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Abstract

Check for

Emerging and re-emerging infectious diseases have been a constant companion of medicine since its onset. In this
commentary, we will discuss the multiple manifestations of disease emergence, mechanisms by which novel pathogens
or strains emerge, and the practical implications for physicians as they apply to diagnostic, treatment, and control
strategies. Finally, we will highlight the ways in which connections between the clinic, the clinical laboratory and the
research laboratory lead to major discoveries in emerging diseases, with special emphasis on COVID-19.

Introduction

Perhaps more than any other area of medicine, instanc-
es of infectious disease emergence have a relatively short
thread connecting physicians to biomedical scientists, with
the line running directly between the clinical laboratory and
the research laboratory. Cases of emerging or re-emerging
infectious diseases are frequently unexpected, and often
characterized by an urgent need for control measures and
clinical interventions against the backdrop of a paucity of in-
formation about the basic biology of the pathogen. Emerging
disease outbreaks can stem from the introduction of novel
infectious agents into the human population, from the sud-
den appearance of new strains with altered clinical presenta-
tions, or from the evolution of emergent lineages in response
to selective pressures applied by clinical interventions. In this
piece, we will discuss each of these aspects of emerging infec-
tious diseases, highlighting the connection between the clinic
and laboratory, with special emphasis on the emergence of
COVID-19.

Emergent Strains and Lineages of Known
Pathogens

Established pathogens can emerge with novel clinical pre-
sentations, in previously unaffected populations, with altered
transmission dynamics, or in populations where disease had
previously been controlled. The drivers of this type of emer-
gence varies from pathogen to pathogen and widely by cir-
cumstance, but the most common ways are by acquisition of
new virulence factor genes, by adaptation to a population’s
immunity, by random genetic drift resulting in a new viru-
lence phenotype, or by prolonged exposure to antimicrobials.
By understanding the unique origins of emerging pathogens,
we can then begin exploring what drives their evolution and

adaptability to cause various disease outbreaks, with the ulti-
mate goal of forecasting their next move.

The emergence of more virulent bacterial strains can stem
from acquisition of new genes, most notably toxin genes. The
classic historical example of this is the emergence of Yersinia
pestis, the causative agent of plague. We now know that Y.
pestis was not a novel species, but rather an emergent lin-
eage of Yersinia pseudotuberculosis that had acquired a small
number of new genes conferring grave disease consequences
[1]. A more recent example featured a case empirically pre-
senting to a clinician as cutaneous anthrax. The isolate ob-
tained by the local clinical laboratory was identified not as
Bacillus anthracis but as Bacillus cereus, a bacterial species
that is typically associated with food borne illness and peri-
odontal disease. In order to understand how a mild, enteric
pathogen was causing clinical anthrax, further biological char-
acterizations were needed from research laboratories. Ge-
netic evaluation of this isolate performed by the Centers for
Disease Control and Prevention and the Florida Department
of Health established that this isolate had acquired the capac-
ity to make the B. anthracis capsule and toxins lethal factor
(Lef) and edema factor (Cya) [2]. Retrospective sequencing
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analysis indicated that this isolate was highly genetically ho-
mogenous to other B. cereus isolates from anthrax-like cas-
es featuring severe pneumonia or eschars [3-5]. Molecular
genetic research utilizing these unrelated cases identified
emergent lineages of B. cereus (now termed Bacillus cereus
biovar anthracis) with potential for severe and fatal disease.
This finding can be communicated back to the clinicians for
improved surveillance, and more importantly, consideration
of non-anthracis anthrax on a differential diagnosis for these
severely ill patients.

Novel clinical presentations, such as that of the mosqui-
to-borne flavivirus Zika virus (ZIKV), have similarly triggered
further research on known pathogens. The ZIKV outbreaks
in the Western Hemisphere and Southeast Asia appeared
to challenge the traditional disease model of African strains
in terms of methods of host infection, consequent clinical
presentation (i.e., in neurological and fetal tissue) and se-
quelae [6]. A lack of understanding of ZIKV biology made
this change both mysterious and unanticipated, and also left
physicians and scientists without specific interventions for
patients. Since the Western Hemisphere Zika epidemic in
2015, enormous strides have been made by research labo-
ratories toward: a) ldentifying the genetic changes resulting
in enhanced disease; b) Identifying stable and mutable resi-
dues to improve diagnostic detection; and c) Design and de-
velopment of a candidate vaccine. These advances in patho-
physiological understanding and translational research were
made possible by close collaboration with clinical laboratories
collecting meticulously curated isolates, who are only able to
provide these due to thorough evaluations and complete,
non-empirical workups by clinicians. The translational re-
search advances that led to improved diagnostic tests, possi-
ble treatments, and a candidate vaccine then feed back into
the clinical laboratory and ultimately the clinic, wherein they
improve outcomes for patients. While this is always the goal
of the biomedical research-clinic paradigm, it is often a long,
multi-decade process. It is therefore notable that this feed-
back loop completed within less than five years for ZIKV, and
after a small number of cases of B. cereus biovar anthracis.

Impacts of Emergent Strains or Novel
Species on Current Treatment, Detection,
and Prevention Strategies

The emergence of novel pathogens and new strains/lin-
eages of known pathogens has the potential to affect cur-
rent detection, treatment, and prevention strategies. While
the failure of a diagnostic test to identify a novel pathogen is
predictable, the failure of validated tests to positively identi-
fy emergent strains of known pathogens is less appreciated.
During the most recent influenza A pandemic (HIN1; 2009),
the sudden appearance of off-season cases was not imme-
diately attributed to influenza activity because the rapid di-
agnostic test was rarely positive. Cases that were definitively
diagnosed were done so by positive identification of influenza
virus RNA, and the emergence of a novel pandemic strain was
confirmed by sequencing. The concordance between RNA de-
tection and rapid diagnostic tests based on antigen detection
was 11% when HIN1 pdm 09 initially emerged, meaning that

89% of infected patients tested negative [7]. Upon recogniz-
ing that a new pandemic strain had emerged, diagnostic tests
and vaccine preparations were adjusted accordingly as soon
as they feasibly could be. However, the early failure of the
standard diagnostic strategy highlights the very real issue of
interpretation of negative results when it comes to emergent
strains and novel pathogens. Another related issue - that of
a similar disease caused by a novel species -was exemplified
by Borrelia mayonii, a newly described species of bacteria
causing Lyme disease. The diagnostic tests used to confirm
Lyme borreliosis are notoriously problematic for a variety of
reasons, including within-species and between-species diver-
sity. Diagnostic methods for suspected Lyme disease patients
utilizing real-time PCR is routinely performed by the clinical
and research arms of the Mayo Clinic, and it was via this
method that B. mayonii was discovered. The first cases were
described after six individuals with suspected Lyme disease
produced non-negative, yet abnormal results: PCR detection,
but with an atypical melting point [8]. Although these par-
ticular patients tested positive using molecular techniques, it
is not clear if current diagnostic tests adopted and validated
by most clinical laboratories will be able to detect infection
with this new species. This is notably problematic because B.
mayonii infections have been found to have a slightly differ-
ent presentation of Lyme disease than that caused by Borrel-
ia burgdorferi. Although it can cause fever, headache, rash
and neck pain in early infection and arthritis later, it is also
associated with nausea, vomiting, and a more diffuse rash
(as opposed to the classic bullseye rash) [8]. This difference
in presentation could mean that it is also possible that indi-
viduals with Lyme borreliosis caused by B. mayonii are being
screened less frequently, and that they may be producing
false-negative results. In these two examples, the discovery
of the novel strain and novel pathogen (respectively) oc-
curred because research-oriented clinical laboratories pur-
sued extensive testing in order to make a definitive diagnosis,
as opposed to stopping at the standard practice.

Failure to identify novel pathogens or emergent strains
is not the only diagnostic challenge highlighted by collabo-
rations between the clinical lab and the research lab. Anti-
microbial susceptibility testing (AST) is now routine following
the widespread emergence of antibiotic resistant organisms.
Any lethal intervention is going to exert profound selective
pressure on infectious agents to evolve a mechanism to
evade or escape that clinical intervention. As a result it is no
longer unusual to find patients with both hospital-acquired
and community-acquired infections that are resistant to nu-
merous classes of antimicrobials. Resistance can come in the
form of having lost or substantially altered the drug target, or
having acquired a new gene that either destroys the drug or
pumps it back outside the pathogen’s cell body. Perhaps one
of the most known examples of bacterial resistance to treat-
ment is seen with methicillin-resistant Staphylococcus aureus
(MRSA). Prior to 1940 infection with S. aureus often proved
deadly, with mortality rate of over 80%. In 1940, with the
introduction of the B-lactam antibiotic penicillin G, the mor-
tality rate improved substantially. However, by 1942 there
was evidence of resistance by an enzymatic activity that de-
stroyed the drug, termed penicillinase/B-lactamase. By 1959
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metbhicillin, a penicillinase-resistant B-lactamdrug, was used
to treat S. aureus infection. Unfortunately, the first reports of
resistant isolates were cultured in mid-late 1960. While there
are treatments for MRSA, the rise of vancomycin-resistant
Staphylococcus aureus (VRSA) in the past few decades has
created more challenges. All VRSA strains thus far have arisen
from an MRSA strain, indicating that these emergent lineag-
es are highly resistance to multiple antibiotic classes. Parallel
outcomes involving numerous pathogens and multiple drug
classes have been described, causing the World Health Or-
ganization to name antimicrobial resistance one of the most
urgent health challenges of our time [9].

Early and aggressive treatment of drug-resistant organ-
isms is critical both to individual patient care and to public
health at large, as removal of these strains from circulation to
the extent possible is ideal. This is why performing AST is now
the norm rather than the exception. However, current AST
techniques themselves are not without limitations. Molecular
detection of known antibiotic resistance genes or drug target
alleles is a reliable method, although it allows for the possi-
bility of a drug-resistant organism with an as-yet-unidentified
resistance-conferring genotype to go undetected. AST thus
often relies on detection of drug resistance phenotypically,
which we now understand must be caveated by interpret-
ing the results under laboratory conditions. Our laboratory
conducted a study in collaboration with a clinical laboratory
initially focused on an isolate of an opportunistic pathogen,
Francisella philomiragia. Due to its relative obscurity and
fastidious growth, AST was performed under both ambient
air conditions and 5% CO,. The disparity between conditions
was substantial, with the isolate demonstrating resistance
to B-lactams when grown at 5% CO, (notably, this is a phys-
iologically relevant level of CO, for some body sites such as
the respiratory tract). This was due to an induction of B-lact-
amase activity only under these conditions. The B-lactamase
gene whose expression was induced by CO, was tem1, a gene
found in many hospital- and community-derived isolates of
numerous bacteria [10]. Antibiotic resistance activity stem-
ming from this gene would not be detected by standard phe-
notypic AST methods, and treatment failures could ensue.
These findings also highlight the potential for a virtuous cycle
between clinical labs and research labs, wherein a research
lab can provide mechanisms and context for clinical obser-
vations, and alternative approaches can then be made that
result in improved outcomes for patients.

Novel Pathogen Discovery

Medical history is punctuated with the introductions of
new diseases caused by organisms that were unknown at the
time of initial emergence. Identifying and learning about each
of these organisms is a pioneering opportunity to expand the
reach of medical treatment. In 1976, a cluster of acute hem-
orrhagic fever cases occurred in the town of Bumba, Zaire
(now Democratic Republic of Congo), and all were connect-
ed to a single index case [11]. When Peter Piot learned that
it was not Marburg virus he was looking at that had killed
hundreds of Africans, but something never before seen, he
described his emotion as one of “excitement” and “of being

very privileged, that this was a moment of discovery.” [12]
The novel pathogen is now known as Zaire Ebola virus (EBOV),
and has caused eleven additional epidemics of Ebola virus dis-
ease in Central and West Africa. A few years later in 1981,
the U.S. Centers for Disease Control and Prevention formed
a task force to monitor an outbreak of unusual cases of op-
portunistic infections affecting patients who had no known
reason to be immunocompromised [13]. This novel disease,
eventually named acquired immune deficiency syndrome
(AIDS) [14,15], had spread to pandemic proportions before
the transmission dynamics and the novel pathogen had been
elucidated. During the early years of investigation, three re-
search groups working in cooperation with clinicians treating
patients, independently found a novel virus in AIDS patients
[16-18]. The viruses these groups found ended up being one
and the same, now known as the human immunodeficiency
virus (HIV) [19]. Again, a novel organism introduced a new set
of medical complications for humankind.

In the early morning hours of December 31, the ProMED
listserv issued an alert and a request for information (RFI) in
response to a cluster of acute respiratory distress syndrome
(ARDS) cases in Wuhan, China. The initial information came in
the form of guidance for hospitals issued by the Chinese Cen-
ter for Disease Control, and a clinician shared the guidance
with a reporter in Beijing. In the days that followed, specu-
lation mounted in the international community of research
and clinical scientists that the ARDS cases were caused by a
novel virus. When global attention demanded that samples
from patients in intensive care be shared with international
researchers, researchers at the Wuhan Institute for Virolo-
gy produced an isolate of a novel virus. The genome of the
novel virus was rapidly sequenced made publicly available to
researchers worldwide on January 9, 2020 via GISAID. By this
time, probable cases were appearing in neighboring provinc-
es. Global spread ensued shortly thereafter, and clinicians’
need for a diagnostic test that could be performed in local
clinical laboratories or at the point of care became urgent.
Research laboratories that could design molecular diagnostic
tests mobilized immediately, and worked in turn with clini-
cal laboratory colleagues to refine and validate the methods.
These testing strategies were then deployed to the clinic for
use on patients within weeks, and used to facilitate contact
tracing and infection control. On a parallel tract, bioinformat-
ics analysis by research laboratories based on the sequences
derived by clinical laboratories informed the design of mul-
tiple subunit or recombinant vaccines, several of which are
now in late-phase clinical trials. It is notable that the pattern
of interaction between the clinic, the clinical laboratory, and
the research laboratory is consistent across these stories, but
the timeframe in which the cycle completes has varied dra-
matically as biotechnology and information processing has
improved.

While the pathologies associated with EBOV, HIV, and
SARS-CoV-2 infection have been particularly impactful in
the world, they are certainly not alone among new agents
to affect humankind. Other novel organisms are identified
on an ongoing basis. Some of these “new” organisms have
been lurking unrecognized with us throughout our existence,
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whereas others are more recent introductions from wildlife
reservoirs or creations of evolution. A frequent underlying
feature of many stories of novel pathogen discovery is that an
isolate is collected and purified, and interactions between the
clinical laboratory and research laboratories then occur. Re-
search laboratories, be they located at universities, non-profit
institutes, or government agencies, have the capacity to iden-
tify agents for which no validated diagnostic test exists, and
are unconstrained by workflow efficiency or billing and reim-
bursement concerns. The emergence and future evolution of
novel pathogens will continue to affect humankind, and the
more we are able to learn about them through ongoing study
and discovery facilitated by strong ties between clinical lab-
oratories and research laboratories, the better equipped we
will be to manage the potential complications they impose on
our health.

Conclusion

The study of emerging and re-emerging infectious dis-
eases requires a rapid response and coordination between
the clinic, the clinical laboratory, and research laboratories.
These disease outbreaks can arise in many different ways
and can present disparate challenges to our diagnostic, treat-
ment, and prevention strategies. Continuous communica-
tion between physicians and clinical laboratories to ensure
cultivation of isolates from idiopathic infections, and clinical
laboratories and research laboratories to characterize novel
pathogens or unusual strains, is critical to the successful de-
velopment of interventions and control measures to improve
patient care and health outcomes.
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