteremia is a serious complication in patients undergo-
ing HSCT. A recent 6-year single-center experience in
patients with bacteremia following stem cell allograft trans-
plantation, the 2-year overall survival was 46% compared
with 60% survival noted among patients without BSI (HR
1.5; P = 0.07). P. aeruginosa and E. coli bacteremia were

associated with highest mortality rates of 50% and 33%,
respectively [38].

Late S. aureus BSIs occurred in HSCT recipients, and
40% involved a focal site of infection. Persistent bacteremia
for more than 3 days despite removal of endovascular
access was noted in more than 50% of cases. The median
survival rate after S. aureus bacteremia was 135 days and
ranged between 1 and 1,765 days [25].

In a kidney transplant unit in London, England, between
2012 and 2013, graft pyelonephritis was noted as a promi-
nent cause of bacteremia (69%). Methicillin-sensitive
Staphylococcus aureus was the most common pathogen iso-
lated (26%), followed by, and expectedly, Escherichia coli
(25%) [39].

Necrotizing pneumonia due to S. aureus in transplant
patients usually occurs in critically ill patients with respira-
tory failure requiring prolonged assisted mechanical ventila-
tion; as in general population, superimposed bacterial
pneumonia may complicate the course during or after a viral
upper respiratory tract infections due to influenza and other
respiratory tract viruses [40].

The rise of CA-MRSA has been especially concerning
given that CA-MRSA isolates can cause devastating disease
including necrotizing fasciitis and necrotizing pneumonia
even in otherwise healthy individuals; the potential for such
complictions become more pronounced in the immunosup-
pressed patients undergoing transplantation [41, 42]. It is not
uncommon to find S. aureus in patients with pyomyositis,
septic arthritis, and septic bursitis, which may have occurred
due to contiguous infection or from hematogenous bacte-
rial seeding [43, 44].

Nosocomial pneumonia after lung and heart-lung trans-
plantation was assessed between 2008 and 2010 at a surgi-
cal unit in France [45]. The authors reported their
prospective evaluation of 79 lung or heart-lung transplant
recipients, 35 (44%) of whom developed 64 episodes of
nosocomial pneumonia. Pneumonia recurrence was seen in
40% of the cases; severities of illness and lung injury were
the two main contributors for infection recurrence.
Staphylococcus aureus accounted for 20% of these epi-
sodes, whereas Enterobacteriaceae (30%) and Pseudomonas
aeruginosa (25%) were also common. It was interesting to
note that ICU mortality did not greatly differ in patients
with nosocomial pneumonia (14%), those with pneumonia
recurrence (10%), and patients without pneumonia (11%;
P = 0.9). It was however, unexpected that diagnosis of
pneumonia had no impact on ICU mortality, especially in
this high risk transplant group [45].

In 596 patients following lung transplantation at the
University of Pittsburgh, S. aureus pneumonia (48%) was the
most common presentation in 109 lung transplant recipients
with S. aureus infection. Tracheobronchitis (26%), bactere-
mia (12%), intrathoracic infections (7%), and skin/soft tissue



24 Staphylococcus, Streptococcus, and Enterococcus

423

infections (7%) were also noted. Risk factors included
mechanical ventilation for >5 days and isolation of S. aureus
from recipients’ sterility surveillance cultures. Patients with
these infections had prolonged hospitalization and intensive
care unit stays (P < 0.0001). Further, in patients with
S. aureus infections that occurred after undergoing lung
transplantation; acute and chronic allograft rejection at 1 and
3 years (P = 0.04 and P = 0.002, respectively) and mortality
at | and 3 years (P = 0.05 and P = 0.009, respectively) were
significantly higher than in other patients in this series with-
out S. aureus infection. Mortality rates of 7% on day 30 and
12% by day 90 after S. aureus infection was a sobering
reminder regarding the severity of this infection in the vul-
nerable population [32].

In a large study from the Cleveland Clinic in Ohio 2,959
patients with S. aureus bacteremia were evaluated; 70 had
undergone solid organ transplantation including 26 lung, 19
liver, 18 kidney, and 7 patients following heart allograft trans-
plantation. The overall rate of S. aureus BSI was 22.9 per
1000 transplant patients. Early-onset bacteremia within
90 days after the transplant procedure was common in liver
allograft recipients (79%) vs. 17% in patients having under-
gone renal allograft transplants. As expected, the duration of
bacteremia was longer in SOT patients vs. non-solid organ
transplant population (mean 3.8 days vs. 1.6 days; P <0.01),
and SOT recipients had significantly higher frequency of
MRSA infection (86% vs. 52% in non-SOT population;
P <0.0001). The all-cause 30-day and 1-year mortality rates
were 6% and 28% in patients following SOT, respectively.
Pneumonia as a source of bacteremia was associated with a
higher 30-day mortality (18% vs. 2% nonpulmonary source;
P =0.04). It was interesting to note that SOT status was inde-
pendently associated with a lower risk of 30-day mortality
(risk ratio [RR]: 0.37; P =0.02) and may represent high vigi-
lance and prompt institution of empiric antimicrobial therapy
in this group [46].

At the University of Nebraska, the first S. aureus infec-
tion in a liver allograft recipient developed at a median of
29 days after undergoing transplantation. Just over half of
these infections occurred during the first month after the
liver transplant surgery [47]. As expected, 88% were hospi-
tal-acquired infections, 41% were polymicrobial, and nearly
half (47%) were due to MRSA. Liver transplant patients
with S. aureus infection were intubated more frequently
(odds ratio [OR] 26.9; P = 0.0006), had an indwelling intra-
vascular catheter (OR 11.6; P = 0.02), and underwent recent
surgery (OR 26.9; P = 0.0006). Multivariate analysis
revealed a 26.9 times higher risk of developing S. aureus
infection in patients in whom surgery was performed within
2 weeks prior to infection diagnosis (P = 0.0006). Recent
surgical procedure was the only significant independent risk
factor for S. aureus infections after liver transplantation in
this analysis [47].

Staphylococcus aureus infections in small bowel and
multivisceral transplantation were assessed retrospectively
in 22 cases at the University of Nebraska. The median age
was 2 years; 43% of the first infection episodes were bacte-
remia, followed by pneumonia (30%), and surgical site
infections (26%). As expected, the time to surgical site infec-
tions (41.0; range, 0—89 days) was significantly shorter than
that to lung infections (266; range, 130-378 days; P = 0.01).
When compared with other small bowel and visceral trans-
plant recipients without S. aureus infection, the 22 cases
studied had higher likelihood of CMV seromismatch (OR
3.0; P = 0.08); it was interesting to note that patients with
CMYV seromismatch had higher probability for developing
S. aureus infection (OR, 2.9; P = 0.085). Patients in this
transplant population with S. aureus infection were 2.2 times
more likely to die (P = 0.04) and had a significantly shorter
survival (28.5 months) compared with patients without
S. aureus infection (45.8 months; P = 0.04) [26].

Diagnosis

These bacteria are hardy, grow well in enriched laboratory
media, and are relatively easy to identify. The presence of
S. aureus in specimens from sterile body sites in most instances
represents microbiologic evidence of an infection. S. aureus
contamination of blood cultures has been suggested [48]; in
authors’ view, this phenomenon occurs rarely and must not be
entertained, especially in transplant population.

S. aureus has propensity to colonize various body sites,
such as the oral and nasal cavities, upper respiratory tract,
skin, and lower intestinal and genitourinary tracts. Therefore,
isolation of S. aureus from endotracheal aspirate or urine
sample obtained from an indwelling urinary catheter and
even bronchial wash samples must be assessed in context
of clinical presentation, pathogen-disease compatibility, and
importantly, hosts’ susceptibility along with pretest proba-
bility for such infections. However, these factors assist
mainly in decision-making for individuals with intact
immune function and may not necessarily enable determina-
tion regarding bacterial colonization versus locally invasive
disease in severely immunosuppressed patients undergoing
allograft transplantation.

Serologic or antigen assays have not proven to be clini-
cally helpful in the diagnosis of S. aureus infection. The new
diagnostic assessment including PCR for prompt determina-
tion of MRSA represents encouraging development [49]. A
detailed review of the advancements in infection diagnosis is
presented in the “Diagnoses and Prevention” section.

Treatment

Therapy for systemic S. aureus disease constitutes a compre-
hensive approach toward the patient, which involves (1) low-
ering the level of immune suppression; (2) identifying and
addressing the source and/or primary focus of infection such
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as (2a) removal of the infected or potentially infected foreign
device, when feasible; (2b) surgical drainage of infected col-
lections and debridement of necrotic tissue; and (3) selection
of appropriate empiric antibiotic while awaiting culture and
drug susceptibility results [50]. The importance of drainage
of deep tissue infected collections and surgical removal of
devitalized tissue cannot be overemphasized, as in many
patients with localized infection, removal of the nidus and
primary focus of infection alone may be curative and often
supplemented with an abbreviated course of systemic antibi-
otic therapy [51]. In concert, if an infected foreign material,
such as an indwelling intravascular catheter or an infected
prosthetic joint, remains in place, then therapeutic success of
antibiotic therapy alone tends to be suboptimal [52, 53].

Antibiotic treatment of S. aureus infection is complicated by
emergence and speard of bacterial starins with extensive anti-
microbial drug resistance. When the organism is sensitive,
[-lactam antibiotics are the drugs of choice for S. aureus infec-
tions including nafcillin and oxacillin [54, 55]. Vancomycin is
considered by most as optimal treatment for invasive MRSA
infections, although increasing frequency of vancomycin treat-
ment failures, especially in oncology and transplant population,
have questioned this approach [56]. Treatment of MRSA bacte-
remia with vancomycin given as a single agent has been associ-
ated with a high rate of treatment failure evident as lack of
clinical response and complete recovery, or early infection
relapse, which may be observed in 15%—-20% of the episodes;
although overt vancomycin resistance by in vitro drug test-
ing still remains an elusive phenomenon [57]. Failure to vanco-
mycin therapy has motivated a search for alternative treatment
options including newer drugs such as linezolid, tedizolid, tige-
cycline, ceftaroline, and daptomycin, to name a few.

Each of these agents, similar to vancomycin, has signifi-
cant limitations. Proven treatment efficacy and superiority to
vancomycin as a first-line agent for the treatment of systemic
MRSA infections such as bacteremia, pneumonia, compli-
cated intra-abdominal infections, and bone and joint infec-
tions need further clinical validation. It is imperative to take
into account the potential for adverse events and systemic
toxicity associated with vancomycin and these newer antibi-
otics including the following consideration: a) hosts’ vari-
ables which may at times, influence drug clearance in
patients undergoing transplantation; b) drug-drug interac-
tions, with particular emphasis on pharmacokinetics and
pharmacodynamics of drugs commonly use to treat
allograft rejection GVHD; c) inherent or postexposure devel-
opment of drug resistance, or selection of less drug suscep-
tible bacterial strains, especially in at risk transplant
population, in whom extensive prior exposure to the health-
care environment and the need for periodically given sys-
temic broadspectrum antibiotics for recurrent or suspected
infections are routinely priscribed both prior to, and follow-
ing the transplantation procedure [58—69].

Selection of effective empiric antibiotic therapy for the
treatment of glycopeptide-nonsusceptible staphylococci is
difficult, as true resistance is rare and isolates exhibiting het-
erogeneous resistance or vancomycin tolerance may not
become evident even after the drug susceptibility profiles are
known. In patients undergoing SOT, use of vancomycin has
been associated with low therapeutic efficacy and high rates
of drug-induced renal impairment, which in part is a reflec-
tion of the cumulative nephrotoxicity resulting from standard
practice antirejection drug regimens including calcineurin
inhibitors given for prolong duration after the allograft trans-
plant surgery.

A study from Spain during 2008 and 2010 enrolled 43
patients mostly after liver and kidney transplantation
who received daptomycin for the treatment of GPB infec-
tions including CoNS catheter-related bacteremia (23.2%),
S. aureus skin and skin structure infections (11.5%), and
intra-abdominal abscess due to Enterococcus faecium
(20.9%). The daily daptomycin dose was 6 mg/kg in 74% of
the patients. On day 7 of daptomycin treatment, median
estimated area under the curve was 1251 pg/mL/h. No
changes were observed in tacrolimus serum levels.
Daptomycin was not discontinued in any of these patients
due to adverse events. Eighty-six percent clinical success
with daptomycin therapy was noted in this small group of
transplant recipients [63].

The potential role of antibiotics in modulating virulence
among S. aureus is an intriguing phenomenon and needs
further exploration, especially for the treatment of difficult-
to-treat infections. The effects of antibacterial agents on
pathogens’ expression of virulence and on hosts’ immune
response are currently being explored. A recent review of
the literature evaluated relevant articles that explored the
effects of antibiotics on staphylococcal toxin production
and the impact of these ancillary mechanisms on hosts’
immune function. Most in vitro data pointed to a reduced
level of expression of bacterial virulence following treat-
ment with ribosomally active antibiotics such as linezolid
and clindamycin, whereas cell wall-active antibiotics like
beta-lactams were associated with amplified bacterial exo-
toxin production/release. In vivo studies confirmed the sup-
pressive effect mediated by clindamycin and linezolid on
the expression of bacterial virulence, supporting their utili-
zation as a valuable management strategy to improve
patient outcomes in cases of toxin-mediated staphylococcal
disease [70].

The duration of therapy for S. aureus infection is highly
individualized. A minimum of 2 weeks is recommended for
patients with uncomplicated catheter-related bacteremia
[71]. A longer course of antibiotic treatment is generally
given ranging from 4 to 8 weeks in patients with complicated
infections such as infective endocarditis, necrotizing pneu-
monia, empyema, septic arthritis, allograft pyelonephritis,
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intra-abdominal deep tissue abscesses such as liver and
splenic abscesses, and osteomyelitis. The antibiotics are usu-
ally given intravenous for more serious infections, whereas
in select low-risk cases a transition to oral drugs that exhibit
dependable enteral bioavailability may be considered as an
option. Regardless of treatment duration, S. aureus systemic
infection-related complications may arise during the course
of therapy or long after the antibiotic therapy has ended. New
suppurative foci may arise months after a successful resolu-
tion of acute S. aureus illness. Patients with serious S. aureus
disease require a close and continued follow-up for the pos-
sibility of infection recurrence that may present as a suppura-
tive focus, and may occur remote from the original site of
infection; days to months after completing an appropri-
ate course of concordant antibiotic therapy.

Coagulase-Negative Staphylococci

Epidemiology

Coagulase-negative staphylococci (CoNS) are part of the
normal hosts” microflora; up to 90% of humans are colo-
nized with these low-virulence environmental organisms
[57]. Skin, orointestinal, and genitourinary mucosa are
prominent sites of bacterial colonization. Unlike general
population, patients undergoing transplantation are vulner-
able to invasive disease due to CoNS. This is in most part
attributed to breach in protective barriers resulting from (1)
indwelling intravascular catheters; (2) surgical wounds; (3)
various surgical drainage catheters including percutaneous
nephrostomy tubes, external biliary tract catheters, and
thoracic cavity drains, among others; (4) implantable left
ventricular assist device in patients with advanced heart
failure awaiting transplantation; (5) the presence of severe
mucositis involving the orointestinal tract resulting from
allogeneic HSCT preparatory conditioning regimens or in
patients with post-HSCT GVHD; and (6) recently recog-
nized periodontal disease as a risk factor for CoNS bacte-
remia in patients with pre-engraftment neutropenia
following hematopoietic stem cell graft transplantation
[23, 72, 73].

When species studies are performed, S. epidermidis is
generally the leading cause of invasive CoNS infections in
the immunosuppressed population [74]. Staphylococcus lug-
dunensis is an emerging member of the CoNS group, which
has increasingly been recognized as a cause of severe endo-
vascular infection. Such infections are clinically indistin-
guishable from that caused by Staphylococcus aureus. The
potential for endocarditis due to this novel bacterial patho-
gen in transplant population needs further investigation.
Staphylococcus lugdunensis has been associated with a vari-
ety of infections, especially osteoarticular infections, foreign
body-associated infections, and bacteremia. Several putative

virulence factors have been identified including adhesion
factors, biofilm production, and proteolytic factors appears
to proffer opportunistic potential of these newly recognized
pathogens, which is in contrast to more insidious, less viru-
lent species of bacteria grouped among CoNS [75]. In a
recent retrospective analysis between 2011 and 2014, in only
45 of 2263 CoNS clinical isolates, S. lugdunensis was con-
firmed; skin and skin structure infections being the most
common clinical presentation. It was interesting to note that
patients with neutropenia did not appear to have a higher fre-
quency of S. lugdunensis infections compared with patients
with normal peripheral blood neutrophil count [76].

HSCT Recipients

Microbial contamination of hematopoietic stem cell graft
derived from peripheral blood or bone marrow is uncom-
mon, albeit, when this does occur, it may potentially lead to
devastating systemic graft-acquired infection, especially in
patients during pre-engraftment neutropenia. A microbio-
logical evaluation of 291 peripheral blood and 39 bone
marrow stem cell samples was conducted at a center in
Poland between January 2012 and June 2013; bacterial
contamination was demonstrated in nearly 3% of stem cell
products. CoNS and Micrococcus species were the most
frequent organisms detected in their air microbial contami-
nation control environment. The risk for bacterial contami-
nation increased with each step of cell processing,
suggesting that least possible manipulation of the stem cells
would improve microbial sterility of the transplant mate-
rial. The authors also endorsed air contamination control
environment as essential in the preparation of hematopoi-
etic stem cells in order to reduce the risk for potential bacte-
rial contamination [77].

SOT Recipients

Bacterial contamination of solid organ allograft preservation
solution is not uncommon; in some studies, up to 44% of
graft preservation fluid may exhibit bacterial and fungal con-
tamination, or both; and as expected, CoNS is the most prev-
alent (64%) bacteria isolated in this setting [78]. It is
important to recognize that only a small number of (~5%)
infections after liver transplantation procedure were related
to the organisms isolated in the preservation solution [78].

Disease Pathogenesis

The major CoNS diseases in transplant patients include bac-
teremia associated with an indwelling intravascular device
and surgical site infections. The pathogenesis of device-
related CoNS infection is thought to stem from bacterial capa-
bility to form biofilm on the foreign implanted material [79].
A recent study from Brazil showed that all CoNS strains iso-
lated from patients with bacteremia were biofilm forming
phenotypes and exhibited a high prevalence of atlE, indicting
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an enhanced potential for autolysin/adhesin [80]. The investi-
gators also showed that these blood-borne CoNS had an
increased frequency of staphylococcal enterotoxin (SE) A
gene and potential for exotoxin production. These heat-stable
enterotoxins are a leading cause of gastroenteritis. In addi-
tion, SEs are powerful superantigens that stimulate nonspe-
cific T-cell proliferation and indiscriminate lymphocyte
activation bypassing the normal, highly regulated antigen
presentation process; the resultant unrestraint systemic
inflammatory response and hosts’ organ damage is often
lethal [81]. However, most reports of severe septicemia in
transplant patients associated with SE-producing staphylo-
coccus are attributed to S. aureus [82].

Clinical Manifestations/Diagnosis

Fever without an apparent focus of infection is the most
common clinical presentation in transplant patients with
catheter-related CoNS infection including those with a posi-
tive blood culture [83]. In the transplant patients, clinical evi-
dence of catheter infection including insertion site
inflammation, which is expected to present as pain, ery-
thema, induration, and purulent drainage or an abscess for-
mation along the catheter insertion site, subcutaneous
reservoir pocket, or catheter tunnel is frequently absent.
Diagnosis requires a high level of suspicion as patients may
appear relatively asymptomatic withor without a nonspecific
low-grade, persisent febrile illness [84]. Native valve infec-
tive endocarditis and hematogenous osteoarticular seeding
has been noted in patients with CoNS catheter-related bacte-
remia, although these complications are far less frequent
than those observed with S. aureus or GNB indwelling intra-
vascular device infections with or without concurrent
bacteremia.

In patients with prosthetic valves, especially those with
persistent, recurrent, or relapsing CoNS bacteremia, second-
ary seeding of the prosthetic heart valves should be taken
into consideration [85]. In patients with prosthetic valves,
CoNS endocarditis similar to such infections caused by
S. aureus may present with valve dysfunction and intracar-
diac abscesses, or both. In such cases, CoNS species evalua-
tion becomes important, with an emphasis for S. lugdunesis
as a potential pathogen.

Clinical presentation for infections involving nonvascular
or non-articular prosthetic devices may also be clinically
subtle and often vary based on the type of device used, organ
system involved, and the degree of hosts’ inflammatory
immune response. Patients with CoNS cerebrospinal fluid
shunt infection are sicker and have clinical features of bacte-
rial meningitis; subtle clinical presentation such as low-grade
fever, alteration in mental status, and shunt malfunction
should also alert the treating physician for possible shunt
infection; and CoNS are not uncommon pathogens for such
device-related infections [86, 87]. The presence of pleocyto-

sis in CSF has limited diagnostic value, as white cell counts
in CSF may be either marginally increased or within the nor-
mal limits among patients with CoNS shunt infections.
Patients with CoNS infection of prosthetic joints may not
have significant clinical symptoms and rang from nominal
joint discomfort rather than overt joint dysfunction, which is
frequently seen in patients with S. aureus prosthetic joint
septic arthritis. Such infections are less often accompanied
with prominent, localized inflammatory response including
joint effusion and adjacent tissue inflammation and
swelling [88].

Diagnosis

The diagnosis of CoNS infection relies on isolation of the
organism from appropriately obtained clinical sample. As
expected, false-positive cultures due to bacterial coloniza-
tion and contamination of the sterile-site samples such as
blood cultures are not uncommon and leads to difficulty in
interpretation and ascertaining true versus pseudobactere-
mia [89]. Reliability of blood cultures in reports of CoNS
catheter-related bloodstream infections provides an outline
for how to approach and determine clinical relevance of
CoNS isolated in blood culture specimens [90]. In quantita-
tive cultures, catheter-drawn blood samples exhibit (four-
fold) higher number of bacterial colony-forming units
compared with blood drawn from a peripheral site and
hence regarded as an important diagnostic predictor for
infected intrevascular catheter as the source of bacteremia
[83]. Similarly, blood drawn through an infected catheter
tend to become positive early (~2 h), a reflection on high
bacterial inoculum size compared with blood culture sam-
ples drawn from a peripheral blood vessel [83, 91]. Isolation
of these bacteria from a single blood culture sample or low-
grade CoNS growth in quantitative blood cultures often
reflects a poor preparation of the blood culture site resulting
in inadvertent sample contamination. The diagnosis of
CoNS infection from sources other than the blood needs to
be considered based on the clinical setting with an under-
standing that these bacteria are the most common cause of
culture contamination, while inversely, also a well-recog-
nized cause of prosthetic joints and other implantable device
infections.

Treatment

Removal of the infected device is regarded as the definite
therapeutic intervention that is imperative for successful res-
olution of such infections and importantly, for reduce risk
of early and late infection recurrence. The presence of bacte-
ria-induced biofilm on the foreign surfaces and necrotic tis-
sues such as chronically infected bones provides a niche for
the bacteria to evade hosts’ immune clearance, and com-
monly used antibiotic classes such as beta-lactams and gly-
copeptide have limited penetration and significantly
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reduced antimicrobial activity against non-planktonic bacte-
rial isolates frequently found in the biofilms [92].

Most CoNS isolates from healthcare-associated infec-
tions are resistant to [-lactam antibiotics [93]. Almost
all clinical CoNS isolates are susceptible to vancomycin,
although in vitro drug MICs have been increasing in the
recent decades, and now a substantial number of clinical iso-
lates exhibit vancomycin MICs between 1 and 2 pg/ml [94].
As true Vancomycin resistance still remains highly unlikely;
most vancomycin clinical failures may result due to hetero-
resistance, vancomycin tolerance, or yet unknown other
potential mechanism(s) at play [95].

Rifampin is active against the non-planktonic CoNS in
the biofilms; for serious CoNS infections involving pros-
thetic heart valves and prosthetic joints that cannot be
removed, salvage therapy with the addition of rifampin
has been used, although prospective data for assessing
efficacy for such intervention is not clear [96, 97]. CoNS
are usually susceptible to new antimicrobials such as dap-
tomycin, linezolid, and tedizolid, including recent addi-
tion of long-acting lipoglycopeptides like oritavancin and
dalbavancin. Daptomycin has the lowest MICs against
clinically important bacterial species grouped under
CoNS [98].

With the exceptions of prosthetic valve endocarditis,
CNS shunt and reservoir, ventricular assist device, and
prosthetic joint infections, most CoNS infections respond
readily to appropriate antimicrobial therapy. It is prudent
and imperative that an infected device, when feasiable,
must be removed; this recommendation is for mitigation of
patient morbidity and cost of care incurred due to infection
recurrence and relapse [99, 100]. Guidelines suggest that
7 days of appropriate concordant antibiotic therapy should
be adequate for most uncomplicated CoNS catheter-related
bacteremia in nonimmunocompromised patients. Longer
treatment duration is suggested for patients with severe
immune suppression and those with profound neutropenia;
relapse rates of invasive CoNS infections are generally
lower than those noted with systemic .
disease [90].

aureus

Streptococci

The streptococci are a heterogeneous group of Gram-positive
disease-causing bacteria with a wide-ranging nomenclature
that continues to change [101]. Here we use the clinical
microbiology laboratory approach toward these pathogens
and consider them as follows: viridans group streptococcus
(VGS), B-hemolytic streptococcus, and Streptococcus pneu-
moniae. Streptococci not outlined in these groups rarely
cause invasive disease in the immunosuppressed patients
undergoing transplantation procedure.

Viridans Group Streptococci

Epidemiology

Viridans group streptococci (VGS) are a diverse group of
bacteria. They are often isolated from human orointestinal,
upper respiratory, and female genital tracts [102]. Viridans,
derived from viridis, refers to green color appearance in lab-
oratory blood-enriched culture media due to the breakdown
of hemoglobin also known as o-hemolysis. Among
a-hemolytic streptococci, the most important pathogen is
Streptococcus pneumoniae; for most non-S. pneumoniae
a-hemolytic streptococci, further species determination is
performed on request at most microbiology laboratories. The
major VGS responsible for invasive disease in patients
undergoing transplantation and patients with severe neutro-
penia belong to the mitis group and include Streptococcus
mitis, Streptococcus  gordonii, Streptococcus  oralis,
Streptococcus sanguis, and Streptococcus parasanguis
[103-105]. Infections due to Streptococcus anginosus group
are also seen, albeit less frequently and include Streptococcus
anginosus, Streptococcus constellatus, and Streptococcus
intermedius.

VGS are considered to have low intrinsic virulence, and
in patients with intact immune function, they are mainly
associated with endocarditis [106]. Similar to CoNS, VGS
are far more likely to cause disease in neutropenic patients
with cancer undergoing HSCT. In a recent study among chil-
dren with cancer undergoing HSCT, diagnosis of leukemia
and bacteremia due to S. mitis was common. It is important
to note that 15% of these infection episodes were associated
with Viridans Group Streptococcal Shock Syndrome, result-
ing in most patients (75%) requiring treatment in ICU, and
half of the patients needing ICU care died with multiorgan
failure [107].

VGS bacteremia occurs almost exclusively in patients
receiving aggressive cytoreduction therapy for conditions
such as acute leukemia and patients undergoing alloge-
neic HSCT preparatory conditioning regimen [108].

Treatment-induced mucosal dysruption of the orointesti-
nal tract has been regarded as a major risk factor for sys-
temic translocation of these low-virulence commensal
bacteria, allowing them to gain access into the blood circu-
lation [109]. It is also important to recognize that VGS
breakthrough bacteremia are attributed to the widely
priscribed antimicrobials for infection prophylaxis with
drugs that are known to have limited activity against these
organisms such as trimethoprim-sulfamethoxazole and fluo-
rinated quinolones [110].

Clinical Presentation/Diagnosis

Most patients with invasive VGS disease present with fever
in the setting of mucositis and profound neutropenia [111].
Approximately 25% of patients may present with a fulminant
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septic shock syndrome characterized by hypotension,
skin rash, and adult respiratory distress syndrome; S. mitis is
the VGS species most commonly isolated from such patients
[103, 111, 112]. This dramatic clinical presentation may rep-
resent a combination of hosts’ susceptibility due to the under-
lying severe neutropenia additionally, bacterial exotoxin,
which act as superantigen resulting in unrestraint activation
of immune-inflammatory pathways resulting is rapidly pro-
gressive illness with a substantial risk for multiorgan failure
and death [113].

Unlike general population, VGS bacteremia seldom
leads to endocarditis in patients with neutropenia and
those undergoing a stem cell transplantation procedure.
The risk of endocarditis in patients following solid organ
allograft transplantation who develop high-grade
VGS bacteremia is not dissimilar to that observed in gen-
eral population [114].

Group milleri streptococci (GMS) may cause chronic
intra-abdominal and intrathoracic abscesses. Infections due
to GMS were reported in 45 SOT recipients between 2001
and 2004. Patients following liver transplantation were
prominently respresented (n = 34) in this cohort, followed
by four kidney and pancreas; two small bowel; three com-
bined liver and kidney; and combined kidney plus small
bowel and a kidney allograft transplants, in one patient each.
Most GMS infection episodes (42 cases) were intra-abdom-
inal infections, pleural empyema in two, and one patient
with soft tissue infection. It was interesting that unlike neu-
tropenic cancer patients and those undergoing HSCT, only
one patient had evidence of bacteremia. It was also of note
that 61% of these infections were polymicrobial; recurrent
cholangitis (38%) associated with anastomotic and nonanas-
tomotic biliary strictures was the most common intra-
abdominal infection, which required a need for repeated
stenting or surgical intervention and prolonged antibiotic
therapy. In one patient pancreatic allograft failed because of
hemorrhagic erosion from bacterial abscess. There were no
deaths attributed to MGS infections in the SOT recipients in
this report [115].

Intrathoracic GMS infections after thoracic surgery, are
an uncommon complication (4%). Most intrathoracic
GMS infections present as empyema, infected pleural effu-
sion, whereas bacterial mediastinitis is a rare complication.
As seen in patients undergoing intra-abdominal allograft
transplantation, GMS intrathoracic infections are fre-
quently polymicrobial (64%), and infection recurrence
(27%) may occur in nearly one-thrid of the cases [116].

Diagnosis

The diagnosis of VGS disease relies on isolating the organ-
ism from a sterile body site. The presence of VGS in blood
cultures obtained adhering to the standard aseptic blood

culture techniques may be regarded as a true pathogen.
Isolation of VGS from the skin or mucosal sites, as expected,
has limited clinical significance, as these organisms are part
of the normal cutaneous and mucosal microbiota in humans.
It is also important to take note of the possibility of blood
cultures contaminated with VGS; however, their presence in
blood samples must be considered clinically relevant, espe-
cially in high-risk patients such as those with antineoplastic
chemotherapy-induced neutropenia and chemotherapy- or
radiation-associated mucositis and patients with severe neu-
tropenia and mucositis following condition preparatory regi-
mens for allogenic stem cell transplantation [117]. Serologic
or antigen tests have no diagnostic value for invasive VGS
disease, even in the high-risk patients undergoing allograft
transplantation.

Treatment

Therapy of VGS disease is limited by the high level of
p-lactam antimicrobial resistance [118, 119]. The clinical
samples isolated from patients with neutropenia, less than
half (~40%) of the VGS isolates, exhibit in vitro susceptibil-
ity to penicillin [120]. However, for f-lactam-susceptible
organisms, these drugs are considered first line of therapy.
Vancomycin susceptibility among clinical VGS isolates is
close to 100%. In cancer patients with mostly acute leukemia
and those undergoing HSCT, nearly 30% of isolates were
reported as penicillin resistant, whereas all isolates exhibited
in vitro susceptibility to vancomycin [107].

An increasing level of resistance is observed for fluoro-
quinolone, especially in patients routinely given this class of
antibiotics for prophylaxis; empiric therapy with fluoroqui-
nolone to treat systemic or invasive VGS infections is there-
fore, not recommended [121, 122]. VGS bacteremia is
generally treated for 10—14 days; patients with endovascular
site of infection including endocarditis should receive treat-
ment for 4 weeks. Patients with septic arthritis and osteomy-
elitis may be given intravenous antibiotics for 3—4 weeks
followed by an oral agent for suppressive therapy for another
4-8 weeks or even longer duration, which depends on the
hosts’ risk factors, including cumulative immune suppres-
sion, severity of infection; and in cases where deferment of
excision of necrotic or ischemic debridable tissue leaves the
focus of infection unattended. The role of intravenous immu-
noglobulin and plasmapheresis has been explored for patients
with exotoxin-mediated toxic shock syndrome and currently
not considered as standard of care for severe VGS infections
[113].

GMS were susceptible to penicillin G, carbapenems, and
clindamycin, whereas cephalosporins and quinolones
showed intermediate activity or resistance in some cases, and
it is important to note that GMS bacteria in general tend to be
resistant to aminoglycosides [115].
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p-Hemolytic Streptococci

The p-hemolytic streptococci reflect upon their ability to
cause full red blood cell lysis in the blood-enriched culture
media. Group A f-hemolytic streptococci (GAS) or
Streptococcus pyogenes is a common pathogen followed by
group B B-hemolytic streptococci (GBS) or Streptococcus
agalactiae and groups C and G B-hemolytic streptococci
(GCS and GGS, respectively) also known as Streptococcus
dysgalactiae subspecies equisimilis [123—125].

Epidemiology

B-Hemolytic streptococci are ubiquitous in the human and
animal population; colonization of the skin and mucous
membrane is a common event. They are also an important
cause for locally invasive disease such as pharyngitis, lower
urinary tract infection, and superficial skin and skin structure
infections. Severe systemic disease may occur in the general
population and those with immune dysregulation after under-
going allograft transplantation [126]. The oropharynx and
skin are the main sites of GAS, GCS, and GGS colonization
[127, 128], whereas GBS commonly colonize the perineal
area [128-130]. In the general population, majority of
B-hemolytic streptococcal infections are acquired and pre-
sented from the community [83]. Immunosuppressed
patients, especially those undergoing antineoplastic chemo-
therapy and recipients of HSCT, have a much higher risk for
invasive B-hemolytic streptococcal disease compared to the
general population [131, 132]. Cancer patients with lymph-
edema due to cancer infiltration or surgical lymph node dis-
section or those with radiation-induced tissue scarring
impeding lymphatic circulation are especially at risk for
such infections [133]. GBS are the most common of the inva-
sive P-hemolytic streptococci isolated from patients with
cancer and those undergoing stem cell transplantation [134,
135]. The development of invasive GAS, although less com-
mon than GBS, may result in a devastating disease that car-
ries high fatality rates in excess of 50% [125].

Clinical Manifestations

Most p-hemolytic streptococcal infections in immunosup-
pressed cancer and stem cell transplant patients present with
cellulitis and subcutaneous abscesses. In patients undergoing
solid organ transplantation procedure, surgical wound infection,
deep surgical bed infection, secondary infections of postopera-
tive seromas, and deep tissue hematomas may also be promi-
nent clinical manifestations of -hemolytic streptococci. It is
important to note that number of these infections may accom-
pany other pathogens; appreciation for polymicrobial aspect of
such infections is the central tenet in planning and executing a
comprehensive treatment approach for deep tissue, and body
cavity infections following transplant surgery [136].

Disease may range from relatively uncomplicated celluli-
tis and superficial wound infection to necrotizing fasciitis
with or without exotoxin-induced toxic shock syndrome.
The latter two complications are almost exclusively associ-
ated with GAS infection. Cellulitis due to f-hemolytic strep-
tococci tends to develop rapidly, spread quickly, and may be
accompanied by systemic manifestations such as fatigue,
severe prostration, chills, rigors, with high-grade fever [137].
Erysipelas is a form of superficial cellulitis, in which the dis-
ease is restricted to the dermis. These lesions are elevated
and well-demarcated from the healthy surrounding tissues
[138]. Recurrence of erysipelas is a concern and often seen
in patients with impaired lymphatic circulation. Infections
due to GAS, GCS, and GGS are the leading bacterial causes
of pharyngitis in children; most infections are readily treat-
able, although peritonsillar abscess and cervical lymphade-
nitis may rarely occur [128].

Invasive, systemic f-hemolytic streptococcal disease
causes serious morbidity in patients with a suppressed
immune response. Adults with B-hemolytic streptococcal
bacteremia, especially patients with advancing age, the risk
of death from such infections is high [125]. B-hemolytic
streptococcal skin lesions that are greater than 5 cm in diam-
eter, presence of pain that is out of proportion to findings on
physical examination, disproporte severity in pain to gentle
touch, and signs of systemic toxicity, skin discoloration, and/
or presence of bullae on the overlying skin should raise con-
cern for deep tissue involvement; possibility of necrotizing
fasciitis, pyomyositis, and compartment syndrome should be
entertained in such patients [139]. p-hemolytic strepto-
cocci disease via exotoxin production, especially by GAS,
leads to extensive destruction of hosts’ tissue and usu-
ally spreads at an exceedingly fast pace. Streptococcal toxic
shock syndrome has also been described in cancer patients
with mortality rates exceeding 50% [135]. Patients with dia-
betes are susceptible to hematogenous bacterial seeding to
the bones resulting in remote site acute osteomyelitis [140].

A higher incidence of GAS necrotizing fasciitis was
recently observed in Montréal, Canada. The authors reported
that varicella and the presence of speC gene in GAS strains
were associated with necrotizing fasciitis. In patients under-
going transplantation, bacterial genetic factors and potential
synergistic or additive effect of concurrent viral infec-
tions like varicella on risk of GAS-related necrotizing fasci-
itis is not known [141].

Diagnosis

B-Hemolytic streptococci are readily isolated from cultures
that are appropriately obtained. Rapid antigen tests are reli-
able for the diagnoses of GAS pharyngitis in patients when
such infections are suspected [142]. Recovery of f-hemolytic
streptococci from sterile-site samples such as blood, joints,
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deep tissue, and body cavity abscesses indicates a true infec-
tion. In contrast, isolation of B-hemolytic streptococcus spe-
cies from mucous membranes and skin frequently reflects
bacterial colonization.

An exception to the preceding stipulation is the isolation
of GAS in mucosal site culture samples to assist in the diag-
nosis of toxic shock syndrome [143]. Serologic tests are not
useful in patients with acute f-hemolytic streptococcal infec-
tions. Acute and convalescent serum for antibodies to strep-
tolysin O or DNase can determine a recent infection due to
GAS, although such serological tests are now seldom used in
clinical practice [144].

Treatment

Penicillin and other p-lactam antibiotics are considered
drugs of choice for the treatment of infections due to
B-hemolytic streptococci [145]. For patients who cannot
receive f-lactams, treatment with vancomycin is recom-
mended. Carbapenems may also be an option in patients
with non-life-threatening penicillin allergy [146]. Macrolide
and lincosamide should not be used for serious infections as
drug resistance is unpredictable and highly variable; these
agents should only be used when susceptibility results are
available, especially for outpatient transition of ther-
apy [147]. Similarly, resistance to tetracyclines and trime-
thoprim-sulfamethoxazole warrants the use of these agents
empirically to treat f-hemolytic streptococcal disease [148,
149]. Clinical experience with newer gram-positive drugs
like daptomycin; the oxazolidinones, such as linezolid and
tedizolid; tigecycline; and long-acting lipoglycopeptides
such as dalbavancin and oritavancin is encouraging with
good in vitro susceptibility data for B-hemolytic streptococ-
cal clinical isolates [150, 151]. In cases of serious soft tissue
infection, especially toxic shock syndrome, addition of
clindamycin is strongly recommended to attenuate bacterial
exotoxin production by slowly dying bacteria after exposure
to beta-lactam antibiotics [152]. Uncomplicated bacteremia
can be treated with a 10-day course of antibiotics, whereas
fiat for complicated p-hemolytic streptococcal disease has
traditionally been longer duration of antibiotic therapy.
Surgical debridement of devitalized tissue and drainage of
large purulent deep tissue collections is, as with any other
bacterial or fungal infection, remains important for contain-
ment and resolution of infection [139].

Streptococcus pneumoniae

Epidemiology

S. pneumoniae is genetically similar to other bacteria in this
category, although it is a prominent pathogen associated with
a wide spectrum of invasive disease in immunocompromised
patients and those in the general population.

Nasopharynx colonization due to pneumococci occurs
more frequently in children (20-40%) compared with
healthy adults (10-20%) [153]. S. pneumoniae is the leading
cause of bacterial pneumonia that commences while patients
are in the community [154]. Bacterial meningitis is also an
important complication of S. pneumoniae in patients with
community-onset meningitis [155]. Patients with chronic
obstructive pulmonary disease, chronic kidney disease, and
deficiencies in humoral immunity such as those following
anti-CD20 and other B-cell targeted therapies and patients
with chronic lymphocytic leukemia, B cell lymphoma, and
plasma cell neoplasms like multiple myeloma; and those
with hereditory hypogammaglobulinemia are especially sus-
ceptible to pneumococcal invasive disease. Similarly,
patients with hyposplenism including those with sickle cell
diseases and patients after splenectomy are at risk for, often
severe disseminated infection due to S. pneumoniae [156].
Patients with chronic graft-versus-host disease following
allogenic stem cell transplantation are vulnerable to infec-
tions due to encapsulated bacteria; S. pneumoniae is promi-
nent in this regard [157].

It has also been suggested that prolonged exposure to sys-
temic corticosteroids increases the risk for pneumococcal
infection as is the extremes of age [158—160]. A high preva-
lence of S. pneumoniae in children less than 5 years of age is
well recognized; young children with B-cell cancer or those
undergoing anti-B-cell-targeted therapy for allogenic hema-
topoietic or solid organ transplantation are particularly sus-
ceptible to serious infection [156].

Clinical Presentation

S. pneumoniae is a major respiratory tract pathogen.
Infections in adults involve lower respiratory tracts, and bac-
terial pneumonia is a common disease presentation; bronchi-
tis and paranasal sinus infections may also occur [161],
whereas in children, otitis media is not an uncommon
presentation.

Community-onset pneumonia in the immunocompro-
mised transplant recipients is a serious infection. Patients
commonly present with chills, fever, and fatigue; cough is
generally accompanied by purulent sputum and shortness of
breath [162]. Patients with inflammation of the parietal plu-
ral with or without bacterial empyema may present with
pleuritic chest pain. Bacterial lung abscess due to S. pneu-
moniae is not an uncommon complication of invasive pul-
monary pneumococcal disease and often associated with
cavitary lung lesions [163].

In recent animal experiments, pneumococcal infection
was shown to cause nonspecific ischemic cardiac alterations,
myocardial necroptosis, and apoptosis in both acutely ill and
convalescent nonhuman primates [164]. S. pneumoniae was
detected in the myocardium of all animals with acute severe
pneumonia. Furthermore, evidence of cardiac scar formation
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was observed only in convalescent animals [164]. This study
suggested a potential role of invasive pulmonary pneumo-
coccal disease in the humans, with the possibility of subclini-
cal bacterial invasion of the myocardium, resulting in cardiac
injury from necroptosis and apoptosis, followed by cardiac
scarring and remodeling after antibiotic therapy [164].
Clinical importance and cardiac impact in humans with inva-
sive pneumococcal disease need further evaluation.

Patients with bacterial meningitis may often have concur-
rent bacteremia, whereas pneumonia may not be present.
Fever and neck stiffness along with persistent and often
severe headache are common clinical features of bacterial
meningitis. In patients with advanced pneumococcal menin-
geal disease, altered sensorium, obtundation, and coma may
be the initial presentation.

Other disease manifestations include septic arthritis, usu-
ally involving the native large joints. Pneumococcal septic
arthritis involving the symphysis pubis is often misdiagnosed
as osteitis pubis, a sterile inflammatory condition seen in
women following urinary incontinence surgery and sports
such as soccer and also in patients with pelvic malignancies.
Staphylococcus aureus was the major cause among athletes
and Pseudomonas aeruginosa among intravenous drug
users. Septic arthritis in patients with pelvic malignancies
are usually polymicrobial infections involving the fecal flora.
Antibiotics are recommended for 6 weeks, and surgical
debridement is required in nearly half of the patients [165].

Osteomyelitis of spinal and paraspinal tissues caused by
Streptococcus pneumoniae is an uncommon complication as
reported by the group in Houston, Texas. These infections
mostly occurred in the absence of recent surgical procedure
or presence of a foreign device. The lumbar spine was the
frequent site of infection. Such infections complicated by
spinal epidural abscess or the presence of a phlegmon were
accompanied by neurologic deficits and carried a higher risk
for death. Antimicrobial therapy for 6 weeks was effective
[166, 167].

In a report from Japan, 6% of patients with invasive pneu-
mococcal disease had evidence of pneumococcal vertebral
osteomyelitis. Most infections were acquired in the commu-
nity and had no recent history of a surgical procedure or
trauma. In their experience, the lumbar spine was involved in
nearly two-thirds of patients, and the remaining patients had
cervical spine involvement. Bacteremia in this group was
nearly universal; none of the patients had a primary site of
pneumococcal disease. Good response to intravenous beta-
lactam therapy in this group was encouraging [168].

HSCT

In HSCT recipients, pneumococcal infections present as
late-onset bacteremia. These late-onset BSIs were associated
with worse outcomes including septic shock, ICU stays, and
high risk for deaths [157, 169]. Early-onset bloodstream

infections in patients undergoing HSCT are frequently asso-
ciated with severe neutropenia, mucositis, and indwelling
intravascular catheter infections. Whereas, late-onset BSIs
are commonly seen in severely immunosuppressed alloge-
neic HSCT recipients with GVHD and those undergoing sys-
temic corticosteroid therapy. Since majority of S. pneumoniae
bacteremia occur during late transplantation period, effective
preventive strategies such as immunization with newer,
immunogenic conjugated pneumococcal vaccines and drug
prophylaxis with agents that have activity against majority of
S. pneumoniae isolates in the community are considered
standard of care. Infection prevention is highly desirable as
pneumococcal bacteremia in this population carries unac-
ceptably high case fatality rates.

In patients after undergoing allogeneic HSCT, diagnosis
of pneumonia and chronic GVHD was associated with high
mortality and a significantly lower probability of survival;
this was evident in patients even after a single episode of
pneumonia [170]. Pneumococcus is an important bacterial
pathogen in allogeneic stem cell transplant recipients and
mostly noted as late bacterial pneumonia with or without
bloodstream infection. Pneumonia during the first 100 days
after allograft stem cell transplantation are significantly more
invasive fungal lung disease among individuals with
acute GVHD; in such patients acute respiratory failure, and
presence of septic shock predicted high risk of death [170].

Memory B-cell defects in allogeneic HSCT recipients
increases susceptibility for encapsulated bacterial infections,
as effective containment and remedy for these organisms
require intact opsonization to promote phagocytosis. In a
recent study, circulating IgM memory B cells (CD19+,
CD27+, IgM+); and switched memory B cells (CD19+,
CD27+, IgM(—), which are indicators of normal B cell acti-
vation and development were evaluated in 37 allogeneic
HSCT recipients and compared with 35 healthy controls
[171]. Among other parameters assessed were T-lymphocyte
subpopulations, serum immunoglobulin levels including IgG
subclasses, and antibodies to pneumococcal polysaccha-
rides. A significant deficiency in both switched memory and
IgM memory B cells was evident in the stem cell transplant
cohort compared with the individuals in the healthy control
group [171]. This observation was noted throughout the
period following transplantation procedure and possibly
reflect a switch to impaired B-cell isotype(s) in germinal
centers within lymph nodes and other secondary lymphoid
tissue. As expected, presence of GVHD was associated with
lower IgM memory B-cell counts and lower serum levels of
IgG2, IgG4, IgA, and antipneumococcal antibodies.
Allogeneic HSCT recipients are susceptible to pneumococ-
cal disease, which in most part is a reflection on the under-
derlying defects in memory B-cell function aggravated in the
presence of chronic GVHD [171]. Furthermore, hyposplen-
ism is a frequent feature in HSCT recipients with chronic
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GVHD, which further enhances the risk for systemic infec-
tions due to encapsulated bacteria.

In a transplant unit in Canada, the probability for pneu-
mococcal disease among HSCT recipients was 30-fold
higher than the general population (regression ratio = 30.2;
P < 0.00001). Serotypes 23F and 6B were most preva-
lent [172]. All infection-associated serotypes were included
in pneumococcal polysaccharide vaccine, whereas only 69%
were represented in the conjugate vaccines. It was also
important to note that the level of resistance to trimethoprim-
sulfamethoxazole was high among the S. pneumoniae iso-
lated from the transplant population during this study [172].

At M.D. Anderson Cancer Center between 1989 and
2005, 47 of 7,888 HSCT recipients developed 54 episodes of
S. pneumoniae infections, accounting for 7 infection epi-
sodes per 1000 stem cell transplants [157]. The incidence
was significantly higher in the allogeneic vs. autologous
stem cell graft recipients, nine vs. five infection episodes per
1000 HSCTs, respectively. Thirty-six percent had graft-ver-
sus-host disease, and as expected, 16 of 17 patients had
chronic GVHD. The total of 54 episodes of S. pneumoniae
infection occurred median 433 days after transplntation;
11% of these patients had infection recurrence [157]. All 50
late posttransplant episodes were community-acquired infec-
tions and seen 473 + 671 days after transplantation.
Bacteremic pneumonia was the most common presentation
(61%), followed by pneumonia without bacteremia (19%)
and uncomplicated bacteremia alone (15%) [157]. Regression
analysis showed that treatment with corticosteroids signifi-
cantly increased the risk for bacteremic pneumonia (OR,
11.7; P <£0.025). In bacterial isolates from 29 episodes, 93%
of patients received concordant antimicrobial therapy. It was
unexpected that only one of the six patients (13%) who died
of S. pneumoniae infection had chronic GVHD. The proba-
bility of death was higher in patients receiving care in the
ICU at the time of infection diagnosis (OR, 15.5; P <0.007)
and those with each unit increase in APACHE II score (OR,
1.9; P <0.008). Vaccine-breakthrough S. pneumoniae infec-
tion occurred in 5 patients after a median of 546 days follow-
ing immunization; most such patients (80%) had pneumonia
and concurrent bacteremia [157]. It is noteworthy that there
were no cases of extrapulmonary focus of pneumococcal dis-
ease in HSCT recipients presented in this report.

Nontropical pyomyositis is an uncommon infection,
such severe bacterial infections occur mostly in patients with
suppressed immune response. S. aureus is the prominent
pathogen associated with this disease. Pyomyositis due to
S. pneumoniae is rare [173]. A recent report of hematoge-
nous pneumococcal pyomyositis in an allogeneic stem cell
graft recipient involved erector spinae muscles that presented
34 months after the transplantation procedure. Patient had a
favorable response to 4 weeks of intravenous benzyl penicil-
lin therapy [173].

SOoT

As in HSCT, patients undergoing solid organ transplantation
are at a greater risk for IPD compared with general popula-
tion. Invasive pneumococcal disease is mostly seen in the
late posttransplant period, and infections commonly start in
the community. A prospective, population-based surveil-
lance from Toronto, Canada, assessed systemic pneumococ-
cal infections in SOT recipients between 1995 and 2004
[174]. The incidence was 146 infections from sterile body
sites per 100,000 persons per year compared with 11.5 per
100,000 persons per year in the general population (RR,
12.8; P < 0.00001). When they also included the isolates
from the respiratory tract, the incidence rate in transplant
patients rose to 419 per 100,000 persons per year. Serotypes
23F and 22F were most common; 85% of these infection-
associated serotypes were included in the 23-valent pneumo-
coccal vaccine [174]. The antimicrobial resistance in SOT
population was similar to that observed in the pneumococcal
isolates for the general population and was especially high
for penicillin and TMP/SMX.

A large database of 4,458 pediatric heart transplant recipi-
ents between 1993 and 2014 showed that the risk of bacterial
infection was highest in the first month after transplantation;
25% of patients developed bacteremia. It was not unexpected
to notice that community-acquired S. pneumoniae (6%) and
Haemophilus influenzae (3%) were prominent during the
late transplant period, whereas within a month following
transplant procedure, CoNS (16.97%), Enterobacter spp.
(12%), and Pseudomonas spp. (12%) were the prominent
bacterial pathogens [175]. A large proportion of the infec-
tions were caused by multidrug-resistant organisms. Patients
at risk for bacterial infection following heart transplantation
included young age and ventilator or extracorporeal mem-
brane oxygenation during transplantation. Thirty-four per-
cent died due to bacterial infections, and prior cardiac
surgery and multiple sites of infection were independent pre-
dictors of death [175].

In the Netherlands, a prospective nationwide study
between 2006 and the end of 2014 assessed the risk and fre-
quency of community-acquired bacterial meningitis among
16-year-old or older solid organ transplant recipients [176].
Six SOT recipients had bacterial meningitis; interestingly all
six had undergone renal allograft transplantation. The annual
incidence of bacterial meningitis was sevenfold higher for
renal transplant recipients as compared with the general pop-
ulation: 9.5 vs. 1.3 per 100,000 patients per year [176]. It is
important to note that in majority of the patients (83%), clas-
sic presentation of bacterial meningitis such as fever, neck
stiffness, and changes in mental status were not present.
Further complicating early diagnosis and prompt institution
of appropriate antibiotic therapy for this life-threatening dis-
ease in this susceptible population. Seizures were present in
33% of patients. Streptococcus pneumoniae and Listeria
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monocytogenes were identified in two patients each, whereas,
Escherichia coli and Pseudomonas aeruginosa were seen in
one patient each. Another valuable observation in this report
was the high incidence (67%) of unfavorable functional out-
comes that probably were a reflection on the hosts’ immuno-
compromised status and, importantly, atypical clinical
presentation of bacterial meningitis in patients undergoing
solid allograft transplantation [176].

A retrospective review from London, England, assessed
long-term outcome in patients who underwent orthotopic
cadaveric donor heart and lung transplantation between July
1986 and July 2006 [177]. The mean posttransplant follow-
up was 5.4 + 5.5 years. Bacterial meningitis was diagnosed
in 39 adults after receiving 15 heart transplants, 12 lung
including 4 bilateral lung transplants, and 12 heart-lung
transplants. Neisseria meningitidis (54%) and Streptococcus
pneumoniae (41%) were prominent pathogens followed by
Haemophilus influenzae (5%). Hospital mortality rate was
10%, and none of these patients developed long-term com-
plications after bacterial meningitis [177].

In a study from South Korea, 14 of 42 episodes of respira-
tory infections were noted after 1 month following lung
transplantation [178]. Six were bacterial, four were viral, and
two episodes were fungal infections. Among bacterial infec-
tions, two were due to MDR Acinetobacter baumannii and
one each due to MDR P. aeruginosa, ESBL (+) K. pneu-
moniae, MRSA, and Streptococcus pneumoniae. Infection-
related death occurred in 6 of the 14 episodes (43%) [178].

In a report from Barcelona, Spain, 138 episodes of spon-
taneous bacterial peritonitis (SBP) in 19 liver transplant
recipients and 119 in nontransplant patients showed
Escherichia coli (35.7%) and Streptococcus pneumoniae
(21.4%) as the prominent pathogens [179]. It was interesting
to note that pathogens associated with SBP were signifi-
cantly more frequently identified in patients following trans-
plantation (74%), whereas only 39% of nontransplant
population with SBP had a positive culture (P = 0.004). As
expected, renal failure (58% vs. 25%; P = 0.004) and hepatic
encephalopathy (42% vs. 22%; P = 0.08) were more often
seen in liver transplant recipients vs. the nontransplant group,
respectively [179]. Similarly, deaths during the SBP epi-
sodes (53% vs. 13%; P <0.001) and 6 months after the infec-
tion diagnosis (71% vs. 35%; P = 0.005) were significantly
higher in the transplant population. The risk of death associ-
ated with the SBP was sixfold higher in patients with a high
(>18) Model for End-Stage Liver Disease (MELD) score and
fourfold higher in patients who had undergone liver trans-
plantation. Mortality 6 months after SBP was fourfold higher
in patients with hepatocellular carcinoma [179].

Orthotopic liver transplantation from a potential donors
with active bacterial meningitis has been regarded as a con-
traindication for allograft procurement from such a donor.
Due to a global shortage of liver allografts, in Birmingham,

England, orthotopic liver transplants were performed from
33 donors with acute bacterial meningitis, 14 Neisseria
meningitidis, 4 Streptococcus pneumoniae, 2 Streptococcus
spp., and a single patient with Haemophilus influenzae. In
12 donors, a pathogen was not identified [180]. Of 34 recip-
ients, 27 underwent elective and 7 had emergency trans-
plantat surgery including 21 whole liver, 10 reduced-liver,
and 3 split-liver allograft transplants. Adequate antimicro-
bial therapy before organ procurement and after transplant
was administrated. The mean duration of follow-up after
transplantation was 37 months (ranged from 1 day to
106 months). Overall patient (79% and 77%) and graft sur-
vival was; 72% and 65% at 1 and 60 months, respectively
[180]. Patients who underwent elective liver transplant had
significantly better survival compared with those who
underwent emergency transplantation (P < 0.05). There
was no difference in recipient and graft survival between
the 34 patients who had received allograft from a donor
with acute bacterial meningitis compared with recipient-
matched groups. The authors observed no infectious com-
plications in the recipient due to bacteria associated with
meningitis after transplantation. Further data is needed
before routine acceptance of liver allografts from donors
with active bacterial meningitis becomes an accept-
able practice, although study such as this, underscores that
lifesaving procedure such as liver transplantation may be
safly performed provided both donors and recipients are
given adequate antimicrobial therapy. Furthermore, the
optimum duration of antibiotic therapy in such recipients is
not certain.

Diagnosis

Isolation of S. pneumoniae in blood, joint fluid, bronchial
wash or lavage samples, and cerebrospinal fluid is regarded
as diagnostic. Isolation of S. pneumoniae in sputum samples
is a challenge, as diagnostic yield is significantly reduced in
patients exposed to antibiotic(s) [181]. It has been estimated
that only one-fourth of the patients with pneumococcal pneu-
monia will have a positive blood culture [182]. As with
staphylococcal and other streptococcal infections, serologic
studies have limited clinical use in assisting with the diagno-
sis of an acute infection episode. Detection of
C-polysaccharide (BINAX-NOW) in the urine of adults with
pneumococcal pneumonia is isolated in 75-85% of the
patients; this test has high specificity and reliable negative
predictive value [183]. Polymorphonuclear-predominant
pleocytosis, low glucose, and high protein in the cerebrospi-
nal fluid are the hallmarks of bacterial meningitis that are as
expected to be present in most patients with pneumococcal
meningitis. Gram-stain, bacterial antigen assays and culture
of cerebrospinal fluid obtained promptly prior to extensive
antibiotic exposure are essential for establishing the cor-
rect diagnosis [182].
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Treatment

S. pneumoniae penicillin susceptibility and laboratory break-
points have been reevaluated as to include the site of infec-
tion and the route by which the antibiotics may be
administered [184]. For all pneumococcal infections other
than the central nervous system, organisms demonstrating
in vitro penicillin susceptibility of <2 pg/ml, reflecting
approximately 95% of clinical pneumococcal cases in the
United States, have good probability for attaining a clinical
response to high-dose penicillin given intravenously [184].
For treatment of pneumococcal meningitis, penicillin MIC
of <0.06 pg/ml is considered susceptible, and others with
MIC > 0.12 pg /ml are regarded as resistant bacterial strains;
nearly 75% of pneumococci isolated in patients with menin-
gitis in the United States fall in the susceptible category
[184]. Pneumococcal isolates are universally susceptible to
vancomycin. Respiratory fluorinated quinolones such as
levofloxacin and moxifloxacin retain susceptibility for most
pneumococcal isolates, although due to limited clinical
experience and unpredictable response, authors recommend
not to use these agents alone to treat patients with S. pneu-
moniae CNS infections [185, 186]. In S. pneumoniae iso-
lated from respiratory specimens in the United States,
resistance to macrolides, clindamycin, trimethoprim-
sulfamethoxazole, and tetracyclines ranged from 20% to
40% [187]. In the authors’ opinion, these drugs should not be
used for the treatment of invasive pneumococcal disease in
the transplant population.

Linezolid is an effective and safe treatment option for
patients with S. pneumoniae infections [188]. Linezolid was
shown to be effective and well tolerated in severely immu-
nocompromised children with an underlying malignancy
including those at young age [189]. The increased suscepti-
bility to bacterial respiratory tract infection following a
viral infection was associated with a substantial increase
in local and systemic IFN-y concentrations. Linezolid was
shown to reduce IFN-y and TNF-a production in stimulated
peripheral blood mononuclear cells. In mice, linezolid
recently showed protection from post influenza pneumo-
coccal infection, and this reversal of immune hyporespon-
siveness was attributed to the drug’s ability to mitigate
exaggerated postviral IFN-y and TNF-a immune responses
[190]. This ancillary immune modulatory effect of line-
zolid, especially in patients that are susceptibile for postvi-
ral superimposed bacterial pneumonia, is intriguing and
needs further evaluation.

Daptomycin should not be used to treat lung infections,
especially bronchogenic pneumonia because of limited drug
diffusion in the alveolar space and inactivation of daptomy-
cin by pulmonary surfactant [191].

Mortality for invasive pneumococcal disease remains
around 15% within the first week of hospitalization, and
most infections respond to a relatively short course of antibi-

otic therapy; extended therapy for over 2 weeks is recom-
mended for patients with meningitis, empyema, bone and
joint infections, and deep tissue abscesses that are not evacu-
ated and patients with complicated bacteremia with an endo-
vascular focus of infection [182].

S. pneumoniae is the only Gram-positive bacteria for
which there are licensed vaccines available globally. The role
of pneumococcal vaccine in transplant population is dis-
cussed in Chap. 63.

Enterococcus

Epidemiology

Enterococci, not dissimilar to CoNS and VGS, cause a dis-
proportionately higher number of infections in the immu-
nosuppressed cancer and transplant patients compared with
the general population [192]. Most enterococcal infections
are associated with prolonged exposure to healthcare envi-
ronment. Enterococci are prominent bacteria in human
intestinal microbiome. E. faecalis and E. faecium are two
most frequently isolated species from infections in humans
[193]. Patients with cancer and those undergoing trans-
plantation have especially high rates of intestinal coloniza-
tion and subsequent risk for invasive disease due to
vancomycin-resistant enterococci (VRE). The factors pro-
moting selection and persistence for VRE colonization in
certain high-risk individuals with cancer and those under-
going transplantation procedure remain unclear, although
prior exposure to m antibiotics has been proposed. It was
interesting that a recent report indicated transplant unit
reconstruction had interrupted endemic transmission of
VRE, which resumed with novel enterococcal strains upon
reopening of the unit. It was hypothesized that endemic
VRE transmission in this transplant unit proba-
bly reflected VRE contamination of shared equipment and
environmental surfaces [194]. This provides further insight
into the possible reason that VRE has been an unabating
challenge at certain transplant units, whereas less of a
problem in patients undergoing a similar transplantation
procedures at other institutions. This hypothesis was fur-
ther emphasized in a recent study from Buffalo, New York,
that active surveillance and contact precautions for VRE
colonization were not effective in preventing VRE bactere-
mia in patients undergoing stem cell transplantation at their
institution [195], whereas, a group from Salt Lake City,
Utah reported in 2016 that VRE transmission from room
surfaces appeared to be an infrequent event, thereby con-
cluding that adherence to VRE surveillance, disinfection
strategies, and contact isolation protocols are needed to be
adhered to and may reduce VRE colonization rates in
patients with hematologic malignancies and those under-
going HSCT [196].
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HSCT

A single-center experience among patients admitted for
induction chemotherapy or those undergoing HSCT from
2006 to 2014 showed that the incidence of VRE bacteremia
was 6.5% of admissions or 2.7 VRE bacteremia per 1000
bloodstream infection at-risk days [192]. Mortality and
length of stay were significantly higher in patients in whom
VRE bacteremia were to occur. Patients with prior VRE col-
onization had eightfold higher probability for VRE bactere-
mia; similarly, patients with renal insufficiency (twofold),
aminoglycoside use (~fivefold), and antibiotics with anaero-
bic activity (~threefold) had significantly higher risk for
VRE bacteremia. The authors also reported using a predic-
tive model, which identified severe neutropenia and prior
beta-lactam antibiotic use were among prominent risk fac-
tors for VRE bloodstream invasion and infection [192].

A recent report from Salt Lake City, Utah, showed that
VRE bacteremia after stem cell engraftment and resolution
of neutropenia in HSCT recipients was associated with a
much higher mortality compared with VRE bacteremia
during the neutropenic pre-engraftment period [197]. Pre-
engraftment bacteremia from any organism resulted in an
increase length of hospitalization and higher cost of care.
Mortality was similar for pre-engraftment VRE bacteremia
and bacteremia due to other organisms in this neutropenic
phase following stem cell transplantation. The authors
pointed out that a high VRE bacteremia mortality rate
observed during the post-engraftment period was largely
associated with severe graft-versus-host disease and
relapsed leukemia [197]. It was also interesting to note that
frequently VRE strains switched phenotypes when iso-
lated from patients before and after the transplantation
procedure [197].

A contrasting review of patients undergoing HSCT at the
Mayo Clinic in Rochester, Minnesota concluded that VRE
colonization was a surrogate marker and not an independent
predictor of mortality in HSCT recipients [198]. They
observed high morbidity in their transplant patients with
VRE bacteremia, although this had no significant impact on
posttransplant survival. The data was generated between
2004 and 2014 by conducting twice-weekly perirectal swab
PCR screening for vanA and vanB. In 73 of 203 patients,
VRE colonization was noted prior to HSCT and in 11% VRE
colonization occurred within the first 100 days after trans-
plantation [198]. There was no significant difference in over-
all survival based on pretransplant VRE colonization status.
However, patients that developed VRE colonization within
the first 100 days after HSCT had a significantly worse sur-
vival. During the first 30 days following transplant, 91% had
screened positive for VRE colonization prior to developing
bacteremia. On multivariable analysis, advanced age
(=60 years), high HSCT comorbidity score, and prior VRE
colonization were independent risk factors for VRE bactere-

mia. It was notable that only one patient had died with VRE
bacteremia during the first 100 days after HSCT [198].

The findings from a center in Cleveland, Ohio, were in
concert with the report from the Mayo Clinic; they found that
between 1997 and 2011, the incidence of VRE-B had
increased in 800 adult allogeneic HSCT recipients. Seventy-
six patients developed VRE-vanB bacteremia after a median
of 46 days following transplantation. Multivariable analysis
showed that the risk for VRE-vanB bacteremia was higher in
patients with high HSCT comorbidity score, with diagnosis
of acute lymphoblastic leukemia, and recipients of unrelated
donor and umbilical cord blood stem cell allograft transplan-
tation. A fourfold higher probability of death in patients with
VRE-vanB bacteremia was a significant finding on multi-
variate analysis; however, only 6% of 67 deaths within
5 weeks after transplantation were attributed to VRE infec-
tion [199], drawing attention to the clinical relevance of VRE
bacteremia in high-risk transplant patients as a potential sur-
rogate marker for poor prognosis during the early posttrans-
plant period.

The preceding observation was also noted in a review of
247 adult patients in whom 28% had VRE colonization after
allogeneic HSCT between 2008 and 2009 [200]. This report
from Memorial Sloan Kettering Cancer Center in New York
reported VRE bacteremia (54%) as the leading cause of
bloodstream infection within 30 days after HSCT at their
institution. Only 57% of patients with VRE bacteremia had
VRE colonization during pretransplant screening [200].
Attributable mortality to VRE infection was low (9%),
reflecting VRE bacteremia as a surrogate marker for altered
host intestinal tract microbiota and perhapse an indicator for
a subgroup of high-risk individuals undergoing allogeneic
stem cell graft transplantation.

In patients undergoing autologous stem cell transplanta-
tion, despite having a high rate of VRE colonization, the risk
for invasive bacterial disease is low. High rates of VRE colo-
nization in this group may potentially serve as a reservoir for
transmission to other higher-risk patients in a transplant unit
or center [201].

In patients following allogeneic stem cell graft transplan-
tation, donor-derived T cells recognize host tissues as for-
eign and orchestrating an assault on the recipient tissues,
clinically known as GVHD. The intestinal tract is the most
common site of GVHD, and in recent years, an interest in the
composition of gut microbiota and its relationship with the
development of GVHD was explored. The loss of intestinal
bacterial diversity is common in patients undergoing HSCT
due to prophylactic, preemptive, and empiric use of broad-
spectrum antibiotics. This loss in intestinal biodiversity and
overgrowth of opportunistic pathogens belonging to the phy-
lum Proteobacteria and genus Enterococcus in patients fol-
lowing HSCT have been linked to enhance the risk for
treatment-related mortality including GVHD, systemic
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infections, and organ failure [202]. In animal experiments,
interventions to mitigate alternations in selective intestinal
bacterial overgrowth with the use of prebiotic and probiotic
strategies have shown favorable results on the risk and sever-
ity of GVHD [202]. Further clinical studies are needed to
explore these and other interventions that may restore healthy
intestinal microbiota, especially in patients undergoing allo-
geneic stem cell to promote.

In patients undergoing HSCT, 2% chlorhexidine bathing
was effective in regards to VRE colonization and infection
[203], whereas no similar benefits were noted in protection
against MDR-GNB, especially for infections due to P.
aeruginosa.

A review of 822 autologous and allogeneic HCST recipi-
ents at Northwestern Memorial Hospital between 2004 and
2008 noted a 10% incidence in Clostridium difficile-associ-
ated diarrhea (CDAD) [204]. A significant association
became apparent between CDAD and VRE colonization
among other prominent risk factors for CDAD such as febrile
neutropenia; exposure to ciprofloxacin, vancomycin, and
aztreonam; prolonged duration of antibiotic therapy, and
allogeneic stem cell transplantation [204].

Experiments have shown the protective significance of
the normal microbiota; VRE colonization serves as a surro-
gate, representing alteration in the intestinal microbiome,
especially following the influential perturbation during and
after prolonged, broad-spectrum antibiotic therapy.
Exogenously administered VRE was shown to efficiently
and nearly completely displace the normal microbiota of the
small and large intestines in mice after antibiotic therapy
[205]. Furthermore, investigators from a comprehensive can-
cer center in New York showed that VRE colonization pre-
ceded bacteremia and sepsis in patients undergoing
allogeneic HSCT [205].

SOT

Enterococcus species are recognized for nearly three decades
as a potential pathogen in patients undergoing liver and
other abdominal visceral transplants. Early on at the Mayo
Clinic in Rochester, Minnesota, 405 consecutive liver trans-
plantations were conducted between 1985 and 1993, a selec-
tive bowel decontamination prophylaxis regimen was
routinely given [206]. In 52 patients (13%), 70 episodes of
bacteremia were seen; most infections were due to
Enterococcus faecalis (n = 50), and 18 isolates of
Enterococcus faecium; vancomycin resistance in clinical
enterococcal isolates was not an issue during the study years.
It was important to note that nearly half (49%) of these
infections were polymicrobial and one-third (34%) of the
patients had complications involving the biliary tract. Not
dissimilar to the observation in allogeneic HSCT recipients,
most deaths (73%; 11 of 15) were not associated with
enterococcal bacteremia. Significant risk factors in this

group for enterococcal bacteremia included Roux-en-Y cho-
ledochojejunostomy (P = 0.005), a cytomegalovirus-sero-
positive donor (P = 0.013), prolonged transplantation time
(P =0.02), and strictures in the biliary tract (P = 0.016). On
univariate analysis, diagnosis of primary sclerosing cholan-
gitis (P = 0.009) and symptomatic cytomegalovirus infec-
tion (P = 0.008) was significantly present in patients in
whom bacteremia due to Enterococcus spp. was observed
[206]. Further underpinning the significance of isolation of
these low-virulence pathogens in blood culture samples
among patients undergoing liver transplantation, as a poten-
tial surrogate for identifying a highly susceptible subgroup
of patients who have undergone abdominal visceral allograft
transplantation surgery.

Selective bowel decontamination prophylactic regimens
were suggested for mitigation of intestinal colonization due
to MDR microorganisms. The Mayo Clinic reported isola-
tion of VRE in early 1995 from surveillance cultures obtained
from patients undergoing liver and kidney transplantation.
By the end of 1997, 52 patients had VRE colonization,
importantly with a single vanB clone [207]. VRE infection
was observed in six patients (11%) [207].

In a longitudinal study from Pittsburgh, Pennsylvania,
between 1990 and 1999, 165 patients underwent liver trans-
plantation. Fifty-one (31%) patients developed posttrans-
plant infection due to one or more MDR bacteria. A
substantial number of bacteria (69%) were MDR pathogens.
A high level of drug resistance was noted in S. aureus (91%)
and enterococcal isolates (50%) [208]. During the decade-
long study, a significant trend emerged for infections due to
MDR bacteria mainly due to GPB infections like MRSA
(P =0.0001) and VRE (P = 0.04). In contrast, no significant
increase was reported among MDR-GNB infections during
the course of this study [208].

Patients undergoing solid organ transplantation are at an
increased risk for colonization due to MRSA and VRE, an
observation similar to patients undergoing allogeneic stem
cell transplantation. As pointed out in a number of studies,
bacterial colonization is an important precursor for invasive
disease, especially those undergoing abdominal visceral
allograft transplantation. A meta-analysis involving 23 pub-
lished studies assessed the burden of MRSA and VRE colo-
nization in patients undergoing solid organ transplantation;
17 of these studies were in liver transplant population [6].
The pooled prevalence estimates before transplantation were
8.5% for MRSA and 11.9% for VRE. However, MRSA col-
onization estimate was lower (4.0%) in studies involving
200 or more patients. The prevalence estimates for bacterial
colonization after the transplantation procedure were 9.4%
and 16.2% for MRSA and VRE, respectively. The risk for
MRSA infection was significantly higher in patients with
MRSA colonization before transplantation (RR 5.5) and
also for patients in whom colonization occurred after the
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transplantation procedure (RR 10.56). In concert with the
risk for subsequent MRSA infection, VRE colonization
before (RR 6.6) and after transplantation (RR 7.9) were
associated with significantly higher risk of invasive VRE
disease [6].

Most early posttransplant VRE infections are a result of
complications arising from transplant surgery, a need for
extended stay in transplant or surgical critical unit and pro-
longed exposure to broad-spectrum antibiotics. Bacteremia,
intra-abdominal infections, urinary tract infections, and sur-
gical site infections are common clinical presentation. VRE
endovascular infections including endocarditis in the SOT
population is rarely seen [114, 209]. Complications involv-
ing the biliary tract, such as strictures and biliary leaks, and
importantly the interventions to ameliorate these compila-
tions are important risk factors for VRE infection in patients
undergoing liver transplantation [209, 210].

In kidney transplant recipients, VRE infections are promi-
nent in patients with HCV infection, those undergoing mul-
tivisceral transplantation such as kidney and pancreas
allograft surgery, patients requiring renal replacement ther-
apy after transplantation surgery; nephrostomy tube place-
ment, and patients taken back to the operation room for
re-exploration surgery [211].

Left ventricular assist devices (LVAD) are used as a
bridge to cardiac transplantation in patients with severe life-
threatening heart failure awaiting transplant surgery.
Pretransplant infection of LVAD increases the risk for post-
transplant  infections including infections due to
VRE. Patients with LVAD infections commonly present as
primary bacteremia, pocket and tunnel infection, endovas-
cular infections including LVAD endocarditis, and infec-
tions involving the mediastinum. In a report from Rush
University Medical Center in Chicago, IL 46 LVAD-related
infections were diagnosed in half of patients who underwent
LVAD implantation as a bridge to transplantation. Twenty-
nine episodes of LVAD-related bacteremia included five
patients with LVAD endocarditis; presence of diabetes
appeared to increase the risk for bacteremia. VRE infection
was diagnosed in six patients with LVAD-related infection
who had undergone transplantation surgery; four of these six
patients died. It was interesting to note that VRE infections
were not seen in patients without pretransplant LVAD-
related infection [212].

Diagnosis

Culture is the mainstay of diagnosis, with serologic or antigen
tests having no value. The isolation of enterococci from non-
sterile specimens such as urine, sputum, or external
wound drainage usually represents colonization or subclini-
cal infection rather than infection that requires treatment.
Prescribing antibiotics in this situation generally fails to erad-
icate the organism while promoting the risk for development

of antimicrobial resistance and exposing the patient to adverse
events and toxicicty plus potentil for drug-drug interac-
tions [213]. Even when isolated from sterile sites such as the
abdominal cavity, enterococci are usually present along with
one or more other organisms [136], and treatment of more
virulent pathogens has been shown to cure such infections
even in the absence of targeted anti-enterococcal therapy
[214]. This concept is illustrated by the highly effective nature
of cephalosporins in treating intra-abdominal infections
despite having limited activity against enterococci [215].

Treatment

Treatment of enterococcal infection is complicated; bacterial
species and drug resistance profile are the main influence
in selection of drug(s) for a specific type of infection. Most
clinical E. faecalis isolates show in vitro susceptibility to
common beta-lactam drugs such as penicillin, ampicillin,
amoxicillin, and piperacillin and to carbapenems like imipe-
nem. Nafcillin is not effective against E. faecalis. It is impor-
tant to remember that E. faecalis isolates are intrinsically
resistant to cephalosporins [216]. In contrast, E. faecium iso-
lates exhibit a high level of penicillin resistance, which in
most cases exceeds 50% [216]. Macrolides, TMP-SMX, and
fluoroquinolones are generally not effective against entero-
cocci [217]. Vancomycin is regarded as the drug of choice
for treating enterococci infections in patients with serious
hypersensitivity to beta-lactams and those with beta-lactam-
resistant isolates. However, with the emergence and spread
of vancomycin nonsusceptible strains, the choice(s) of opti-
mum effective therapy remains uncertain [213]. Enterococci
may exhibit tolerance to f-lactam antibiotics, meaning that
bacterial growth is inhibited in vitro following exposure at
low drug concentrations, however bacterial killing induced
by autolytic cellular pathways is not achievable following
exposure to, even high antibiotic levels that could be given at
physiologic doses [218]. Beta-lactam tolerance is an impor-
tant mechanism underlying treatment failure and/or infection
recurrence in severely immunosuppressed patients with neu-
tropenia and those with endovascular infections [213]. A
bactericidal effect may be achieved against some isolates by
the addition of an aminoglycoside [218]. The bacterial kill-
ing after the addition of aminoglycosides only occurs in iso-
lates that show in vitro susceptibility to these drugs, and as
expected, no synergistic benefit should be expected among
bacterial strains that are tolerant to beta-lactam drugs and
also resistant to aminoglycosides [218].

Linezolid, tedizolid, daptomycin, and seldom-used
quinupristin/dalfopristin are the drugs active against
VRE. Quinupristin/dalfopristin lacks efficacy against E. fae-
calis. Enterococcal bloodstream infection and with rare
hematogenous seeding of the meninges resulting in bacterial
meningitis that may occasionally occur in severely immuno-
compromised patients including those undergoing HSCT;
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linezolid monotherapy was reported to be effective, although
clinical experience is limited [219]. Furthermore, linezolid
resistance has emerged as a daunting concern, especially in
patients undergoing HSCT. In a study in Essen, Germany,
conducted between 2014 and 2015, 20 patients had linezolid-
resistant VRE, and 18 of these patients underwent HSCT
[220]. Twenty-five percent of patients developed blood-
stream infection. Ten patients had bacterial colonization at
the time of hospitalization. Eighty percent of patients with
hospital-onset linezolid-resistant VRE had prior therapy with
linezolid [220]. The authors report no clear evidence of
patient-to-patient or environment-to-patient transmission
within the transplant unit. It was interesting to note that a
single genotype in six patients was noted, and all such
patients were referred for the same hospital.

A report from the University of Illinois in Chicago con-
ducted between 2000 and 2008 assessed 48 hospitalized
patients being treated with linezolid and reported reduced
susceptibility to VRE in these clinical isolates [221]. A sig-
nificantly high risk for such infections was seen in patients
undergoing allogeneic stem cell or solid organ allograft
transplantation (OR: 2.6), treatment with immunosuppres-
sive agents (OR: 2.4), both systemic corticosteroids (OR:
2.4) and noncorticosteroid immunosuppressive drugs (OR:
2.3), and exposed to linezolid with 1 year prior to infection
diagnosis (OR: 34.5). Multivariable analysis showed that the
risk of reduced susceptibility to linezolid among clini-
cal VRE isolates was 32-fold greater in individuals who had
received linezolid within 1 year of infection diagnosis. It is
important to note that in this report most patients with VRE
infections due to reduced linezolid susceptibility had not
been treated with linezolid in the year prior and reduced line-
zolid susceptibility did not impact patient outcomes, which
included clinical or microbiological cure, length of hospital-
ization, and all-cause mortality [221]. Further studies are
needed to understand the clinical relevance and potential for
treatment failure in patients with the emerging reduced line-
zolid susceptibility VRE infections and how best to manage
such infections.

The in vitro susceptibility data for daptomycin and tige-
cycline are encouraging. Emergence of daptomycin resis-
tance among clinical VRE isolates, especially in patients
undergoing HSCT is of grave concern [222]. Reports of
clinical failures with these agents in the setting of high
in vitro drug MICs have underscored the potential
threat [223]. However, in a recent report among adults with
VRE bacteremia following HSCT and those with hemato-
logic malignancies, the duration of bacteremia and micro-
biological failure rates did not differ by daptomycin MICs
[224]. Multivariable analysis indicated an interesting trend
that all-cause 30-day mortality was low in patients with
VRE bacteremia due to bacterial strains that had high dapto-
mycin MICs (3—4 micrograms/L) [224]. This trend, how-

ever, did not reach a level of statistical significance [224]. If
this were to be a valid and significant finding, such an obser-
vation would put “disease-causing fitness” of such bacterial
strains into question and, as mentioned earlier in vari-
ous reports, and place emphsis on the surrogate nature of
enterococcal infections, especially in high-risk patients fol-
lowing allogenic stem cell or solid organ allograft
transplantation.

Summary

Gram-positive bacteria (GPB) are an important cause of
serious systemic disease in the immunocompromised
patients, especially patients after undergoing allograft trans-
plantation. A rise in infections due to GPB in the last two
decades has been attributed to a variety of reasons that
prominently include antimicrobial prophylaxis with a focus
on the prevention of Gram-negative bacterial infections and
common use of indwelling intravascular access devices. In
solid organ transplant recipients, postsurgical wound and
deep tissue infections resulting from tissue ischemia, pro-
longed and complicated surgical procedures, allograft rejec-
tion, and severity of iatrogenic drug-induced immune
suppression are important contributing factors. Severe oro-
intestinal mucositis, prolonged pre-engraftment neutrope-
nia, and graft-versus-host disease involving the skin and
orointestinal tract are important consideration to promote
risk among patients undergoing hematopoietic stem graft
transplants.  Community-acquired  methicillin-resistant
Staphylococcus aureus is now frequently encountered.
Similarly, drug resistance among various pathogenic
Staphylococcus, Streptococcus, and Enterococcus species
has a substantial impact on selection of empiric antibiotic
therapy in this population with suspected bacterial infec-
tion. Early diagnosis, prompt institution of appropriate ther-
apy, assessment for outcome prognosticators, and
recognizing the potential for early and late infection- and
treatment-related complications forms the bases for provid-
ing optimum management of GPB infections in the trans-
plant population.
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