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Abstract

Background: Mycofiltration is an environment friendly technology which involves the treatment of contaminated
water by passing it through a network of fungal mycelium. This technology has gained momentum over the years,
and the systematic review chartered in this protocol will compile and synthesise literature on mycofiltration stud-

ies, paying special attention to the types and levels of contaminants removed. The systematic review should provide
insight into the removal efficiency of mycofiltration by synthesising the mycofiltration knowledge base. Moreover, the
proposed contribution will inform further research and provide comprehensive information to relevant stakeholders,
such as municipalities, which might be in need of interventions for alleviating wastewater-related pollution in sur-
rounding water bodies.

Methods: This systematic review protocol is based on the question, “What is the effectiveness of mycofiltration for
removal of contaminants from water?” A thorough search of peer reviewed journal articles and grey literature sources
will be conducted on academic journal databases, websites, specialist sources such as environmental organisations as
well social and networking sources. A supplemental search will also be performed by forward and backward citation
tracing. A two-stage screening process at title, abstract and full text level, will be conducted, against predefined inclu-

sufficient evidence-base allows.

sion criteria. Studies that meet inclusion criteria will be subjected to quality assessment. Data will be extracted and
compiled into a narrative synthesis and summarised into tables and figures. Meta-analysis will be performed where
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Background

Ground water and surface water sources, such as dams,
rivers, lakes and canals, serve as important sources of
the world’s drinking water [1, 2]. Treated (urban) or
untreated (rural) surface water can be used for drinking,
irrigation for farmers, fishing, as well as hold aesthetic
value as tourist attractions [2]. It thus becomes of great
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importance, that good water quality, i.e., the chemical,
physical as well as biological characteristics, is attained,
because it influences the health status of any ecosystem
[1].

While natural water quality differs from one place
to another, depending on, e.g., change in seasons, cli-
mate, geochemical settings and biochemical processes,
anthropogenic activities add to the differences that ulti-
mately change the water use potential [2, 3]. Such activi-
ties include mining, agriculture, as well as industry.
According to Akpor and colleagues [4], raw and partially
treated wastewater released from industry are one of
the major point sources of surface water pollution. This
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is particularly common in developing countries. Waste-
water contains harmful microorganisms, pharmaceuti-
cals, personal care products, as well as heavy metals, [2,
5]. Wastewater treatment plants (WWTPs) that serve to
recycle and release wastewater effluents with little effect
on the surrounding ecosystem, tend to release effluent
that is often inadvertently contaminated with toxic inor-
ganic compounds, largely due to poor plant designs and
inadequate wastewater management systems [4, 6]. In
addition to effluent discharge, are nonpoint source pol-
lutants, which also contribute to the pollution of surface
water. With the quest for improved agricultural pro-
ductivity fertilizers and pesticides are employed. When
rainfall or irrigation water runs over land, it moves and
deposits pesticides and nutrients into nearby water bod-
ies [4, 6]. These pollutants disturb the health of the eco-
system, which necessitates interventions to alleviate the
burden.

In recent years, biological technologies involving
manipulation of naturally occurring microorganisms,
such as fungi, to remove pollutants have been advocated
[4]. Fungi are eukaryotes which may exist as individual
cells, e.g., yeasts or as long chains of cells [7]. Saprophytic
fungi grow on dead organic matter and take up nutrients
by excreting digestive enzymes that break down complex
nutrients to simpler forms [7]. Fungi are known for being
adaptable organisms, with an ability to grow under envi-
ronmental conditions of stress, and have become handy
for bioremediation purposes [8].

Fungal mycelium are said to employ mechanisms such
as biosorption, bioaccumulation and biodegradation
in the remediation of pollutants/ xenobiotics [9, 10].
Biosorption, a passive process, occurs on the cell sur-
face by ion exchange and complexation reactions with
functional groups such as carboxyl, amine, hydroxyl and
phosphate groups [11]. Bioaccumulation is an active
metabolism dependent process, which involves transport
of pollutants into the cells and partitioning into intracel-
lular components [9]. The biodegradation mechanism
entails the degradation of non-polymeric, recalcitrant
pollutants to simpler elements by extracellular enzymes
[9]. Several species of fungi have been studied and have
demonstrated an exceptional ability in the uptake and
removal of metals and other pollutants from waste and/
or runoff water [1]. Fungal species, either live or in the
form of dried biomass, have a very effective biosorption
potential for metals such as Cu, Zn, Fe and Mn, and hold
the ability to transform recalcitrant pharmaceutical com-
pounds, as well as breakdown pesticides [12—14].

The use of fungi to degrade or sequester environmental
pollutants, i.e., mycoremediation, has thus been deemed
a technique that is not only cost-effective, but involves
natural processes that do not produce toxic by-products
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[8]. One method of using fungi in mycoremediation is
known as Mycofiltration, i.e., the treatment of contami-
nated water by passing it through a network of fungal
mycelium [15]. A typical mycofilter comprises a burlap
sack layered with substrate (e.g., straw or woodchips)
and saprophytic mycelium [16]. The mycelium grows
throughout the sack as a network of filaments, before
being placed in the water bodies for remediation. Myco-
filtration has shown to efficiently remove microbial path-
ogens from storm water, treat industrial brewery effluent,
remediate heavy metal contaminated drinking water
sources, as well as remove total nitrogen and phosphorus
from a dairy lagoon waste [1, 15, 17-19].

Mycofiltration therefore has potential for use, to filter
out and reduce levels of organic, inorganic and micro-
bial contaminants in water. A synthesis of the evidence
on mycofiltration of contaminated water via a system-
atic review will provide reliable and accurate data on the
types of contaminants removed, and the mycofiltration
removal efficiency based on a comparison of the levels
of contaminants before and after filtration. The proposed
systematic review will be conducted as part of an effort in
the advancement of bioremediation interventions in the
Maluti-a-Phofung municipality of eastern Free State of
South Africa. Municipal reports of the Maluti-a-Phofung
municipality show high WWTP-linked pollution events
that subsequently affect the surrounding aquatic ecosys-
tem health [20, 21], thus indicating a need for an inter-
vention. The municipal authorities will be made aware of
the preliminary review findings and bilateral discussions
will help determine whether the mycofiltration technol-
ogy could be adopted locally as a remediation tool for
WWTP-linked pollution. The review findings will also
have relevance to other stakeholders, such as researchers
and environmentalists, interested in biological remedia-
tion interventions.

Objective

The objective of the systematic review is to collate exist-
ing research on mycofiltration and assess its efficiency in
the removal of specific contaminants/ pollutants in water
and/ or wastewater effluent. The review will also ascer-
tain any knowledge gaps for future primary research
areas.

Main question
What is the effectiveness of mycofiltration for removal of
contaminants from water?

Secondary question
What contaminants are removed by mycofiltration?
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Components of the question
Population: Any water bodies contaminated with organic,
inorganic and microbial pollutants.

Intervention: The use of any fungal species in the myco-
filtration technology to filter out contaminants in water.

Comparator: Control with no intervention (i.e., no bio-
logical filter).

Outcome: Types and levels of contaminants removed in
mycofiltered water.

Methods

Searching for articles

The systematic review will follow the Collaboration for
Environmental Evidence (CEE) guidelines [22] and will
conform to the ROSES checklist (Additional file 1).

The search aims to retrieve a wide range of quantita-
tive scientific evidence, i.e., peer reviewed articles and
grey literature, covering the topic of mycofiltration and
its effectiveness.

Search terms and language

The search will be conducted in English. The review will
target publications, reports, theses and books written in
English, from any geographical area, between the year
1990 to 2021. This period covers the earliest to the latest
contributions in the subject area.

The search terms/ keywords that will be used to search
for relevant literature are broken into two components:
the intervention and the population, and will be com-
bined using Boolean operators “AND” and/ or “OR”. The
comparator and outcome will not be used as part of the
search strategy, because comparator terms are not often
explicitly stated in titles and abstracts; and the outcome
is not always predictable, as there is a possible wide range
of the types and levels of contaminants that could be
removed by mycofiltration.

Intervention terms: Mycofiltration, mycofilter, fungal
filter, fungal filtration, fungal bioremediation, mushroom
filtration, mycelium filter, mycelium colonized.

Population terms: borehole pollution, river pollution,
dam pollution, pond pollution, contaminated water,
water pollution, polluted water, stormwater, rainwater,
wastewater, effluent, untreated water, treated water, syn-
thetic water.

Where applicable, search terms will be truncated, and
an asterisk will be used as a wild card at the end, to obtain
alternative forms of the words (e.g. mycofilt*=to include
mycofilter, mycofiltration).

The final search string will be:

(“mycofilt*” OR “fungal filter” OR “fungal filtration”
OR “fungal bioremediation” OR “mushroom filtration”
OR “myceli* filter” OR “mycelium colonised”) AND
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(“borehole pollution” OR “river pollution” OR “dam pol-
lution” OR “pond pollution” OR “contaminated water”
OR “water pollution” OR “polluted water” OR “storm-
water” OR “rainwater” OR “wastewater” OR “effluent”
OR “untreated water” OR “treated water” OR “synthetic
water”).

The specific search strings used with each database are
listed in Additional file 3. Where a complex search string
is not accepted, the search string used will be adapted to
valid syntax in each database. Modified search strings
will be recorded.

Academic databases and websites
The search will be conducted using these databases:

Science Direct

Scopus

PubMed

Web of Science Core Collection

Open Access Theses and Dissertations (https://oatd.
org/)

Grs W

An internet search will be carried out using Google
Scholar.

Websites of the following organisations involved in
environmental studies and remediation interventions will
be searched for relevant literature:

6. Fungi perfecti (https://fungi.com/)

7. United States Environmental Protection Agency
(https://www.epa.gov/)

8. International Organisation for
(https://www.is0.org/)

9. Organisation for Economic Cooperation and
Development (https://www.oecd.org/)

10. Hab Research (https://habprevention.weebly.com)

11. The Water Network (thewaternetwork.com)

Standardisation

Social and research networking sources

The following social and research network sources, where
companies, researchers and other users share their inter-
ests and contributions, will be searched. Hashtags (#) will
be used to search Twitter and Facebook (e.g., #mycofil-
tration, #fungalbioremediation etc.,), while keywords and
simple strings will be employed in searching Research-
Gate and Academia (e.g. “mycofilter’, “mycofiltration and
contaminated water” etc.,). The hashtags and keywords
used will be recorded in the final review.

12. Twitter (https://twitter.com)
13. Facebook (https://www.facebook.com/)
14. ResearchGate (https://www.researchgate.net/)
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15. Academia (https://www.academia.edu/)

Supplementary searches

Forward and backward citation tracing will be conducted
on all literature retrieved using the search strategy, to
find further relevant articles.

Estimating the comprehensiveness of the search

The comprehensiveness of each search attempt will be
evaluated against its ability to return eleven key scientific
papers of known relevance to mycofiltration (see Addi-
tional file 2). The articles were previously identified by
the review members, as authoritative studies in the sub-
ject area. If benchmark studies are found to be missing
from the search, the search string will be adapted.

Article screening and study eligibility criteria
Screening process

The search results will be exported to the EndNote X7
reference manager, and any duplicates present will be
removed. The collected articles will be subjected to
two levels of screening. The first level will be title and
abstract, while the second will be full text. Screening
results will be checked for consistency and clarity inde-
pendently, by the two reviewers. The checks will be done
at each screening level, on a random subset of 10% of the
total records. If the 10% represents too small a subset, we
will increase the sample size to 100. Any disagreements
or ambiguity will be resolved through dialogue between
review team members. A Cohen’s Kappa score of >0.6
will indicate agreement between reviewers. A reviewer
who is an author of a study will not be allowed to decide
on the inclusion of that particular article. In such a case,
a scholar with expertise in the subject will be enlisted to
adjudicate. Records of the number of articles excluded
and reasons for their exclusion, at full text level, will be
provided as supplementary material.

Eligibility criteria

For a study to be included in the systematic review, it
must be written in English and fall between the year
1990 and 2021. It also must meet the following inclusion
criteria:

Eligible population: Contaminated/ polluted water and/
or effluent.

Eligible intervention: Mycofiltration; the use of fungi as
filters to clean up contaminants/ pollutants in water and/
or effluents.

Eligible comparator: No intervention.

Eligible outcome: The types and concentrations of con-
taminants/ pollutants removed in the mycofiltered water.
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Eligible study types: Both field and laboratory studies
that implement mycofiltration, and show comparison to
comparator i.e., no mycofiltration will be included.

Study validity assessment

Studies deemed eligible based on the population, inter-
vention, study design and outcome will be subjected to
critical appraisal. Quantitative studies will be assessed
on internal study validity (i.e., susceptibility to bias). The
CEE Critical Appraisal Tool Version 0.2 (Prototype) [23],
modified to our review question, will be used for study
validity. Each study will be evaluated against a set of six
criterion, and the related checklist questions as outlined
in Table 1: (1) Study design: Was there a sufficient num-
ber of replicates per experiment?, (2) Risk of confound-
ing: Are confounding variables (temperature, seasons,
pH of sample, pre-treatment of mycofilter) accounted
for?, (3) Risk of misclassification bias: Is the intervention
clearly defined (i.e., fungal species used)?; (4) Risk of per-
formance bias: Is there a clear link between hypothesis
and measured outcomes?, (5) Risk of reporting bias: Is
the reported effect estimate based on selected measure-
ments of the outcome?, Is there clarity of measured out-
comes before vs after intervention (i.e., no missing data)?,
(6) Risk of analysis bias: Is there sufficient description of
statistical analysis and results?

The data on these set parameters will be extracted
and entered in a MS Excel spreadsheet. Each parameter
within a study will be graded as ‘low validity, ‘medium
validity’ and ‘high validity’ based on the outputs listed
in Table 1. To determine overall judgement on the valid-
ity of a study; a study that records: (a) high validity on
all parameters, will be considered of high validity, (b)
medium validity in at least one parameter, but not low
validity for any other parameters, will be considered of
medium validity, (c) low validity in at least one param-
eter, will be considered of low validity. All information on
validity assessment and rejected studies (based on valid-
ity) will be recorded and presented in the final review.
Rejected studies will not be included for data extraction.

External validity (i.e., extent to which a study appropri-
ately answers the review question) will be assessed dur-
ing full text screening using the eligibility criteria in the
section above.

Both reviewers will conduct critical appraisal on a sub-
set of 10% (or more) of the studies. One reviewer will
conduct the exercise, and the other will check and vali-
date the decisions. Any disagreements will be discussed
between reviewers.
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Table 2 Data coding

Page 6 of 8

Code Variable Description

Bibliographic information Author Only last name of the first author, and et. al,, for the other colleagues
Publication year Year the paper was published
Title Full title of the paper

Source of publication

Study location Country
Study site Field/Laboratory
Seasonality Season

Water source Sample nature

Fungus species Species name (s)

Substrate employed Substrate
Types of contaminants removed  Organic contaminants

Inorganic contaminants
Microbial contaminants

Contaminant limit of detection

Mycofiltration procedure duration  Time length
Mycofilter unit design and set-up  Design
Set-up

Reported levels of contaminants
pre- and post- mycofiltration

Contaminant levels pre-mycofiltration
Contaminant levels post-mycofiltration

Comparator Control

Nature of the publication e.g., journal article, report etc,

The country where the study was conducted

If the study is based in the field or laboratory

The season (s) in which the study was carried out e.g., summer, winter etc.,,

Nature of the water sample subjected to filtration, e.g,, river water, storm-
water, effluent etc,,

Fungal species employed in the filtration study e.g., P ostreatus

Nature of the substrate used to create mycofilter e.g., wheat straw
Specific organic contaminants reported, e.g., pesticides

Specific inorganic contaminants reported, e.g., heavy metals

Specific bacterial contaminants reported, e.g., E. coli

Lowest concentration of the contaminant that can be reliably detected

The total length of time the mycofiltration procedure ran (minutes, hours,
days etc.)

Experimental design, stating if it is a single- or double-unit filter etc.,,

Stating the nature of the set-up, whether it is a continuous flow or a batch
system

Concentrations/ levels expressed in parts per million (ppm) and/ or parts
per billion (ppb)

Concentrations/ levels expressed in parts per million (ppm) and/ or parts
per billion (ppb)

Nature of the study/ experiment control, i.e,, no fungal filter

This table should appear in “Data coding and extraction strategy” section

Data coding and extraction strategy
Using Ms Excel, evidence tables of meta-data and data
extraction (i.e., study findings) will be produced in an
MS-Excel spreadsheet. For each screened study that fits
the inclusion criteria and meet the study validity crite-
ria, data will be extracted according to pre-determined
codes shown in Table 2. The following data will be
coded for:

*Bibliographic information (author, year, title, source of
publication e.g., article).

*Study location (country).

*Study site (field/ laboratory).

*Seasonality (i.e. season in which the study was
conducted).

*Water source (e.g. stormwater, effluent, dam water
etc.).

*Fungus species (e.g. S. rugoso-annulata, P. ostreatus
etc.).

*Substrate employed (e.g. wood chips, wheat straw
etc.).

*Types of contaminants removed (e.g. heavy metals, E.
coli, pesticides etc.) and contaminant limits of detection.

*Mycofiltration procedure duration.

*Mycofilter unit design and set-up (e.g., single/double
filter; continuous flow/batch filtration).

*Reported levels of contaminants before mycofiltration,
expressed in parts per million (ppm) and/ or parts per
billion (ppb). If concentrations are not stated, data rep-
resented graphically will be extracted using the Web Plot
Digitizer online tool [24]

* Reported levels of contaminants after mycofiltration,
expressed in parts per million (ppm) and/ or parts per
billion (ppb). If concentrations are not stated, data rep-
resented graphically will be extracted using the Web Plot
Digitizer online tool [24]

*Comparator (description of the control with no bio-
logical filter, i.e., no intervention).

Data extraction will be carried out simultaneously
by two reviewers to ensure extraction is conducted in a
manner that is consistent and repeatable. Any differences
between reviewers will be resolved through dialogue. In
the event that relevant data is either missing or ambigu-
ous, the corresponding authors of those studies will be
contacted.
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Potential effect modifiers and reasons
for heterogeneity
The identified potential effect modifiers and sources for
heterogeneity are listed below. Also mentioned are the
methods of testing.

*Study site (laboratory/ field) [subgroup analysis].

*Mycofiltration procedure duration (meta regression/
subgroup analysis).

*Mycofilter unit set-up (e.g., single/double filter; con-
tinuous flow/batch filtration) [subgroup analysis].

*Water source [subgroup analysis].

A final list of effect modifiers will be established and
recorded in the narrative synthesis.

Data synthesis and presentation

After data extraction from all eligible studies, those
demonstrating low risk of bias (based on study valid-
ity assessment), a narrative descriptive synthesis will
be conducted, summarising information in tables and
figures. Summaries will be descriptive, outlining biblio-
graphic information, study location and site, population,
fungi species employed in the intervention, mycofilter
procedure duration, types of contaminants removed
as well as removal efficiency. If unreported in a study,
removal efficiency for each contaminant will be calcu-
lated as follows:

(BFc — AFc)
—_— %
BFc

% removal efficiency = 100

where BF_ =concentration before filtration and
AF_= concentration after filtration.

Risk of publication bias will be performed through
funnel plots. Where the evidence base allows, efforts
will be made to provide a quantitative assessment of
the intervention (i.e., contaminant removal after myco-
filtration relative to the comparator) to determine
effect size. A random effects model will be applied for
meta-analysis. Meta-regressions or subgroup analysis
of categories of studies will be performed where stud-
ies report common sources of heterogeneity. Sensitiv-
ity analysis will be performed by including or excluding
studies of high risk of bias, to test robustness of
reported findings.

The overall aim of this review is to identify, evalu-
ate and summarise all types of contaminants removed
by the mycofiltration technology, as well as assess the
contaminant removal efficiency. The review will make
the available evidence more accessible to researchers
and environment management agencies invested in this
technology.
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