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Abstract

Ocular infections are an ophthalmologic emergency that threatens the eye’s integrity,
which may result in a poor visual outcome; hence, it requires prompt treatment. The
most common microorganisms involved in eye infection are the bacteria, followed by vi‐
rus and fungi; however the prevalence depends on the geographic location. It is essential
to know The etiologic agent of the ocular infection ocular infections and their antibiotic
sensitivity because the geographical situation and the urbanization level of the studied
population will determine their prevalence. Recently have been described eye coinfec‐
tions, where at least two microorganisms can infect at the same time and the same ana‐
tomic site. Several coinfections have been published, bacteria-bacteria, bacteria-fungus,
bacteria-virus, fungus-yeast, fungus-virus, parasite-bacteria, etc. Eye coinfections repre‐
sent a particular challenge for the ophthalmologists; coinfections are difficult to diagnose
because often the clinical characteristic is atypical and mimics different clinical pictures.
In addition, eye coinfections respond poorly to antibiotics and usually present an aggres‐
sive clinical course. In these circumstances, it is common for patients to receive multiple
treatments when they should be receiving a specific treatment. Several risk factors are im‐
portant to develop coinfections, e.g., trauma, dry eye, use of contact lenses, and comor‐
bidities (diabetes and immunosuppression). Coinfections have been described in
keratitis, conjunctivitis, and endophthalmitis. The study of polymicrobial biofilms has
been increasing, and in the medical area, the role played by biofilms in confections has
been associated with virulence factors; hence, biofilm formation is also considered a de‐
terminant virulence factor for pathogenesis in the host. Coinfection diagnosis is an impor‐
tant topic in order to obtain a specific and timely diagnosis. Microbiological and
molecular approaches are proposed to identify etiological agents. Delay in diagnosis af‐
fects the sensitivity to specific treatments and the evolution of infection. Treatment and
prognosis are supported by a specific diagnosis.
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1. Introduction

An infected eye is one of the major causes of corneal blindness after cataract in developing
countries [1]. This is mainly induced by bacteria, fungi, yeast, and parasites. However, an
increasing number of coinfections, which involve the presence of two or more pathogens, in
the same place at the same time, affecting one or both eyes, are being reported. Comparing the
single-microorganism infections, in which theoretically there is no competition, the coinfec‐
tions have been proven to have more mechanisms competing against the host resources. This
competition is the main factor influencing the clinical course and evolution of the infection [2].

Eye coinfections represent a particular challenge for ophthalmologists; coinfections are
difficult to diagnose because often the clinical picture is atypical and mimics different clinical
pictures. In addition, eye coinfections respond poorly to antibiotics and usually present a slow
clinical course. In these circumstances, it is common for patients to receive multiple treatments
when they should be receiving a specific treatment; this can cause a refractory infection and
need for surgical treatments.

Although eye infections are common in immunocompetent patients, coinfection can compro‐
mise the immune system of the host [3, 4]. Therefore, the strategies used by each microorganism
to survive against different treatments and the self-host immune response have important
implications for the diagnosis and prognosis of the infection [5].

This chapter provides a systematic review of the frequency and epidemiological characteris‐
tics, with reports of the most common clinical entities, produced by coinfection in the eye.

2. Epidemiological characteristics

2.1. Epidemiological significance

Ocular infectious processes are among the clinical entities that are relevant to the epidemiol‐
ogy. The high incidence of infections in patient care institutions has resulted in high-quality
infection control processes and monitoring of various entities of epidemiological relevancy.
For example, viral conjunctivitis primarily represents a challenge for management and
prevention. Thus, it is common for diseases such as hemorrhagic conjunctivitis and follicular
conjunctivitis to be part of the epidemiological surveillance.

The difficulty of the epidemiological surveillance of ophthalmic diseases lies in the limitation
of performing a specific etiologic diagnosis of infection, since in practice ophthalmic infections
are treated empirically based on the clinical picture and the physician’s experience. Ophthal‐
mologists and laboratory staff should not forget that care of patients with endophthalmitis is
usually performed at the first level of care, where the general practice is responsible for the
greatest amount of attention to this disease. Thus, control programs for conditions such as
trachoma are necessary to prevent them from reemerging and being attentive and vigilant
regarding emerging diseases.
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Within emerging diseases, changes are observed in response to treatment but more important
in the modification to the incidence and prevalence to disease. Reports of bacterial strain
resistant to antibiotics and changes in the behavior expected of diseases are increasing.
Therefore, new mechanisms of resistance of microorganisms, comorbidity states in individu‐
als, new mechanisms of transmission, etc., that explain what changes in the conditions have
occurred are sought. One explanation is the presence of more than one causal agent of
infectious disease, coinfections.

The mechanisms developed by various microorganisms when present concurrently can alter
significantly the clinical presentation, diagnosis, and treatment.

Coinfections resemble clinical pictures presented by other clinical entities and have an adverse
effect, as the usual outcome is the use of multi-treatment that fails, causing refractory man‐
agement and in many cases ending in loss of vision or surgical interventions. This reveals the
importance of presenting cases of coinfections of the eye.

Although eye coinfections are not the subject of epidemiological surveillance, they are not as
rare as previously thought and can represent 3.88 % of endophthalmitis cases, for example, and
more than 50 % in some series of patients with conjunctivitis reported in the literature [6, 7].

3. Agents

Associated microorganisms may occur in different combinations. This association is predom‐
inantly bacteria-bacteria and to a lesser extent bacteria-fungus and bacteria-virus.

Acanthamoeba spp. and Pseudomonas spp. are associated because of their high resistance to
empirical antibiotics and ulceration, which occurs primarily in association with Acanthamoe‐
ba spp., which is associated with Legionella spp., Streptococcus spp., herpes virus, Moraxella spp.,
Candida spp., etc.

Several viruses, bacteria, or fungi cause eye infections, but the pathogenic agent is modified
extensively at presentation as a coinfection especially when the bacterium is coinfecting with
different bacteria or a virus. In the case of fungi, when they are present with bacteria, only
small changes are observed [3]. The clinical spectrum of keratitis can change when there is a
coinfection between bacteria and Candida spp., mainly occurs; however, when endophthalmitis
involves coinfection of a fungus and Gram-negative bacteria, the result is more unfavorable [6].

4. Risk factors

The core components of the presentation of coinfections are risk factors. However, studies have
not shown high causality for association. Coinfections have been diagnosed in patients with
no reports of comorbidities (diabetes, immunosuppressive processes, etc.) although coinfec‐
tions can occur in patients with human immunodeficiency virus (HIV); however, this risk
factor was not significant in the patients reported.
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One risk factor for coinfection of fungus and bacteria is trauma. Dry eye also seems to be a risk
factor.

The most frequently reported risk factor is the use of contact lenses, especially soft lenses.
Coinfection with Acanthamoeba spp. and Pseudomonas spp. has been reported in contact lens-
associated keratitis. Poor response to treatment has been observed in young people with
greater frequency in women.

5. Challenges

The most important challenge in the emergence of this clinical entity is the identification of a
new form of presentation of eye infections. The standard method of causality associates the
disease with a single causative agent. However, in this new scenario, more than one causal
agent is observed. The new entity must be monitored and addressed as a new disease, which
requires a new diagnostic approach, prognosis, and treatment.

6. Keratitis due to coinfections

6.1. Bacteria and fungus

Bacteria and fungus represent the most frequent type of coinfection in the eye (Table 1]. The
main microorganisms that produce coinfections are bacteria, such as Staphylococcus spp.,
Streptococcus spp., Pseudomonas spp., Haemophilus spp., Klebsiella spp., Bacillus spp., and
Corynebacterium spp. The fungi genera microorganisms include Aspergillus spp., Fusarium spp.,
Curvularia spp., Cladosporium spp., Bipolaris spp., Alternaria spp., and the yeast Candida spp.
Most of these microorganisms are normal microbiota in the conjunctival sac or the lids [8].
Their presence depends on the geographic area. However, bacteria and fungus coinfections
that have been reported more frequently in a large series of cases are the genera Staphylococ‐
cus spp. with Aspergillus spp. or Fusarium spp., [3, 9, 10, 11, 12, 13].

Organisms Study type Infection caused Reference

Bacteria and fungus

Transversal Keratitis Gopinathan et. al. 2009

Transversal Keratitis Basak et. al. 2005

Transversal Keratitis Pate et. al. 2006

Transversal Keratitis Bharathi et. al. 2002

Bacteria and bacteria

Transversal Keratitis Fröhlich et. al. 1999

Transversal Keratitis Yeh et. al. 2006

Case Keratitis Jones 1981
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Organisms Study type Infection caused Reference

Bacteria and yeast Case Keratitis Kim et. al. 2006

Filamentous fungus and yeast Case Keratitis Qui et. al. 2013

Filamentous fungus and filamentous
fungus

Case Keratitis Hayashi et. al. 2014

Acanthamoeba and bacteria

Transversal Keratitis Tu et. al. 2009

Case Keratitis Hong et. al. 2014

Case Keratitis Dini et. al. 2000

Transversal Keratitis Iovieno et. al. 2010

Case Keratitis Lone et. al. 2009

Acanthamoeba and fungus

Transversal Keratitis Froumis et. al. 2008

Case Keratitis Gupta et. al. 2011

Case Keratitis Slade et. al. 2008

Virus and bacteria
Case Conjunctivitis Mellman-Rubin et. al. 1995

Case Conjunctivitis Tappe et. al. 2013

Bacteria and bacteria Transversal Conjunctivitis Iwalokun et. al. 2011

Bacteria and bacteria

Transversal Endophthalmitis Gharamah et. al. 2012

Transversal Endophthalmitis Jindal et. al. 3013

Transversal Endophthalmitis Gupta et. al. 2002

Bacteria and fungus
Transversal Endophthalmitis Long et. al. 2014

Transversal Endophthalmitis Gupta et. al. 2003

HIV and herpes Transversal
Retinal necrosis
syndrome

Liesegang 2001

HIV and cytomegalovirus Transversal Retinitis Faber et. al. 1992

HIV, Epstein-Barr,
and cytomegalovirus

Transversal Retinitis Freigassner et. al. 2002

HIV, cytomegalovirus, and herpes Case Retinitis Skolnik et. al. 1989

HIV and several microorganisms
(including Acanthamoeba)

Case Keratitis Tandon et. al. 2003

HIV and Treponema pallidum Case
Severe bilateral retinal
vasculitis

Albini et. al. 2011

Virus and worm Case
Perilimbal and
conjunctival infection
and HZV lesson

Seo et. al. 2014

Table 1. Main reports of human eye coinfections.
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Bacterial and fungal keratitis often is not clinically distinguishable from monomicrobial
infections, because they override the pathognomonic picture typical of bacterial or fungal
keratitis [14]. Because of the difficulty of clinical diagnosis, other factors are added; many
patients use traditional medicine (with the risk of adding other microorganisms to the
infection) or initiate topical medication without a medical prescription. These therapeutic
interventions delay the specific treatment, and the prognosis of infection is poor [14].

Bacteria and fungus coinfection can be incidental in the first instance. However, this condition
favors the development in the participating pathogens of adaptive mechanisms that strengthen
their protection versus the immune system host or the antimicrobial drug. This phenomenon
is explained by the ability of fungi and bacteria to form biofilms. Studies recently showed that
99 % of microorganisms can form biofilms; only 10 % live as planktonic cells (unicellular cells)
[15, 16, 17].

The characteristic that best distinguishes chronic infections from acute infections is the
response to treatment with antibiotics. While acute infections can be removed after a short
treatment with antibiotics, the biofilm in keratitis coinfections normally fails to be completely
eliminated, produces recurrent episodes, and often must be solved with keratoplasty. The
etiologic agents form biofilms that can be up to 1,000 times more resistant to antibiotics [17,
18, 19]. The issue of biofilms will be fully explained in the following section.

7. Bacteria and bacteria

Several reports in the literature have described this coinfection. Fröhlich et. al. studied patients
with and without clinical history of contact lens use and showed that 51 of the 275 samples
(18.5 %) from patients with bacteria keratitis were coinfections. The most common pathogens
isolated were Staphylococcus epidermidis (44 %), Staphylococcus aureus (18 %), Streptococcus spp.
(10 %), Propionibacterium acnes (7 %), and Pseudomonas aeruginosa (6 %) [20]. Yeh et. al. presented
a study of 307 samples, of which 21 % were keratitis bacteria-bacteria coinfections with similar
bacterial genera [21]. Jones reported coinfections between Streptococcus pneumoniae with
Corynebacterium spp. or Staphylococcus epidermidis and isolated three microorganisms from one
case, Staphylococcus aureus and Streptococcus pneumoniae, Corynebacterium spp., and Micrococ‐
cus spp., and, finally, Streptococcus equinus and Haemophilus influenzae from another patient.

8. Bacteria and yeast

Coinfections that involve Candida spp. or a filamentous fungus are usually difficult to treat,
and the prognosis is poor. A coinfection of Stenotrophomonas maltophilia (Gram (-) bacteria)
and a yeast has been documented. The corneal injury presented as an ulcer that quickly
progressed despite treatment with proven sensitivity. The case was treated with penetrat‐
ing keratoplasty [22].
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9. Filamentous fungi and yeast

In a case with clinically distinguishable corneal infiltrates, Exserohilum mcginnisii and Candida
parapsilosis, an unusual coinfection, were isolated. The infection showed torpid evolution with
severe damage in the visual area [23]. Katragkou et. al. conducted a review that showed
Exserohilum spp. produces a wide spectrum of diseases, including atopic, cutaneous, subcu‐
taneous, systemic, and corneal infections; the most common factor was immunocompromised
status [24]. In addition, Candida spp. is an opportunistic pathogen that affects immunocom‐
promised and immunocompetent patients. This genus generates biofilms responsible for
resistance to a wide range of antifungal drugs and often affects the cornea [25, 26]. Exserohi‐
lum spp. and Candida spp. can acquire a filamentous form that invades the stroma or produces
endophthalmitis and has the capability of assembling biofilms.

10. Filamentous fungus and filamentous fungus

A case of sclerokeratitis produced by Scedosporium apiospermum and Aspergillus cibarius was
recently reported. The case, which was characterized by insidious keratitis and liquefied sclera,
was successfully treated with topical and systemic antifungal drugs [27].

11. Acanthamoeba spp. and coinfections

Acanthamoeba spp., a protozoon, is a free-living amoeba that can live in diverse environments.
It has been isolated from soil, water for domestic use, salt or freshwater sewage, estuaries, hot
springs, and swimming pools, among others, which highlight the microorganism’s ability to
live in extreme heat and pH conditions. Schuster and Visvesvara described Acanthamoeba spp.
producing keratitis as non-opportunistic and thus occur in immunocompetent humans [28].
Galarza et. al., described this amoeba as amphizoic due to its ability to live in the environment
and parasitize humans [29].

The life cycle of Acanthamoeba spp. includes two stages: the cyst, a form of resistance to adverse
environmental conditions, and the trophozoite, the amoeboid free-living stage. Due to the
organism’s phagocytic condition, Acanthamoeba spp. can feed of bacteria, algae, yeast, fungi,
etc [30]; but some of these microorganisms have developed mechanisms to avoid intracellular
death and take advantage of the amoeba (endosymbiosis). These circumstances make
Acanthamoeba spp. a vector of almost any type of microorganism; Barket et. al., in studies of the
host-parasite relationship, called it a “Trojan horse” [31, 32].

12. Acanthamoeba and bacteria

The association of Acanthamoeba spp. with other microorganisms is most significant from the
ophthalmological point of view. This species can generate corneal injuries that remain for
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months or years and are difficult to treat with diamine and biguanide drugs in developing
countries (chlorhexidine and polyhexamethylene biguanide, respectively) [33].

Some of the bacteria mechanisms within Acanthamoeba spp. have been described. Scheid et.
al., using an in vitro model with electronic microscopy, showed the cycle of a coccoid-like
organism in the free-living amoebae Vannella spp. The coccoid microorganism is a phagocyte
and is transported by phagocytic vacuoles through the cytosol until reaching the amoeba
nucleus where the microorganism proliferates and is released by rupture of the host mem‐
brane. In the beginning of the life cycle, coccoid microorganisms are phagocytes for other
amoeba [34]. In addition, endosymbiont bacteria can replicate only into the amoeba cytosol,
can break the cells, and can be ingested by neighboring amoeba [35]. However, the intrusion
of bacteria into Acanthamoeba polyphaga has consequences for both microorganisms. A protein
bellows the amoeba that adheres to the surface of Legionella pneumophila. The authors discussed
the possibility that the liberation of the bacteria from the amoeba integrates amoeba antigens
in its membrane. However, Pseudomonas aeruginosa and its liberated products kill Acanthamoe‐
ba spp. [30, 32, 36]. Another study showed that endosymbiont bacteria favor the growth of
different species of Acanthamoeba, and all microorganisms isolated from contact lens care
solutions contained numerous trophozoites [37].

Acanthamoeba spp. by itself causes severe inflammation in the cornea. Aggressive keratolysis
or sclerokeratitis is a common complication. The most frequently reported symptoms are pain,
photophobia, and tearing [38]. The association of Acanthamoeba spp. with bacteria or a fungus
presents a coinfection that can mimic bacterial, fungal, or herpetic keratitis, which can delay
the time to diagnosis and increase the pathogenicity of the Acanthamoeba spp. infection.

Several molecular methods and electronic microscopy have facilitated the observation of
bacteria within Acanthamoeba, including Pseudomonas aeruginosa, Listeria monocytogenes,
Mycobacterium spp., Escherichia coli, Legionella pneumophila, Chlamydia spp., and Aeromonas spp.
They are also capable of producing keratitis themselves [30, 32, 39, 40, 41]. In addition, there
are many reports in the literature of cases of Acanthamoeba and bacteria coinfection isolated
from patients with or without contact lens-associated keratitis [39, 42, 43, 44].

13. Acanthamoeba and fungi

This type of coinfection is uncommon. Similar to bacteria, fungi have a complex relationship
with Acanthamoeba spp. and generate lesions that can be confused with bacterial or herpetic
keratitis; the prognosis is discouraging. In all cases reported, penetrating keratoplasty was
performed. These coinfections require immediate and aggressive treatment with antifungal
and antiamoebic drugs [45, 46, 47, 48, 49].

14. Conjunctivitis due to coinfection

Conjunctivitis is the most common eye infection in the world. Usually, the normal microbiota
in the conjunctiva participates in infectious diseases of the ocular surface, and it has been
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reported that diversity in the conjunctival microbiota varies depending on geographic region
or occupational activity [50, 51, 52, 53]. Moreover, the pathogenesis of infectious conjunctivitis
depends on the circumstances and intrinsic mechanisms to the microorganism and the host.

Although there are high diversity of microorganisms on the conjunctiva, few coinfections have
been reported. This lack of reports could be due to confusing clinical manifestations or the low
sensitivity of the methods used or simply because two or more microorganisms are not usually
searched in an infection.

In a patient with conjunctivitis, an uncommon relationship between an adenovirus and
Chlamydia spp. was reported. The study showed three patients positive for Chlamydia spp. in
a sample of 100 patients with adenoviral conjunctivitis, using polymerase chain reaction (PCR)
[54, 55]. Another report showed the presence of adenovirus type 53 with a multiple resistant
strain of Neisseria gonorrhoeae in a patient with severe bilateral conjunctivitis.

Iwalokun et. al., presented interesting results in a study conducted in Lagos, Nigeria. They
analyzed 83 samples from patients with conjunctivitis and isolated 155 bacteria from the
samples; the resistance patterns and the plasmid profile were evaluated. The authors found
coinfections of two, three, or more pathogens (51.8 % and 18.1 %, respectively) and were able
to identify three infection patterns that were significantly different [7]. This work emphasizes
the possibility that multiple microorganisms can cause conjunctivitis.

15. Endophthalmitis due to coinfection

Endophthalmitis is an inflammatory intraocular reaction and is the most important compli‐
cation for an ophthalmologist following surgery, trauma, and between others. The common
presentation of the clinical picture is characterized by pain and decreased vision. As previously
discussed in the section on keratitis due to bacteria and fungus coinfections, endophthalmitis
due to coinfection can be confused with single bacterial or fungal infections. Thus, to facilitate
successful interventions, the microorganisms responsible must be identified and antimicrobial
sensitivity examined. Studies of several large series have shown the frequency of endophthal‐
mitis due to bacteria and fungus and bacteria and bacteria coinfections.

Depending on patients’ geographic region, consecutive case studies have found various
incidence rates for this coinfection ranging from 2.4 % to 50 % [56, 57, 58, 59].

The most commonly isolated pathogens are Gram-positive cocci bacteria with filamentous
fungi [60, 61]. However, Gram-negative or Gram-positive bacilli related to fungi are also
responsible for endophthalmitis [60, 61, 62].

16. Coinfections in immunocompromised patients

The outcome of coinfection is the result of diverse interactions involving the host and the
parasite’s genetic background and the environment. In these infections, few reports have
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explained the immune mechanisms implicated, because there is considerable variability in
each combination of microorganisms that produces an infection.

The immunological mechanisms that occur in the eye are similar to the rest of the immune
system. However, there is more regulation in the silencing response in order to prevent damage
from infection and inflammation, and immune mechanisms preserve the functionality of the
cornea [63].

In the following, studies that investigated the most common corneal coinfections are reviewed.
These reports show the critical role of pathogens and the pathogenesis generated by the host
immune response.

Vernal conjunctivitis is an example of how the immune phenotype affects the response to the
infection. Patients with vernal keratoconjunctivitis have a family history of atopic diseases
such as allergic rhinitis, asthma, and eczema [64]. A theory suggests that patients with a history
of atopy are susceptible to intracellular infections because they have a Th2 immune phenotype
[65, 66]. Kerr and Stern showed a polymicrobial infection in two patients with vernal kerato‐
conjunctivitis and corneal ulcers [67].

Although regulation of the immune response in the eye is controlled locally, in immunocom‐
promised patients with human immunodeficiency virus (HIV), it is evident that the privilege
is broken by the depletion of T CD4+ cells, and infections can occur. In addition, several
pathogens can remain latent (herpes virus, bacteria, fungi, parasites). The clinical manifesta‐
tion produced by the herpes virus can be conjunctivitis, blepharitis, intraocular inflammation,
retinitis, or keratitis [68]. In particular, herpes simplex virus types 1 and 2 (HSV-1 and HSV-2]
infect 50 % to 90 % of the population infected with HIV, causing ocular herpes and genital
orofacial herpes in different geographic regions [69]. Herpetic retinitis has a high incidence;
however, few cases have been reported. Faber et. al., studied eyes from 25 cases with AIDS
with an immunohistochemical test. Cytomegalovirus was found in 60 % of the cases and was
related to retinitis, while in another case series, 36.64 % of 131 patients were diagnosed with
Cytomegalovirus retinitis [70, 71]. Freigassner et. al., documented a case with the Epstein-Barr
virus and Cytomegalovirus in a patient with AIDS [72]. Other studies showed Cytomegalovirus
or herpes in isolated cases [73, 74, 75].

Opportunistic microorganisms such as Toxoplasma spp., herpes zoster virus (HZV), and
Pneumocystis spp., participates the least in coinfections.

17. Coinfections produced by strange conjunction of pathogens

Burkholderia ambifaria, Enterococcus, and Staphylococcus aureus were found in a patient with
herpetic stromal keratitis. Burkholderia ambifaria is a Proteobacteria, which comprises strains
with a virulence potential toward immunocompromised patients [76]. In a report on keratitis,
Acanthamoeba spp., Fusarium solani, and Gram-negative cocci were identified in a patient who
had unprotected sexual contact with multiple commercial sex workers [77].
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18. Pharmacodynamics of antimicrobials used in eye coinfections

There is little information about the pharmacodynamics of antimicrobials used for coinfections
of the human eye. The activity of antimicrobial drugs against yeast, bacteria, and fungi has
been evaluated with a standardized microdilution assay in a culture medium [78]. The lowest
concentration of an antimicrobial that completely inhibits the growth of any microorganism
is known as the minimal inhibitory concentration (MIC), which can be used to determine the
sensitivity or resistance.

Based on MICs with microdilutions and the growth radial technique on solid medium using
Potato Dextrose Agar (PDA) dishes (using the percent mycelial inhibition) [79], our group
reported that S. aureus cocultured with F. solani or A. fumigatus (all isolated from patients)
significantly inhibited fungal growth (66.5 % and 55.6 %, respectively). gatifloxacin and
moxifloxacin in the cocultures eliminated the bacterial effect on both growth fungi (p<0.001).
amphotericin B, natamycin, and itraconazole inhibited fungal growth partially or completely,
depending on the fungus. In contrast, the effect of amphotericin B or natamycin in the presence
of quinolones significantly favored the growth of fungi; this effect was more evident in F.
solani [80].

Nevertheless, the MIC does not reflect physiological concentrations of drugs because in vivo
drug concentrations may vary due to many factors such as absorption, metabolism, half-life,
elimination, etc. [81, 82, 83]. In addition, in treatments with prophylactic and therapeutic
purposes for confections, fortified or coadministered agents are used that may affect the
efficacy of the other agent [84, 85].

Attempts to understand the magnitude and type of interactions between drugs have enabled
the development in isobolographic analysis of the “gold standard” for drug interactions, which
define the interactions as follows: Additive effect: The combined effect of two drugs (A and B)
equals the sum of the equivalent doses (depending on the relative potency of each drug).
Synergism: The effect of A and B is greater than that of the two separate drugs. Antagonism: The
addition of a second drug decreases the effectiveness of the first. Indifferent: No interaction
between the drugs. The calculation is aided by an isobologram graph. This facilitates visual
evaluation of the interaction but requires a separate statistical analysis. The isobolographic
analysis for the MIC is more sensitive because the analysis evaluates the dose effects and is the
prelude to studies in in vivo pharmacodynamics [86].

In coinfections, patients are exposed to simultaneous antifungal and antibacterial therapeutic
treatment. Quinolones and antifungals are commonly used in bacteria and fungi or bacteria
and yeast coinfections. Nakajima et. al., reported the synergistic effect of DU-9859a fluoroqui‐
nolone enhanced the in vitro antifungal activity of amphothericin B and fluconazole against
Candida spp. growth and decreased the load in mice infected with yeast. The last result was
also observed in mice infected with Aspergillus fumigatus [87]. Similar results were obtained
with ciprofloxacin, amphotericin B, levofloxacin, voriconazole, or caspofungin combinations,
which has a synergistic effect against Candida albicans and Aspergillus fumigatus [88]. In another
report, ofloxacin had a synergic effect on fluconazole versus a fluconazole-resistant Candida
albicans strain [89].
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Analysis of drug interactions with simultaneous application is still developing. Modified
methods have been proposed related to more accurate isobolographic analysis, and in vitro
models approach physiological conditions. Animal models have also been used. This area will
revolutionize therapeutic interventions.

19. Biofilms

An appreciation for the fact that in nature bacteria adhere to many abiotic or biotic surfaces,
embedded in an extracellular matrix, and form communities known as “biofilms” has emerged
over the past few decades [90]. Biofilm formation conferred on individual bacteria the ability
to collaborate and to adapt to a range of harsh environmental conditions and, perhaps most
of all, to evade predation by phagocytic microbes. The formation of a biofilm provides a
microbe with a small measure of control over the local environment, including fluctuations in
temperature, pH, ultraviolet light, starvation, and exposure to toxic agents [91, 92].

Advances in medical biofilm research have led to the understanding that biofilms represent
the prevalent form of bacterial life during tissue colonization and may occur in more than 80
% of microbial infections in the body [93].

Members of a biofilm community, which can be of the same or multiple species, show varying
stages of differentiation and exchange information, metabolites, and genes with each other.
As a result, members of the biofilm community are in a diversity of physiologies influenced
by the unequal sharing of nutrients and metabolic by-products, which results in subpopula‐
tions with increased tolerance to antimicrobials and environmental stresses, the host immune
system, and predatory microorganisms [19, 94, 95, 96, 97, 98].

Canonically, biofilm development has been grouped into five stages that are reflective of
conditions in many, but not all, biofilms: (1) reversible aggregation of planktonic cells on a
surface, (2) irreversible adhesion, (3) formation of microcolonies, (4) biofilm maturation, and
(5) detachment and dispersion of cells [99]. The events that are of special significance for
ocular infections and the treatment of biofilm infections will be discussed in greater detail,
while the reader is referred to several excellent reviews for details on other biofilm-related
subjects [19, 100,101].

The biofilms involve the production of an extracellular matrix (ECM) that embedded the cells
and, in some cases, binds the cells together and that can be composed of polysaccharides,
lipopolysaccharides, proteins, or extracellular DNA [10]. This process may be active or passive,
in that cells on the surface of an adherent colony that are lysed by the ejection of neutrophil
antimicrobial factors may encase and protect siblings below in a matrix consisting simply of
cell lysate. Whatever the nature of the matrix, its chemical and physical properties contribute
to the differentiation of cells within the encased population, a process that can protect the
bacteria from the action of antimicrobial agents, host immune responses, bacteriophages, and
phagocytic amoeba [19].
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As the microcolony grows through cell division or the recruitment of more planktonic cells,
the biofilm grows and takes on a three-dimensional structure that often includes open water
channels [19, 103].

The three-dimensional organization of the biofilm causes gradients of oxygen, pH, and
nutrients, resulting in the development of different microniches [104, 105, 106]. The cell’s
individual physiological adaptations to these microniches result in physiological heterogene‐
ity [98]. Cells near the surface of the biofilm will be exposed to more nutrients and oxygen and
are therefore more metabolically active, while cells in the deep regions will be less active or
even dormant. This heterogeneity results in a range of responses to antimicrobial agents, with
metabolically active cells at the surface being rapidly killed, while more internal, dormant cells
are comparatively unaffected [106]. This, together with potential effects on the diffusion of
antimicrobial molecules within the biofilm, causes some cells in a biofilm to be recalcitrant to
antimicrobial treatment, with antibiotic susceptibilities reduced by 10- to 1,000-fold compared
to their planktonic counterparts [106].

The high local concentration of cells in a biofilm creates an ideal environment for information
exchange through cell-to-cell communication and lateral gene transfer. Cell signaling medi‐
ated by secreted, accumulating messenger molecules, known as quorum sensing, allows
bacteria to sense and respond to their environment and couple cell density and other envi‐
ronmental cues with gene expression in ways that allow adaptive phenotypic responses.
Quorum sensing has been shown to be involved in the control of biofilm formation and the
production of virulence and colonization factors in a variety of organisms of medical impor‐
tance [106]. Cell-to-cell signaling is also involved in biofilm dispersion, which is of general and
medical interest [107].

20. Practical strategies for coinfection diagnosis

The two leading causes of vision impairment worldwide are uncorrected refractive errors and
cataract. Measures for managing those eye abnormalities frequently include the use of contact
lenses and the placement of intraocular lenses and have enhanced the quality of life of millions
of patients. Although the use of such devices is the great importance for correction of a variety
of visual aberrations, these devices also provide a new surface on which many microbial
pathogens can form biofilms (Table 2). As a result, device-related ocular infections are an
important limitation of the success of such procedures. Moreover, many infections progress
to secondary permanent sequelae that may lead to poor visual outcomes and occasionally loss
of sight, such as acute bacterial endophthalmitis or corneal ulceration.

In all infection diseases, not only ocular infection, it is important to make sure of the micro‐
biological diagnosis, especially when the coinfections are a large percentage of the total
infections. The results will provide a report on the distribution and trends in microbiological
and antibiotic sensitivity patterns that will affect the patient’s treatment and prognosis. We
have developed simple and practical strategies in each phase for ocular infection diagnosis,
including the coinfections summarized in Figure 1.
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A successful microbiological study consists in a correct identification, but, it begins since the
pre-analytic phase, where the ophthalmologist plays an important role, so that, in our
laboratory, we have improved an initial lesson to emphasize two principal things. The first
thing is awareness of the importance to take the ocular sample before the intensive topical
antibiotic treatment. It allows us to have greater chance of bacterial growth, although it has
been described that scraping may accelerate disease resolution by enhancing antibiotic
penetration and the therapeutic debridement of the necrotic tissue [108]. The second thing is
that during the lesson we teach to the ophthalmologist the properly way to select, collect, and
transport the sample to optimize the analysis and interpretation. For the collection, we
prepared kits with all the necessary to take the sample for a molecular and microbiological
diagnosis; the kit contains chocolate agar (ChA), Columbia agar (CA), and Brain-Heart
Infusion (BHI); these are enrichment mediums for the exigent bacteria growth, like Streptococ‐
cus spp. and Kocuria spp.; the kit also contains Sabouraud dextrose agar (SDA), for fungi
growth; different types of applicators (cotton, alginate, and rayon), a glass slide for the frotis,
and finally a transport media for the molecular diagnosis are also included. On the other hand,
we have accord with the ophthalmologist the conditions for the sample collection and storage
that are summarized in Table 3, and especially, we have established the sequence for seeded
the sample because of the small amount of material and small numbers of organisms obtainable
from the eye: one swab for ChA, CA, and BHI, another swab for SDA, and the frotis for Gram,
Wright, and Calcofluor stain. In conclusion, the pre-analytic phase is a continuous team work
between the ophthalmologist and the laboratory staff.

Disease Main causative agents of infection
and/or found in the biofilms

Biofilm localization

Endophthalmitis Coagulase-negative staphylococci and
Propionibacterium acnes

Intraocular lens
posterior capsule

Keratitis

Staphylococcus aureus and other staphylococcal
species, Pseudomonas aeruginosa and Serratia spp.
Fungi and
Acanthamoeba spp. less frequently

Contact lens

Viridans group Streptococci. Gram-negative
bacilli and yeasts less frequently

Corneal stroma
(crystalline keratopathy)

Scleral buckle infection Gram-positive cocci and nontuberculous
Mycobacterium spp.

Scleral buckles

Lacrimal
system infections

Staphylococcus spp., P. aeruginosa, and M. chelonae Lacrimal intubation devices

Staphylococcus spp. Punctual plugs

Periorbital infections Staphylococcus spp. and mixed species biofilms Sockets and orbital plates

Table 2. Biofilm-associated infections of the eye
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In the analytic phase, the sample could be processed by microbiology or by molecular
techniques. About the microbiological diagnosis, the agar plates are checked every day,
looking for bacterial or fungal growth. We have implemented a prolonged microorganism
cultured of up to 15 days, because most of the hospital population includes multi-treatment
patients, so that the microorganisms begin to grow until a week of incubation. Most of the
times, the microorganisms involved in a coinfection are closely interacting, being impossible
the identification in the automatized system (Vitek 2C, bioMérieux, France). The use of simple
and classical microbiological techniques has allowed us to separate these interactions, for

Figure 1. Practical strategies for coinfection diagnosis during the three analytic phases. (I) The pre-analytic phase,
when the ophthalmologist is training for selecting, collecting, and transporting the sample, plays an important role. (II)
The analytic phase with microbiological and molecular techniques. In the microbiological diagnosis, the laboratory
staff’s experience is important to discern a pure from a mixed culture; molecular techniques are used to determine
non-cultivable microorganisms. (III) The post-analytic phase, the final result in which the partnership between the
ophthalmologist and the laboratory staff is reflected in the best outcomes for patients.
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example, the sonication (physical separation technique based on ultrasonic waves) and the use
of selective media as MacConkey agar (MCk) and mannitol-salt agar (MSA) seeded by a perfect
open streak for a good separation of the microorganisms, for positive and negative Gram
bacteria, respectively. Talking about the fungi infections, the good sample collected by the
ophthalmologists has been sufficient for a fungi growth and a direct observation of the
macromorphology and micromorphology for the identification. However, the molecular
techniques have revolutionized the ocular infection and coinfection diagnosis; these techni‐
ques are more sensitive, specific, and rapid and impact in the best outcome for the patient. The
molecular techniques consist in the amplification of conserved regions of the different
microorganisms involved in ocular infection, for example, Gram (+)/Gram (−) bacteria; Generic
Fungi; herpes viruses I, II, and zoster; Cytomegalovirus; Chlamydia sp.; adenovirus; Mycobac‐
terium tuberculosis complex (MTC) and no Mycobacterium tuberculosis complex (NTC); Toxo‐
plasma gondii; and Acanthamoeba spp. by polymerase chain reaction (PCR). The PCR helps us
for the identification of coinfection caused not only bacteria-bacteria or bacteria-fungi but also
coinfection caused by viruses and parasites with bacteria or fungi.

Finally, the post-analytic phase consists of the interpretation of the results. Most laboratories
do not report Staphylococcus epidermidis and Staphylococcus aureus, because they are part of the
ocular surface microbiota; however, the laboratory staff of ocular microbiology knows that
these microorganisms can be involved directly in the ocular infection, and these two micro‐
organisms have been reported as the microorganisms most frequently isolated in infectious
keratitis [109, 110]. It is important to consider the risk factor associated before deciding whether
the microorganisms isolated are responsible for the infection or are a contamination.

In conclusion, the diagnosis of infectious disease is best achieved by applying in-depth
knowledge of medical and laboratory science by integrating a strategic view of host-parasite
interactions. Clearly, the best outcomes for patients are the result of strong partnerships
between the clinician and the laboratory specialist [111].

Ocular infection Sample Equipment Storage conditions

Keratitis/corneal ulcer Limit of the corneal ulcer Alginate applicator
37 °C→ChA, CA, BHI
28 °C→SDA

Conjunctivitis
Upper and lower eyelid
conjunctiva

Cotton applicator
37 °C→ChA, CA, BHI
28 °C→SDA

Endophthalmitis and uveitis

Anterior chamber (aqueous
humor) Sterile syringes 4 °C→ syringes

Vitreous humor

Chocolate agar (ChA), Columbia agar (CA), Brain-Heart Infusion (BHI), Sabouraud dextrose agar (SDA), 37 °C for bacteria
growth, 28 °C for fungi growth, and 4 °C for sample conservation

Table 3. Conditions for the sample collection and storage from ocular infections
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21. Conclusion

The relationship between microorganisms has a long evolutionary history. The ability of
microorganisms to interact conferred the possibility to collaborate and to adapt within a wider
spectrum of environmental conditions. These circumstances have a direct impact on the clinical
presentation as well as the dynamics of infection in the population.

Delay in diagnosis affects the sensitivity to specific treatments and the evolution of infection.
The rate of recovery could be slow and morbid, leaving serious sequelae with the risk of loss
of vision. Advances in methods for detecting infectious organisms and molecular microbiology
have facilitated the recognition of the interactions among pathogens found in coinfections in
the human eye. The acute period of coinfection is determinant to identify the coinfecting
microorganisms. Awareness in the medical field and particularly in ophthalmology of lesions
that do not cover the conditions of a pathognomonic clinical picture should be resolved with
molecular biology techniques together with classical techniques of microorganism recognition,
until final identification, if possible.

In this chapter, we proposed a strategy for reducing the uncertainty of the presence of two or
more microorganisms affecting the eye. This has been implemented in our laboratory and has
increased the possibility of isolation and identification.

In addition, the biofilm of each combination of pathogens must be studied molecularly to
understand its particular adhesion and aggregation, possible mutations, and strategies for
evasion or elimination of antimicrobial. Together with pharmacodynamics, in vivo studies will
facilitate the application of different antimicrobial dosages to successfully remove coinfecting
microorganisms.
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