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Abstract

Plastic pollution in the environment becomes rapidly colonised by microbial communities, which often contain human
bacterial pathogens. However, there is a lack of information about the interaction of fungal pathogens with plastic debris,
particularly in marine environments. This study screened common plastic wastes collected from a range of recreational
public and tourist beaches in Nigeria and Tanzania for colonisation by human pathogenic yeasts. Isolates were identified
on sclective media with confirmation by ITS sequencing. All beaches and all plastic polymer types were colonised by at
least one species of human pathogenic yeast, with Candida tropicalis being the most frequently isolated species across both
countries. Importantly, most of these pathogenic yeast isolates showed some level of resistance to fluconazole, which in
Africa is the most commonly prescribed anti-fungal drug. Therefore, due to the high potential for human skin exposure at
beach environments, plastic debris could pose a significant public health risk.
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Introduction

The projected increase in the global production of plastic
will inevitably lead to greater volumes of plastic waste
being released into the environment, particularly in low-
and middle-income countries (LMICs), where there has
been a lack of investment in waste management that is often
accompanied by poor regulation of plastic use and disposal
(Mphasa et al. 2025; Yan et al. 2024). Once in the environ-
ment, microbial biofilm rapidly colonises plastic debris to
form plastic-associated microbial communities known as
the ‘plastisphere’ (Zettler et al. 2013). Such biofilm com-
munities can also support potentially pathogenic viruses
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and bacteria and act as a vector to facilitate their dissemi-
nation in the environment (Metcalf et al. 2022; Moresco
et al. 2022). Therefore, plastic wastes may be a major factor
facilitating the envi survival of path s, antimi-
crobial resistance (AMR) genes, and even the emergence of
novel zoonotic diseases (Ormsby et al. 2024).

In contrast to pathogenic bacteria, the incidence of human
pathogenic fungi in the plastisphere is less well-studied
(Ormsby et al. 2023; Gkoutselis et al. 2021). Human patho-
genic yeasts, such as species of Candida, are well known for
their production of strong biofilms on the surfaces of plastic
in clinical settings (de Barros et al. 2020), and Candida spe-
cies can also with d diverse envi I conditions and
persist in a range of different environmental matrices (Opu-
lente et al. 2019). Globally, fungal pathogens are responsi-
ble for 1.7 million deaths per year, and approximately 150
million severe cases of infection (Kainz et al. 2020). Spe-
cies of Candida are responsible for an estimated 700,000
annual cases of invasive candidiasis (Bongomi et al. 2017),
in addition to the burden of less severe cases of cutaneous
and mucosal infections, such as thrush. Although Candida
albicans is the most common aetiological agent of candidia-
sis, there has been an increase in cases of candidiasis caused
by non-albicans species (Sharma and Chakrabarti 2023).
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Globally, infections due to pathogenic Candida species
are increasing, due in part to the simultaneous emergence
of more virulent strains with increasing anti-fungal drug
resistance (Arastehfar et al. 2020; Siscar-Lewin et al. 2022).
Concurrently, the human population that are susceptible to

approval for this project was authorised by the General Uni-
versity Ethics Panel (Ref. GUEP 6748). Using gloves, plastic
debris were collected from the intertidal zone of each beach
and transported back to the laboratory in sample bags. All
plastic items were subsequently sorted by polymer type, i.e.,

opportunistic ic yeast infe has also i

e.g., due to an increasingly aging population and underlying
conditions such as cancer, autoimmune disease, and chronic
infections (Koehler et al. 2019). The critical importance of
emerging drug-resistant and more virulent strains of Can-
dida is reflected in the WHO Fungal Pathogen Priority
List (which includes, C. auris, C. albicans, C. glabrata, C.
parapsilosis, and C. tropicalis) that was recently compiled
to guide research and public health action (WHO 2022).
Importantly, however, we know almost nothing about the
environmental survival and transfer p: ys of pathy i

poly terephthalate (PET), high-density polyethene
(HDPE), polyvinyl chloride (PVC), low-density polyethene
(LDPE), polypropylene (PP), or polystyrene (PS).

Isolation of pathogenic species of Candida

Plastic items of the same polymer from each site were made
up into a composite sample (depending on volume of plastic
wastes at each beach, sometimes there were several compos-
ite samples of the same polymer from each site) and added
to flasks ¢ a pre-enrichment broth of yeast extract

species of Candida in natural environments.

It has recently been estimated that in Africa and Asia,
there is a disproportionately high accumulation of plastic
waste compared to other continents, with Nigeria and Tan-
zania ranked 6th and 7th in the world and 1st and 2nd in
Africa respectively for annual generation of mismanaged
plastic waste, most of which will end up in the ocean (Leb-
reton and Andrady 2019). Dissemination of plastic waste
through the landscape is facilitated by their lightweight and
buoyant properties, which can also increase the likelihood
of human exposure to plastics contaminated with potential
pathogens. The aim of this study, therefore, was to quantify
the prevalence of pathogenic species of Candida on plas-
tic debris at frequently used public and tourist beaches in
Nigeria and Tanzania by screening commonly found items
of plastic pollution. In addition, we aimed to determine the
level of resi 0 s (one of the ¢ used
antifungal drugs for the treatment of fungal infections) in
these pathogenic yeasts isolated at the beach.

Methods and materials
Sample collection and processing

In Nigeria, five beaches in Lagos (which is the most popu-
lated city in Nigeria with an estimated population size of 15
million people), and one coastal site in Ondo state Nigeria,
were selected because they are frequently used for recrea-
tional purposes. In Tanzania, a tourist beach in Stone Town
on the island of Zanzibar in the Indian Ocean, and a local
public beach in Dar es Salaam were selected. Zanzibar is
a popular destination for tourists worldwide (with over
600,000 visitors annually), and Dar es Salaam is the capi-
tal city of Tanzania and its largest city with an estimated
population of over 8 million people. No authority or permits
were required for access to these public beaches, and ethical
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peptone dextrose (YPD) (Sigma-Aldrich, USA) supple-
mented with 50 mg/L of chloramphenicol and gentamycin
(Sigma-Aldrich, USA), and incubated at 37 °C. After 48 h,
the broth from each flask was serially diluted and 0.1 mL of
three dilutions (0, 10~ and 107%) was spread on Petri dishes
containing Candida Plus CHROMagar (CHROMagar™,
France), and incubated aerobically at 37 °C. After 48 h of
incubation, colonies showing morphologies characteristic
of human pathogenic Candida species on Candida Plus
CHROMagar (Nadeem et al. 2010) were selected and sub-
cultured onto fresh Candida Plus CHROMagar to obtain
pure cultures.

Identification of yeast isolates

Presumptive identification of isolates was based on their cul-
tural morphology on Candida Plus CHROMagar, followed
by confirmation based on ITS sequencing. Inoculum from
pure cultures was preserved in DNA/RNA Shield (ZymoRe-
searh, USA) for storage, and subsequent DNA extraction car-
ried out using the Quick-DNA™ MiniPrep (Zymo Research,
USA). The ITS region was amplified using the ITS primers
described in Trost et al. (2004) (Forward primer: 5’-GTC
AAACTTGGTCATTTA-3’; Reverse primer: 5"-TTCTTT
TCCTCCGCTTATTG-3’), in a 50 pL PCR reaction com-
prised of: 25 uL master mix (Qiagen, Germany), 2 pL of
forward and reverse primers (10 umol/L), 10 pL of DNA
template and 11 pL of PCR grade water. The PCR condi-
tions consisted of a single initial denaturation at 94 °C for
3 min (ollowed by 34 cycles ol 30 s at 94 °C, 30 s at 50 °C
and 60 s at 72 °C followed by a final extension at 72 °C for
10 min. The PCR products were purified with the QIAquick
PCR Purification kit (Qiagen, Germany), and run down a 2%
agarose gel stained with GelRed® (Biotium, USA) and visu-
alised under UV with a 1 Kb Plus DNA ladder (Invitrogen).
The amplified ITS region of the purified PCR products was

d using Applied Bi 3730 DNA analysers
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(DNA Sequencing and Services, University of Dundee,
UK). Matches to sequences of all isolates were made using
the NCBI Basic Local Alignment Search Tool (BLAST).
Sequences have been deposited in Genbank under accession
numbers PP808732 to PP808759 for isolates from Nigerian
beaches and PQ677004 to PQ677035 for isolates from Tan-
zanian beaches.

Susceptibility of yeast isolates to fluconazole

used for the test was prepared from
cells recovered by centrifugation at 4000 rpm for 8 min
from overnight cultures grown in YPD; cells were washed
and resuspended in PBS to obtain a final concentration of
10° CFU/mL. Susceptibility to the anti-fungal drug flu-
conazole was quantified using the agar dilution method as
described by Gomaa et al. (2024). Fluconazole was added
(to give final concentrations of 0, 4, 8, 16, 32 and 64 mg/L)
to freshly prepared Sabouraud Glucose Agar (SGA; Sigma-
Aldrich, USA) at approx. 45-50 °C. The fluconazole-sup-
plemented agar was poured into Petri dishes, which were
allowed to dry before inoculation with 20 uL of inoculum
prepared from an overnight culture of each Candida isolate.

Plates were incubated at 37 °C and examined for growth
after 24 h.

Results and discussion

Beaches in both Nigeria and Tanzania are frequently used
for recreational and religious activities, yet debris of all five
plastic polymers collected from all beaches sampled in this
study were colonised by at least one species of yeast known
to cause human infections. In total, 23 isolates of human
pathogenic yeasts were recovered from plastic debris col-
lected from Nigerian beaches (Table 1), and 38 isolates
recovered from plastic wastes from the Tanzanian beaches
(Table 2). More than 80% of all isolates were C. tropica-
lis, which is a common non-albicans etiological agent for
candidiasis (Pfaller et al. 2010). Isolates of Candida spe-
cies and other potential human pathogenic yeasts included
C. albicans, C. orthopsilosis, C. krusei (now called Pichia
kudriavzevii) and Kodamaea ohmeri, Diutina rugosa and
Moesziomyces aphidis.

C. albicans is the most commonly reported etiological
agent of candidiasis globally including in sub-Saharan Afri-
can countries like Nigeria (Okoye et al. 2022). C. albicans,

Table1 Identity and

o Site  Polymer  Species Accession no.  Fluconazole (mg/L)
fluconazole susceptibility of
pathogenic yeasts isolated from 0 4 8 16 32 64
plastic wastes on Nigerian
beaches NI LDPE Candida tropicalis PP808732 + o+ NG NG NG NG
N1 LDPE Candida tropicalis PP808733 + NG NG NG NG NG
N1 LDPE Candida tropicalis PP808734 + + + + + NG
N1 PET Candida tropicalis PP808735 + + + NG NG NG
N1 HDPE Candida tropicalis PP808736 + + + + NG NG
N2 LDPE Candida tropicalis PP808739 + o+ + + NG NG
N2 LDPE “Pichia kudriavzevii PP808740 + + + + + NG
N3 LDPE Candida orthopsilosis ~ PP808741 + NG NG NG NG NG
N3 LDPE Candida tropicalis PP808744 + o+ NG NG NG NG
N3 LDPE Candida tropicalis PP808745 + + + + + NG
N3 LDPE Candida tropicalis PP808746 + + + NG NG NG
N3 PET Kodamaea ohmeri PP808747 + + + NG NG NG
N3 PET Candida tropicalis PP808748 + + NG NG NG NG
N3 HDPE Candida tropicalis PP808749 + + + + NG NG
N3 HDPE Candida tropicalis PP808750 + NG NG NG NG NG
N3 PS Candida tropicalis PP808751 + o+ + NG NG NG
N3 PS Candida tropicalis PP808752 + o+ + NG NG NG
N4 HDPE Candida tropicalis PP808754 + NG NG NG NG NG
N5 LDPE Candida tropicalis PP808755 + o+ + + NG NG
N5 LDPE Candida tropicalis PP808756 + o+ NG NG NG NG
N6 PET Candida albicans PP808757 + o+ + NG NG NG
N6 PP Candida tropicalis PP808758 + NG NG NG NG NG
N6 HDPE Candida tropicalis PP808759 + NG NG NG NG NG
“Formerly known as Candida krusei; NG no-growth
4 springer
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Table2 Tdentity and Site Polymer  Species ‘Accessionno _ Fluconazole (mg/L)
fluconazole susceptibility of
pathogenic yeasts isolated from 0 4 8 16 32 64
plastic wastes on Tanzanian
beaches Tl HDPE Candida tropicalis PQ677004 + o+ o+ + + +
Tl HDPE Candida tropicalis PQ677005 + + NG NG NG NG
T1 HDPE “Diutina rugosa PQ677006 + + + + NG NG
TI LDPE "Moesziomyces aphidis  PQ677007 o+ o+ + + +
Tl PS Candida tropicalis PQ677008 + + + + NG NG
Tl PS Candida tropicalis PQ677009 + + + + + +
T2 HDPE Candida tropicalis PQ677014 + + + + + NG
T2 HDPE Pichia kudriavzevii PQ677015 + + + + + +
T2 HDPE Candida tropicalis PQ677016 + + + + + NG
T2 HDPE Candida tropicalis PQ677017 + + + + + +
T2 LDPE Candida tropicalis PQ677018 + + + + + NG
LDPE Candida tropicalis PQ677019 + + + + + NG
LDPE Candida tropicalis PQ677020 + + + + + +
LDPE Candida tropicalis PQ677021 + + + NG NG NG
LDPE Candida tropicalis PQ677022 + + + + + +
LDPE Candida tropicalis PQ677023 + + + + NG NG
PP Candida tropicalis PQ677024 + + + + + +
PP Candida tropicalis PQ677025 + + + + + +
PP Candida tropicalis PQ677026 + + + + + +
PP Candida tropicalis PQ677027 + + + + + +
PP Candida tropicalis PQ677028 + + + + + +
PP Pichia kudriavzevii PQ677029 + + + + + +
PP Candida tropicalis PQ677030 + + + + + +
PP Candida tropicalis PQ677031 + + + + + +
PS Candida tropicalis PQ677032 + + + + + NG
T3 PS Candida tropicalis PQ677033 + + + + + NG
T PS Candida tropicalis PQ677034 + o+ o+ + + +
T3 PS Candida tropicalis PQ677035 + + + + + +

“Formerly known as Candida rugosa
dida krusei; NGno-growth

which together with C. tropicalis and P. kudriavzevii are
part of the five species responsible for most cases of global
candidiasis, are all listed on the WHO Fungal Pathogen Pri-
ority List of fungal pathogens (WHO 2022). Although P.
kudriavzevii is less common globally, its infections are com-
plicated by innate resistance to fluconazole, the antifungal

; "Formerly known as Pseudozyma aphidis: “Formerly known as Can-

pathogenic Candida species. Consequently, C. tropicalis
infections are also more prevalent in tropical regions com-
pared Lo temperate regions (Bohner ¢t al. 2021), and glob-
ally C. tropicalis is widely described as the second or third
most common pathogenic yeast causing both superficial and
systemic infections in humans (Zuza-Alves et al. 2019). The

drug commonly used in the of Candida i
(Douglass et al. 2018).

The frequency that C. tropicalis was recovered from
plastic wastes at beaches in both West and East Africa is
probably a combination of the capacity for C. tropicalis to
adhere to surfaces and form strong biofilms, which confers
protection against environmental stressors, together with
their high level of tolerance to the conditions common at
coastal environments and tropical climates (Zuza-Alves et al.
2019). C. tropicalis can tolerate high salt concentrations and
survive in hypersaline environments (Lima et al. 2022) and
are more commonly found in the tropics compared to other
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despread colonisation of plastic debris collected from all
beaches suggests that this common substrate could be play-
ing an important role for the survival and subsequent epi-
demiology of C. tropicalis in tropical environments. Most
of the C. tropicalis strains isolated from beaches in Nigeria
showed some level of resistance to fluconazole at concentra-
tions of 4 and 8 mg/L; however, the majority of isolates were
unable to grow on SGA containing 16 mg/L of fluconazole
(Table 1), and no isolates could grow on SGA containing 64
mg/L. of Nuconazole. Importantly, some strains C. tropicalis
isolated from Tanzanian beaches could tolerate fluconazole
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at 64 mg/L and thus could pose a significant public health
risk.

Emerging resistance to antifungal drugs is making Can-
dida infections a serious global health concern. In compar-
ison to antibiotics, only three classes of antifungal drugs
(azoles, echinocandins, and polyenes) are available for
treating fungal infections, and it has been hypothesised that
the release of antifungal chemicals, such as azoles, into the
environment (from both agricultural sources and pharma-
ceuticals in wastewater) are likely to result in the environ-
mental enrichment of resistant strains of Candida (Fisher
et al. 2018). Globally, azole antifungal drugs are vital for
the treatment of fungal infections; however, resistance to
common azoles like luconazole is becoming more common
(Arastehfar et al. 2020; Pathadka et al. 2022), but due to
the cost, there is unequitable access to non-azole drugs in
LMICs. Importantly, P. kudriavzevii (formally called Can-
dida krusei) and some of the C. tropicalis isolates in this
study exhibited resistance to fluconazole. P. kudriavzevii has
an innate resistance to fluconazole (Douglass et al. 2018),
but the isolation of C. tropicalis with reduced susceptibility
to fluconazole in this study demonstrates the risk of plastic
pollution disseminating resistant strains in the environment,
particularly in areas such as recreational and public beaches
where there is a high potential for contact with humans.

A single culture of both Kodamaea ohmeri and C. orthop-
silosis were also isolated from beaches in Nigeria. K. ohm-

Candida. The increasing influx of plastic wastes into the
natural environment could therefore be facilitating the per-
sistence and distribution of pathogenic microorganisms
such as Candida (Baker et al. 2024; Metcalf et al. 2025)
and amplifying the potential for human exposure to patho-
gens carrying resistance to anti-fungal drugs. Geographical
variations in the common aetiological agents of candidi-
asis further suggest that environmental reservoirs play an
important role in the epidemiology of Candida i i
This is exemplified by the recent emergence of the multi-
drug resistant Candida auris, which may have originated in
coastal environments (Casadevall et al. 2019; Akinbobola
et al. 2023), and in experimental conditions has been shown
(o persist on plastics in scawater and beach sand for signifi-
cant periods of time (Akinbobola et al. 2024). The urgency
needed to increase our understanding of the implications
of marine plastic debris as a vector for important human
fungal pathogens is underlined by the recent WHO Fungal
Pathogen Priority List, and here we provide the preliminary
evidence that there is significant potential for human expo-
sure to pathogenic species of Candida at polluted recrea-
tional beaches.
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East Africa can harbour important species of pathogenic
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