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Abstract

The ever-increasing amounts of plastic waste and greenhouse gas emissions worldwide threaten our
environment. Biomedical laboratories across the world generate serious amounts of plastic waste
often disposed of via high-emission strategies. Achieving sustainability is imperative but requires
awareness and knowledge of the regulations, available options and their implications. To illustrate the
thought processes involved we showcase the Manchester Fly Facility which supports work with the
genetic model organism Drosophila and serves 13 research groups. In 2022, we estimated ~4 tonnes
of 'clinical' waste generation by the facility enriched with single-use polystyrene plastic containers, all
frozen for 2 days and then incinerated. We calculate the resulting environmental and economic

costs and compare them to practices reported to us from other fly facilities worldwide. We then
discuss feasible management options, separately explaining alternative choices for (1) container
materials, (2) the processing of genetically modified organisms, (3) re-use strategies and (4) waste
management procedures. This information hopefully raises awareness and understanding to
incentivise laboratories worldwide to adopt more sustainable choices, as is permitted by their local
infrastructure and regulations. To illustrate what can be achieved, we extrapolate the Manchester data
from 2022 to a period of 10 years and calculate the impact of different management strategies,
indicating that up to 80% in greenhouse gas emissions and 76% in plastic waste can be saved. The
resulting economic savings are of further benefit and could be re-invested to pay for additional
workforce, which may otherwise pose an important barrier to re-use scenarios in many countries.
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the work, in any medium, provided the original work is not altered or transformed in any way, and that the work is
properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All
other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site —
for further information please contact journals.permissions@oup.com.
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Challiner et al. — Reducing plastic in fly research 2

Introduction

Once called “the material of a thousand uses”, plastic has been around for over 100 years owed to its
durability, heat resistance and capacity to be moulded into almost anything imaginable (Crespy et al.,
2008). However, nowadays plastic use has become a pressing environmental issue: according to the
Organisation for Economic Co-operation and Development (OECD), around 400 million tonnes (t) of
plastic waste are being generated a year, with its consumption having quadrupled over the past 30
years, and only 9% of this gigantic volume is being successfully recycled (OECD, 2022). Unlike glass,
the current plastic recycling options (chemical and mechanical) are limited and rarely promote a
circular economy. Moreover, certain recycling methods (e.g. advanced or chemical recycling) are
being viewed as environmentally damaging (Hogue, 2022; Open Access News, 2022a).

Of the ~360 million tonnes of plastic disposed of yearly and not recycled, around a quarter is burned
and the remainder is sent to landfill (7.2 million tonnes in 2018 in the European Union alone;
Wojnowska-Baryta et al., 2022). Unaccounted amounts escape the disposal systems and directly litter
the environment. Furthermore, many developed countries export part of their plastic waste to lower
income countries, where it is often improperly managed and ends up polluting the air, soil and waters
of the entire region (Pandey et al., 2023). At first sight, landfill appears a cheap and convenient
method, but some plastics can take around 400 years or more to fully degrade (Chamas et al., 2020).
Some of this waste seeps through to the soil and groundwater in the form of microplastics, defined as
small pieces of plastic that are less than five millimetres in size (Mortula et al., 2021). By now,
microplastics have polluted every part of our planet from the deep oceans (with an estimated 24 ftrillion
pieces of microplastics in our oceans) to the summit of Mount Everest, and it is found in the bodies
and blood of animals and humans with expected negative long-term effects on our health (Isobe et al.,
2021).

To address this vast ecological and health problem, the UK government has set the goal of eliminating
avoidable plastic waste by the end of 2042 through various measures empowered by the Environment
Act (UK Government, 2021). The strategy to achieve this goal includes funding of plastic innovation
research, the establishment of more efficient recycling systems, the introduction of a tax on plastic
packaging that does not contain at least 30% recycled plastic, a ban on key single-use plastic items,
such as disposable cutlery or straws, and stricter controls of the exportation of plastic waste
(Department Environment Food & Rural Affairs, 2022; Open Access News, 2022b).

Research laboratories must also play their part. Scientists from the University of Exeter estimated in
2014 that biomedical and agricultural laboratories at about 20,500 universities worldwide generated
5.5 million tonnes of plastic waste a year (Urbina et al., 2015). This amounts to ~1.4% of the 400
million tonnes of global plastic waste reported by the OECD in 2022. From our own experience, and
talking to colleagues in Biosciences across the world, re-use procedures including cleaning and
sterilisation of glass containers, used to be in place in many laboratories, but were later abandoned
mostly due to labour costs and unattractiveness of the work involved. Instead, single-use plastic
consumables have become ubiquitous over the last three decades, due to their obvious time-saving
and cost-effective advantages whilst providing sterility, durability, reliability and low weight (Campion
et al., 2025; Farley and Nicolet, 2023; Weber et al., 2025).

The need for action may also be obscured by the wrong assumption that waste incineration is a
solution to the problem. However, although incineration can often generate a proportion of energy
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Challiner et al. — Reducing plastic in fly research 3

from the process, it still is an energy-intense process (Rizan et al., 2021) which also produces
poisonous by-products: (1) bottom ash (10-20% of the original weight) is frequently sent to landfill sites
where it has the potential to disperse into the environment; it contains heavy metal-coated
microplastics and dioxins (Shen et al., 2021; Yang et al., 2021; Zhao et al., 2010; Zikhathile et al.,
2022); (2) fly ash (3-5% of the original mass) can be inhaled or contaminate soils through precipitation;
it also contains dioxins and heavy metal-coated microplastics as well as high levels of chlorines (He et
al., 2023; Shen et al., 2021); (3) gas emissions include nitrogen oxides, sulphur dioxide and carbon
dioxide (Aakko-Saksa, 2023) which are a health hazard and display a significant carbon footprint.

To change current practices in research laboratories, the UK “Concordat for the Environmental
Sustainability of Research and Innovation Practice® published in April 2024 is intended to act as a
catalyst (Wellcome Trust, 2024). Furthermore, recent studies have shown that re-use scenarios in
laboratories can reduce plastic waste and carbon footprints by impressive amounts (Farley and
Nicolet, 2023; Trusler et al., 2024), which should provide a strong incentive. Since research institutions
can be expected to be dedicated places of innovation receptive to evidence-based arguments, they
might be a good place to address these challenges with innovative solutions, thus serving as
trailblazers for other areas of society

However, the considerations and thought processes that might lead to such developments are
complex. To illustrate this, we focus here on science laboratories that use, as their research model,
the fruit or vinegar fly Drosophila melanogaster (and occasionally also related species). Drosophila
research has a century-long tradition and significantly promoted our understanding of many aspects of
biology, with enormous impact particularly on the biomedical sciences (Brookes, 2001/2002; Mohr,
2018; Prokop, 2018). Drosophila research is carried out in ~2000 laboratories across the globe
(FlyBase Wikil, 2025) where fly stocks are usually kept in large numbers in glass or plastic
vials/bottles. Many fly stocks classify as genetically modified organisms (GMOs), the husbandry and
deposition of which is regulated. The containers are being re-used in some places, but most places
appear to practice single-use, thus generating large amounts of plastic waste accompanied by a high
carbon footprint as plastic is made from fossil fuel and its production requires energy.

Here we take the Manchester Fly Facility as one example of waste management relating to genetic or
biomedical research. We characterise the waste produced, apply established analysis methods to
measure the environmental impact of current waste management strategies, compare them to
procedures at other fly facilities and then explain the pros and cons of available single-use and re-use
strategies and how they can be combined in a modular fashion. We hope this will help and incentivise
research laboratories worldwide to implement sustainable practice according to the local requirements
and possibilities.

Methods

Our case study is based on a project carried out in 2022 at the Manchester Fly Facility which
established the number of containers and estimations of equipment usage times during the entire
year. Greenhouse gas emission calculations were based on the newest and, in our view, best-
established data suggested in publications (details below). Costings of material, energy and services
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Challiner et al. — Reducing plastic in fly research 4

were adapted to the latest available prices when writing this manuscript (see Tabs. 1 and 2). The
calculations are provided in a supplementary file.

Greenhouse gas emission calculations

Greenhouse gas emissions are measured in carbon equivalent (CO2eq). COzeq is a metric measure
comparing the emissions from various greenhouse gases by converting their amounts into the
equivalent amount of CO2 with the same global warming potential (eurostat, 2023)

Glass containers: we used the standardised GHG conversion tables for company reporting
published annually as spreadsheets by the UK Government, here forth referred to as government
coefficient (Departments for Energy Security and Net Zero and for Business Energy & Industrial
Strategy, 2023). The coefficient for glass (1.4 g CO2eq/g) includes the extraction, primary
processing, manufacturing, transportation of each material to its point of sale. As glass is heavy, it
is important to include transportation.

Plastic containers: for polystyrene (PS) and polypropylene (PP), we compared the production
coefficients provided by the government to those recently published in a meta-analysis for single-
use plastic lab consumables (Ragazzi et al., 2023). For PS, the values were the same (3.8 g
CO2eq/qg). For PP, the government coefficient was 3.09 g COzeq/g, whereas Ragazzi and co-
authors used 2.5 g CO2eq/g (based on 4 values within the range of 2.1 and 2.7); they also argued
that transport and packaging produced negligible emissions and can be ignored. We decided to
use the 2.5 g value as it seemed better substantiated.

Electricity: for the running energy cost of freezers, washer/dryers and autoclaves (for calculations
of usage see below), we used the coefficient for the UK grid provided by the government (0.2 kg
CO2eq/kWh; Departments for Energy Security and Net Zero and for Business Energy & Industrial
Strategy, 2023). Further emissions arise from water supply and treatment estimating ~1% for
autoclaves and ~5% for washers (Farley and Nicolet, 2023)

Landfill waste: we referred to the government coefficient for sending materials to landfill. our
waste composition (plastic, fly food, blue roll, cotton/celluloid plugs) best matched their house
residual waste category (500 kg COzeq/t); this value is high because the food, paper and cotton
plugs produce CO:2 during aerobic decomposition and a mixture of CO2 and methane in anaerobic
conditions over a long period of time (Department for Environment Food & Rural Affairs, 2022).
Of these, methane has a global warming potential which is 28 times higher than CO2 over 100
years (Box 3.2 on p.103 in Intergovernmental Paen on Climate Change, 2014); this explains the
high landfill emission coefficient.

Incineration and autoclaving: the government coefficient factors only account for transport and are
therefore insufficient. Since we do not have access to the emissions data from our local waste
facilities (Oldham Clinical Waste Incinerator run by Stericycle Ltd), we based our estimation on
recently published coefficients for various waste streams at a UK hospital site, which seemed
comparable to our institution (Rizan et al., 2021). For the biosafety treatment by autoclave, we
used their breakdown of 75 kWh of electricity, 92.17 litres of gas oil and 1.93 m3 of water ((270 kg
CO2eqlt); we adapted the travel distance for the low temperature incineration (850°C) with energy
recovery (175 kg COzeq/t); for the high temperature incineration of clinical waste (1000 °C), our
local facility does not quantify the degree of energy recovery (not granted an R1 code), so we
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estimated the energy recovery based on that for low temperature incinerator reported elsewhere
(170 kg CO2eqft; Rizan et al., 2021) and adjusted the travel distance, resulting in a coefficient of
785 kg COzeq/t. This said, the LCA database by Ecoinvent uses the much higher value of 2570 kg
COzeq/t for clinical incineration according to (Ragazzi et al., 2023), so our values may only
represent a third of the actual values.

Costings
¢ For the containers, we referred to suppliers’ websites in June 2024.

o For electricity, gas and oil, water supply and treatment, we referred to the rates reported by
AquaSwitch (AquaSwitch) for June 2024 for large businesses: electricity (20.78 p/kWh), gas and
oil (5.2 p/kWh), water supply (2.07 £/m?3) and water treatment (1.51 £/m?3).

e For waste, our waste coordinator provided an estimated cost for incineration of £270/t for the low
temperature incineration and £630/t for the high temperature incineration in May 2023. We have a
no-landfill policy at our Institution, but the cost of sending waste to landfill would be expected to be
~£160/t.

e Salary costings for container re-use: To empty the containers and put them in baskets for the
washer, we estimate manual labour of 30 mins for 100 vials based on empirical data at Oxford.
The processing of 10,167 containers a month would thus equate to 51 hrs/month and 6,100 hrs
over 10 years. Working hours in the UK are typically 140 hrs/month, so we would need technical
support staff paid at 0.3 FTE grade 3. If we assume entry level, the annual salary is £24,248 and
the hourly rate is £13.32. The manual labour would thus cost £81,255 over 10 years.

Cycle run and cost calculations for the use of freezers, washers, driers and autoclaves

The kWh usages of existing local appliances were obtained by contacting the manufacturers, and the
calculated CO:zeq values are listed in Tab. 3. Our two Esta freezers (no longer produced) can hold 3
waste bags containing several hundred vials or ~50 bottles each; each freezer consumes 2 kWh per
day and are left on continuously (0.8 kg COze and £0.83 per day), so that the waste turnover is the
same for single- and re-use. Our Lancer 1300LX washer and dryer can hold six 125 mm x 425 mm
trays providing space for 438 vials and 8 bottles per cycle. Given a requirement for 10,000 vials and
167 bottles per month, we would need a minimum of 23 cycles/month. The programme considered
washes for 1 hour at 95°C and dries at 85°C, consuming 4.5 kWh per cycle (0.9 kg COze and £0.93
per cycle). The existing autoclave (Vakulab PL H-Model 969) has a capacity for 2,500 vials and 48
bottles per cycle, so we need a minimum of 4 cycles a month; it maintains the temperature at 121°C
for 30 min and consumes 22.5 kWh per use (4.5 kg COze and £4.68 per use). To allow for potential
extra demand, our calculations considered 25 cycles/month for the washer/dryer and 5 cycles/month
for the autoclave if used after each wash. For the sporadic scenario (e.g. autoclaving only upon stock
contamination) or precautionary intercalated autoclave cycles, we anticipate a maximum of 2
cycles/month.

Calculating container numbers for re-use scenarios

According to experiences at Oxford, PP containers can be re-used at least 20 times (see case study)
and we should account for a 10% loss over the years. If vials can be re-used 20 times at a loss of 10%
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Challiner et al. — Reducing plastic in fly research 6

per year, this means that we need 6.6 months (132/20) of supply upfront to last 10 years, i.e. 66 000
vials and 1100 bottles.

Determining the amount of waste for single-use and re-use scenarios.

The amounts of bags disposed of each week within the current single-use scheme was monitored and
their weight taken for a period of 4 weeks. The product of average weight of bags multiplied by their
average number over this period was calculated and extrapolated to 52 weeks to establish the yearly
average (note that fly stock maintenance requires uninterrupted cycles of vial turn-over so that no
holiday periods were considered in our calculations). This amounted to 4 t of waste in 2022 for the
single-use scenario. For the re-use scenario, we subtracted the weight of the plastic containers
consumed in 2022 (number of vials and bottles used x their weight = 0.76 t) from the total waste,
giving us a total of 3.2 t of annual waste, 2.2 t of which are disposed fly food (number of vials and
bottles used x average amount of fly food per container: 17 g for vials and 105 g for bottles).

Results

Current practices at the Manchester Fly Facility

The Manchester Fly Facility is situated at the Faculty of Biology, Medicine and Health of The
University of Manchester and serves 13 research groups using the genetic model organism
Drosophila melanogaster for their research (Manchester Fly Facility, 2014). It generates considerable
amounts of waste. Incentivised by the university’s move to implement the Laboratory Efficiency
Assessment Framework (LEAF) to promote sustainable practice and its intramural 6R strategy to
reduce plastics (Farley, 2022; Ow et al., 2025; Taylor-Hearn, 2023; Wattam et al., 2024), we
investigated the environmental costs of our current practices and explored alternative strategies.

As explained in greater detail elsewhere (Ashburner et al., 2005; Roote and Prokop, 2013; Stocker
and Gallant, 2008), work with Drosophila usually requires the husbandry of hundreds of fly stocks per
research group, each displaying a distinct genetic modification. Each Drosophila stock is usually
maintained in copies of two vials stored in trays that are placed in 18°C incubators or temperature-
controlled rooms (Fig.1A). Flies from each vial need to be tipped onto fresh vials every four weeks. For
experimental purposes, flies are boosted in larger amounts using vials or bottles that are kept at 25°C.
At this temperature, the developmental time is roughly half that of 18°C storage requiring container
turn-over every fortnight.

At the Manchester Fly Facility, Drosophila stocks are kept in polystyrene vials (25 mm x 95 mm) or
polypropylene bottles (43 mm x 132 mm; see Tab.1 for details) which are plugged with cotton wool or
celluloid plugs and carry, at the bottom, a several centimetre-high layer of food composed of yeast,
glucose, agar, maize, propionic acid and nipagin (for recipes see Bloomington Drosophila Stock
Center, 2021; Fig.1C). Bottles are delivered by the local media kitchen in plastic sacks and vials in
cardboard trays holding 100 units sealed into a plastic bag (Fig.1B).

For the year 2022, we performed a detailed analysis establishing that the Manchester Fly Facility
generated 120,000 polystyrene (PS) vials and 2,000 polypropylene (PP) bottles in waste. These
containers are discarded into plastic bags (weighing on average 9 kg) and placed in a freezer at -20°C

6
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Challiner et al. — Reducing plastic in fly research 7

for 48 hrs to ensure that flies and mites at all developmental stages have been killed, as is the locally
agreed procedure for genetically modified organisms. Thereafter, the bags with their frozen contents
are put into large yellow clinical waste bags (Fig.1E) which are sent to the Oldham clinical waste
incinerator (Fig.1F; see Methods), following guidance for biohazardous waste by the Scientific
Advisory Committee on Genetic Modification (SACGM; Health & Safety Executive). The total annual
waste created by the Fly Facility in 2022 (see Methods) was ~4 tonnes, of which ~760 kg (~20%) are
plastic vials and bottles and the rest comprises ~2.2 tonnes of fly food and fly carcasses and ~ 990 kg
of miscellaneous items such container plugs and paper towels (Fig.1). The non-contaminated plastic
bags used to package fresh bottles or vial trays can either be re-used or recycled via our soft plastic
recycling stream (https://www.elsarecycle.co.uk). In the following sections, we will calculate the carbon
footprint and costs of the current procedures and compare them to alternative strategies.

Cost analysis of existing and feasible other single-use scenarios at the Manchester Fly Facility

Single-use practices involve making a choice of material for the vials, of the method to comply with
genetically modified organism regulations, and of the disposal method. To establish the carbon
footprints of these various components, we calculate their greenhouse gas emissions measured in
carbon equivalent (CO2eq), as is explained in the first Methods section. For our CO2eq calculations
(see Methods), we used our measured consumption data for the year 2022 (Fig. 1: 120,000 vials,
2,000 bottles, 4 t total waste) and extrapolated them unchanged to a period of 10 years. This long-
term view makes it easier to compare single-use with the re-use scenarios that will be discussed
further down in this article. We calculated the costs involved using the newest data available up to
June 2024 for a more accurate picture at the time of publication, as energy and consumables prices
have been very volatile in recent years (see Methods).

For plastic containers, we calculated their cradle to gate costs, i.e. the COz2eq emissions associated
with material production and manufacturing of the containers, whereas transport and packaging was
negligible. These calculations showed that PP is a better choice than PS, saving 9.3 t CO2eq over a
decade. Currently, PP is more expensive than PS (an extra £24,000 over 10 year), but prices are
fluctuating and depend on volumes traded. Glass has not been considered in the single-use scenario
due to its high purchase cost (Tab.1).

For GMO compliance procedures, we considered autoclaving or 48 hrs freezing at -20°C. Of these,
freezing flies is far more sustainable than autoclaving, saving 7.9 tCOzeq over 10 years at a similar
economical cost (Fig.2).

For disposal, we considered different options. One disposal option in the single-use scenario is waste
incineration. It is common standard in the UK to incinerate decontaminated or non-hazardous
offensive waste at low temperature (~850°C) and clinical or hazardous waste at high temperatures
above 1000°C (highT; Rizan et al., 2021). Both procedures are energy intense even if the incineration
process is used to recover energy, referred to as energy from waste (EfW; as is the case at
Manchester: see Methods). HighT incineration with EfW of the 40 t of waste over a decade amounts to
31.4 t CO2eq and an economical cost of £25,200. Compared to this, lowT incineration with EfW would
save 24.4 t CO2eq and £14,400 over 10 years. The other option is landfill which would save £18,800 in
economical cost but only 11.4 t in COzeq cost due to the production of methane which is a very potent
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greenhouse gas (Department for Environment Food & Rural Affairs, 2022; Intergovernmental Paen on
Climate Change, 2014; see Methods). Furthermore, landfill damages the environment through the
generation of harmful microplastics (Wojnowska-Baryta et al., 2022). Therefore, our data indicate
lowT/EfW to be the most sustainable and hightT/EfW the most wasteful of these three scenarios.

When combining GMO treatment and disposal, the best options appear to be freezing followed by
lowT incineration (9.9 t CO2eq) or autoclaving followed by lowT incineration (~17.8 t COzeq).
Therefore, even if GMO officers insisted on autoclaving, the use of lowT would still save 16.5t COz2eq
over freezing combined with highT and 13 t CO2eq over autoclaving plus landfill when calculated over
a decade.

Practices at other fly facilities

To establish how other institutions handle fly husbandry and learn about viable alternatives, we
consulted four UK-based fly facilities from Cambridge, Oxford, Bournemouth and London, one from
India (Bangalore) and the Bloomington Drosophila Stock Center (Indiana, US). We gathered
information via a survey asking about materials used for vials and bottles, whether single-use or re-
use of these materials was implemented, and the employed disposal methods (summarised in Tab.4).

The survey confirmed that the three above-mentioned materials (PS, PP, glass) are being used for fly
containers worldwide. Some fly facilities had a single-use system in place, others re-use. To comply
with GMO regulations, freezing and/or autoclaving are being used. Waste disposal strategies include
landfill, lowT and highT incineration, as well as release of food and dead flies into the sewer (details in
Tab.4).

To illustrate the steps involved in re-use procedures, we provide two protocols. The first example is
currently in practice at the Raff laboratory in Oxford, UK (Box 1, Fig. 3). It involves manual cleaning of
PP containers, incineration of plugs and organic waste, and chemical disinfection with a 1% solution of
Chemgene HLDA4L. This laboratory disinfectant is effective against bacteria, fungi, mycobacteria and
viruses (with few limitations; Kampmann et al., 2024; Uy et al., 2022), and safety data sheets by
vendors indicate little ecotoxicity (although we could not find any published evidence). However, the
experience in Oxford shows that researchers still prefer autoclaving as the best-proven method of
decontamination to prevent spread of potential infections in fly stocks. Therefore, longer-term tests
would be required to build trust in disinfection with Chemgene.

If autoclaving stays the option of choice in re-use scenarios, it should be considered to leave out the
chemical disinfectant during the cleaning step (Box 1) potentially replacing it with ecologically friendly
detergents. Also, PS vials cannot be used because they are less heat-resistant than PP (heat
deflection temperature is 107°C for PP and 82-96°C for PS; ThermoFisher). Experience in Oxford has
shown that PP containers can be autoclaved and re-used at least 20 times (Fig.3L). This said, PP
vials are slightly less transparent than PS (Fig.3L) and glass vials might be an alternative, although
glass can splinter upon impact causing issues including cuts or escape of flies potentially affecting
ongoing experiments.
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Box 1: Example of a re-use protocol as established at Oxford

1. Collection: Collect used Drosophila plastic vials and bottles in a container until it is full (Fig.3A).

2. Freezing: Freeze the collected vials and bottles at -20°C (or lower) for at least 48 hrs to ensure
that flies and mites at all stages of development are killed.

3. Thawing: Thaw vials and bottles at room temperature (RT) for at least 2 hrs.

4. Removing Plugs: Separate the plugs from the vials and bottles and discard the plugs in a waste
box (Fig.3E; see item 6)A.

5. Soaking: Soak the vials and bottles in tap water for at least two hours to soften the organic
contents and facilitate their removal (Fig.3B).

6. Removing Food Waste: Use a spatula to remove organic contents and collect in a sieve, letting
surplus water escape down the sink (Fig.3C,D); organic material captured in the sieve can be
autoclaved and disposed together with the discarded plugsB.

7. Cleaning: Emptied containers (Fig.3F) are submerged in a 1% solution of the disinfectant
Chemgene HLDA4L Conc ; in this solution, use a bottle brush with a cloth tip to scrub the inside and
outside of the containers (Fig.3G).

8. Soaking in Chemgene: After cleaning, keep the vials and bottles in Chemgene solution for
another 30 minutes to achieve proper decontamination (Fig.3H).

9. Rinsing: Rinse thoroughly with tap water, followed by a final rinse with distilled water (Fig.3l) and
rub off labels with alcohol (Fig.3J).

10. Autoclaving (optional): Autoclave the vials and bottles (to deal with potential resistances against
Chemgene)

11. Storage/Refill: Place the containers on trays ready for refill with fly food (Fig.3M).

i. Re-use: Unless mishandled, vials typically withstand more than 20 cycles of wash and re-use
(more for bottles; Fig.3L); continue re-using the vials and bottles until signs of wear are evident,
such as cracks or reduced transparency.

ii. Time Requirement: The total time taken to wash and regenerate 100 vials or bottles is
approximately 1 hr.
A: Some groups use plastic stoppers which can be washed, autoclaved and re-used.

B: You may be able to skip autoclaving if the litter is sent to incineration (see main text).

The second example of a re-use scenario describes procedures at the Bloomington Drosophila Stock
Center with an annual volume of ~4.4 million vials, hence designed for high efficiency whilst following
NIH guidelines (see Discussion). This scenario involves 10 min autoclaving, a 30 min dishwasher step
and 1hr drying at 80°C (Box 2).
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Box 2: Re-use procedure used at the Bloomington Drosophila Stock Center (~10 min labour time)

1. For stock maintenance, mostly glass vials with rayon plugs (made from natural cellulose) are used,;
dirty plugged vials are placed upright in galvanised metal trays of ~250 vials using racks that hold
the trays at an angle to facilitate the task.

2. Trays are autoclaved, not to sterilise the vials but to kill the flies and melt the agar using an
abbreviated autoclave cycle (a gravity cycle of ~8 minutes at full heat and pressure).

3. Plugs are removed and sent to landfill.
4. Molten vial contents are rinsed out with a hose into the sewer.

5. Vials are cleaned for ~30 minutes in a lab dishwasher with a bleach-containing, high alkaline
cleaner (similar to those used in dairies and ideal to sterilise the vials; no further autoclaving is
used).

6. Vials are transferred to a glass-drying closet at ~80°C until dry (~7 hr). They are then ready for re-
use.

Broken glass or old plastic vials are frozen over night (from then on no longer considered biohazardous
waste) and sent to landfill.

Cost analysis of potential future re-use scenarios at the Manchester Fly Facility

In the following, we will assess potential re-use scenarios for the Manchester Fly Facility, based on
procedures reported by other fly facilities (Tab.4, Box 1), the infrastructure available at the Manchester
Fly Facility, and the projected use of 1.2 million vials and 20,000 bottles in a decade.

First, we calculated how much stock must be bought in to sustain the re-use scenario. In our
calculations, we considered that PP containers have a lifetime of ~20 cycles and assume ~10% loss of
containers every year due to ageing and damage (Farley and Nicolet, 2023; above-mentioned
experiences at the Raff laboratory). Considering these various parameters, we calculate that a total of
66,000 vials and 1,100 bottles needs to be purchased during the 10-year period (see Methods). The
total waste including food, fly carcases and discontinued vials is expected to amount to 3.2 t (see
Methods).

Like in the single-use scenario, the first step of the procedure is freezing at -20°C for 48h to Kill flies.
The second step would be the manual removal of stoppers and organic contents from the vials which
need to be disposed off (potentially requiring an autoclaving step first) either using conventional landfill
or incineration (lowT or highT); disposal to biogas facilities or into the sewer is currently not an option
at Manchester. Potential plastic stoppers could be washed and sterilised for re-use (not considered
here). In the next step, empty containers need to be cleaned, either manually or using machine-
washing at 95°C, and decontaminated using chemical disinfection or autoclaving; containers may be
autoclaved in each re-use cycle, or only occasionally when there are contamination issues (here
conservatively calculated at twice a month instead of 5 times a month). Fig. 2B summarises the
calculated costs and CO2eq emissions for the individual components of the re-use scenario (obligatory
and optional) over a period of 10 years (see Methods for details of calculations).

Unsurprisingly, the footprint associated with material production for PP vials is reduced by almost 20-
fold when assuming 20 re-use cycles (Fig.2B). Using glass has only a slightly higher footprint than PP
when considering re-use scenarios (Fig.2B), in contrast to single-use scenarios where the cost would

10
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be astronomical (£509,670 and 37.1 t COze; Tab.1). Furthermore, the data illustrate that washing
steps raise the costs only marginally, even when using machine wash (Fig.2B); it is rather the labour
cost for emptying containers and then handwashing or loading machines which needs careful
consideration in cost/benefit calculations (see Discussion). Key differences arise from decisions about
the necessity for autoclaving the waste (Fig.2B), for example whether local GMO officers can be
convinced that autoclaving is an unnecessary step if flies have been killed by freezing and waste is
incinerated anyway. With respect to incineration, the choice of lowT over highT is of enormous further
benefit.

As should have become clear from all the above considerations and data, waste management
strategies can be assembled in flexible ways. Key choices should consider the material of containers
(PP being preferred), GMO procedures (freezing being preferred), re-use versus single-use (re-use
preferred, but workload needs careful consideration), and methods of waste disposal (lowT
incineration of plastics and disposal to biogas or composting facilities preferred). Researchers should
consider their local infrastructure, conditions and regulations and strive to choose the combination
within these limitations that has the highest ecological benefit.

Discussion

A modular approach to sustainability providing opportunities and unexpected insights

The intention of this study was to assess the feasibility and beneficial impacts of more sustainable
waste and resource management strategies at the Manchester Fly Facility, with a view to inspiring
Drosophila research groups worldwide to review their practices, and hopefully also other laboratories
that use large amounts of plastics and generate biological waste. The key idea of our approach was to
consider single-use and re-use scenarios and to break them down into their individual compulsory and
optional or alternative components (Fig.4). By discussing the cost and benefit of each of these
choices, we aimed to provide a list of modules covering different material options, potential cleaning
avenues, as well as alternative GMO and disposal procedures. The information provided for these
modules should allow research groups to work out combinations that will lower the environmental
burden and are feasible in the context of the respective local infrastructure. Examples of different
combinations will be discussed in the next section.

Work on this article provided interesting new insights. Firstly, we had a preconception that glass
containers were the only feasible option for re-use scenarios because they remain fully transparent
even after many cleaning cycles. However, we learned that also PP vials withstand at least 20 re-use
cycles in good condition providing a viable alternative at comparable CO2eq cost to glass, whilst being
cheaper to purchase and less prone to break if accidentally dropped during experimental or stock
maintenance work or when cleaning for re-use (Fig.2B).

Secondly, we learned about the enormous difference in CO2eq emissions between highT versus lowT
incineration. We already used this argument here at Manchester to get our waste re-classified from
‘clinical’ waste requiring highT, to ‘offensive’ waste that can be sent to lowT incineration (National
Health Service, 2023).

Thirdly, we now strongly argue against autoclaving steps before waste disposal. As long as flies have
been killed, autoclaving adds substantial CO2eq cost and workload without any additional benefit for

11

GZ0z aunp ¢ uo Jasn aba|jo) ujoour] Ag 861 1L918/17 1 LieAl/sonauab/ee0 L 0 L/10p/alo1le-aoueApe/sonauab/wod dno-ojwapede//:sdjiy woly papeojumoq



o OB WDN -

o N

10

11
12
13
14
15
16
17
18
19
20
21
22
23

24
25
26

27
28

29
30
31
32
33

34
35
36
37
38
39
40

Challiner et al. — Reducing plastic in fly research 12

biosafety. At the Centre for Neural Circuits and Behaviour in Oxford, freezing of flies is followed by
lowT incineration as standard practice. In the US, standard transgenic and mutant Drosophila fly
stocks are handled under the NIH guidelines for biosafety level 1 (BL1) and must be rendered
'biological inactive before disposal'; for arthropods this means they can be 'killed with hot water or
freezing before flushing down drains or placed into trash bags' (American Committee of Medical et al.,
2019; NIH Guidelines, 2024).

Fourthly, we considered microplastic contamination as the major issue of landfill but were surprised to
learn about the enormous CO2eq burden in conventional landfill scenarios where anaerobic
decomposition of organic and paper waste generates high amounts of methane (Fig.2). This clearly
argues against the use of conventional landfill.

Through work on this article additional ideas arose. For example, the collected organic waste at
Manchester amounts to 2.2 t a year (50% of our total waste; see Methods for calculations) which is
currently incinerated at highT. An alternative strategy would be to use it for compost production or in
biogas plants which are carbon-neutral or even -reducing options (Nordahl et al., 2020). Potential
interference of anti-fungal or anti-bacterial compounds in the fly food with natural processes of
decomposition could be avoided by heat treatment (propionic acid has a flash point of 60°C). The
University of Manchester already sends food waste to a biogas plant. If switching to a re-use scenario,
we could join this stream, thus further reducing the incinerated waste from 32 t to 10 t over 10 years,
lowering the environmental impact by 2/3 and likely also the economic cost. In locations where local
wastewater purification plants use the sewage sludge to feed biogas production (Sever and Decorte,
2024), disposal of organic waste into the sewer might achieve the same effect whilst further lowering
costs and work. Two fly facilities we contacted already use disposal of food and dead flies into the
sewer as standard procedures (Tab.4).

In conclusion, there are several options to be considered, and choices will have to be made based on
local infrastructure and GMO rules - of which the latter might be addressed through constructive
discussions.

Comparing different combinations of waste management modules

To illustrate the implications of decisions taken when designing waste and resource management
strategies, we compare four different scenarios (Fig. 5). The first scenario (‘single 1’ in Fig.5) is
currently used at the Manchester Fly Facility with a very high environmental cost: it uses PS vials, PP
bottles, freezing, and highT incineration (Fig.1), summing up to 62.6 t CO2eq and £156,014 over 10
years (keeping prices constant).

The second scenario (‘single 2) is the one we aim for as long as we continue with single-use: change
from PS to PP vials, and from highT to lowT, ideally avoiding autoclaving. The latter two aspects are
being discussed with local GMO officers, and our main argument would be a reduction in
environmental cost over 10 years of more than 50% down to 29 t CO2eq compared to scenario 1.
When considering the economic cost, scenario 2 is currently ~10% more expensive than scenario 1,
mainly due to the higher cost for PP vials compared to PS. This said, production costs may come
down upon increased sales volumes if more fly facilities would change to PP vials. Clearly, the

12
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economic cost of purchasing containers is the dominating cost in single-use scenarios, which is up to
15 times higher than in re-use scenarios (Fig.5).

The first re-use scenario (‘re-use 1) illustrates the impact of landfill. It involves re-use of vials following
machine-wash and autoclaving of vials and autoclaving organic waste before sending it to landfill.
Compared to single-use scenario 1, re-use 1 offers a reduction of ~46% in CO2eq cost and ~84% in
financial cost (excluding labour cost). The key CO2eq burden in the first re-use scenario is generated
by the autoclaving step and the use of landfill. To improve on these shortcomings, the second re-use
scenario (‘re-use 2’) considers disposal via lowT incineration and assumes that the autoclaving of
organic waste can then be omitted (whereas autoclaving of containers may be demanded by users
and has been included in Fig.5). Compared to single-use scenario 1, re-use 2 offers a reduction of
76% in environmental cost and 84% in economic cost (excluding labour cost).

All re-use scenarios would involve the manual removal of organic waste from vials following the
freezing step. If cleaning 100 vials with a spatula takes up to 30 minutes, this would equate to ~6,100
hrs for 1.22 million containers (vials and bottles). At Manchester, paying a technical assistant at the
adequate grade for 10 years would amount to ~ £81,000 (not factoring in salary increases; see
Methods) which would be comfortably covered by savings on other components: for example,
changing from the current single-use scenario 1 to re-use scenario 2 would save ~£130,000 over 10
years (Fig.5). However, similar calculation at any fly facility will have to take into consideration what
infrastructure (e.g. washers and autoclaves) at the necessary capacity is locally available for re-use
scenarios or needs to be purchased, whether running costs deviate from those of the appliances used
for our calculations, how equipment is maintained, and the local price of paid labour which will differ
considerably.

Future perspectives

As stated before, there are an estimated 2000 fly facilities worldwide (FlyBase Wikil, 2025) which can
use the information provided here to consider local practices and engage in discussions with
colleagues, local managers and GMO officers: for example, to change from high-CO2eq disposal
(landfill or highT) to more sustainable lowT incineration, or to invest in workforce to implement re-use
scenarios, thereby reducing plastic production and microplastics release. But we should not stop here,
and strategies and arguments must be further refined and strengthened. For example, we should
consider sustainable decomposition procedures of organic material (see above) but also recycling of
broken or old plastic containers (the fly lab in Oxford already uses a contractor to this end). New
materials should also be considered, including recycled PP or biodegradable plastics, provided they
withstand the heat of newly cooked fly food or even autoclaving - which may take considerable time
given the state of technology and the competition for the necessary resources (Ragazzi et al., 2023).
Further factors not mentioned so far need to be considered, for example reducing water consumption
or replacing environmentally damaging chemical substances used in washers. Furthermore, most if
not all carbon emission coefficients presented here will change when more green energy is provided
by the UK grid, thus improving the environmental costs of all those processes that depend on
electricity.
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However, the key to success will be that we as researchers and citizens accept our responsibility and
necessity to have to go an extra mile for sustainability, despite us being overloaded with work and
demands. It is important that those of us who have started to engage on this path then also share their
good practices and raise awareness of any new opportunities, for example by talking to colleagues or
giving presentations to local audiences or on conferences or by making sustainability an active part of
the student learning experience (Smith et al., 2025). Once it becomes a community effort, workload
can be shared and synergy achieved that facilitates implementation and will likely also enhance
effectiveness. Given that Drosophila research has a strong track record of being at the forefront of
new developments, we should take on sustainability in the same way and act as trailblazers motivating
colleagues at our institutions to follow suit.
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Figures and Tables

Fig.1. Overview of current waste production and management at the Manchester Fly Facility. A) 18°C
walk-in incubator at the Manchester Fly Facility holding trays with thousands of individual fly stocks. B)
Tray with ready-to-use food-filled fly vials sealed in a plastic bag. C) Fresh versus used polystyrene
vials and polypropylene bottles, closed with a celluloid plug (left vial), cotton wool (right vial) or high
density/cellulose acetate plugs (bottles). D) Fly waste in plastic bags kept in an upright freezer at -
20°C for 48h. E) Clinical waste incineration bags holding one or two bags of fly waste. F) Pictogram of
an incineration facility followed by data describing waste produced and costs arising over a year; total
costs include those for freezing and incineration. For underlying data calculations see Suppl. Mat. 1.

Fig.2 Calculated costs for different container types and waste/resource management procedures in
single and re-use scenarios over 10 years. Single-use options are shown in A, re-use options in B.
Calculations for container materials (blue) include the production of 1.2 million vials and 20,000 bottles
in A and 66,000 vials and 1,100 bottles in B, in both cases shown for different materials used (PP,
polypropylene; PS, polystyrene). The GMO-treatment procedures can be freezing (light yellow) or
autoclaving (orange). In the re-use scenario, the containers may be washed by hand or in a
washer/dryer (light orange) and autoclaved after each wash (5 runs/month) or less frequently (2
runs/month; both darker orange). The amount of waste generated is 4 tonnes in A and 3.2 tonnes in B
(after separation from the containers). In both A and B, the freezing step occurs before the containers
are cleaned, so 4 tonnes of waste are frozen. Waste disposal procedures (green) are calculated for 4
tonnes in A and 3.2 tonnes in B. For each item, the top bar indicates environmental cost in kg COze,
and the bottom bar (hatched white) the economic cost in British pounds. For underlying data
calculations see Suppl. Mat. 1.

Fig. 3. Images showing the step-by-step protocol for washing and reusing plastic (Polypropylene) fly
vials and bottles in the Raff lab at the Sir William Dunn School of Pathology, University of Oxford. A)
Used and frozen fly vials and bottles with celluloid plugs in a large box. B) Used fly vials and bottles
soaked in tap water for at least 2 hours without celluloid plugs in a large box. C) The food waste from
fly vials and bottles scraped off with a spatula. D) Fly waste strained through a sieve. E) Fly waste and
celluloid plugs discarded for further autoclaving and incineration. F) Examples of fly vials and bottles
without the fly food. G) Fly vials and bottles washed in 1% Chemgene solution with a bottle brush. H)
Fly vials and bottles soaked in 1% Chemgene solution. 1) Fly vials and bottles washed with tap water
and rinsed with distilled water. J) Air-dried fly vials and bottles in a box. K) Labels are rubbed off
containers with 100% ethanol. L) Example of a fly vial autoclaved once (1X) and twenty times (20X);
bottles undergo a similar process (not shown). M) Example of fly vials in a tray after autoclaving. Note
that the plastic trays are non-autoclavable and were soaked in 1% bleach for 10-15 minutes, then
rinsed with tap water followed by distilled water. Bottles were kept in fresh cardboard (FLY1016) or
fully autoclavable aluminium (FLY1164) trays for re-use (not shown).
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Fig 4. Overview of the advantages and disadvantages of the various material choices and options for
waste and resource management. In each column, we present the options ranked by expected degree
of wastefulness where each tile contains further information relevant for the ranking and to be
considered; the colour code indicates whether the option can be used for single-use, re-use or both
(see bottom-left inset).

Fig.5 Comparing different combinations of plastic and waste management procedures. Data and
colour codes are the same as in Fig.2 and consider the single-use of 1.2 million vials and 20,000
bottles over a period of 10 years, or the re-use of 66,000 vials and 1,100 bottles over 10 years.
Different plastics and waste management procedures are colour-coded as indicated in the inset. Four
hypothetical scenarios are shown (two single and two re-use), each with different combinations of
waste and resource management procedures. In each scenario, the left column shows the
environmental emissions in kg COze, the right column (hatched white) indicates the economic costs in
pounds. For underlying data calculations see Suppl. Mat. 1.
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supplier-derived information Calculated
Supplier's diameter . Cost .
Container Supplier reference [mm] x W/e|th per Cpg)zd UCt'O/n C/Oz(_et
number height [mm] g/uni unit £ €a 979 g/uni
. Reqgina
Vial PS Industries LTD P1068/T 25 x 95 6.02 0.09 3.8(1) 22.9
Fisher Scientific 15820275 0.15
Scientific
Vial PP Laboratory FLY1318/32- 29 x 95 6.05 011 2.5(1) 15.1
Supplies / 120 '
Flystuff
. Reqgina
Vial glass Industries LTD FB10024 24 x 100 18 0.30 1.4 (2) 25.2
Scientific Flystuff 8oz
Bottle PP Laboratory Round Bottom 43 x 132 17.66 0.99 25() 44.2
Supplies FLY1012
Scientific .
Eoni Laboratory | TYSWITHATPIN) g5 136 | 245 | 748 | 14 | 3430
glass . FLY1086
Supplies

Tab 1. Origin, dimensions, estimated production-related carbon footprint (cradle to gate) and purchase
cost of fly containers used at or available to the Manchester Fly Facility. Information in columns 3-6
was provided by the suppliers listed and hyperlinked in column 2. For underlying calculations of
columns 7 and 8 see Methods. References: (1) (Ragazzi et al., 2023), (2) (Departments for Energy
Security and Net Zero and for Business Energy & Industrial Strategy, 2023). For comparison, the
Oxford laboratory used the following containers: PP vials, FLY1318 (£0.31 per vial); PP bottles,
FLY1193 (£0.72 per bottle); plastic trays, FLY1090 (£30.75 per tray).

GMO compliance .
Disposal
treatment
Freeze Autoclave Landfill . . . . .
. Incineration lowT Incineration highT
48 hrs @ 2 min @ (household . X . - k
20°C ~146°C residual) (850°C) with EfW (1000°C) with EfW
Emissions in
[CO2eq kg / 73 270 500 175 785
tonne of waste]
Cost/ tonne of 76 75 160 270 630
waste [£]

Tab. 2. Estimation of the carbon footprint and cost per tonne of disposed material (use to grave). Data
were calculated as detailed in the Methods section (EfW, energy recovery).
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Appliance Required Consumption Annual consumption [ Annual emission
PP use P [KWh] [kg COze]
20°C Freezers 2 fre;:f;rs @ | 5 x 2 KWhiday 1460 292
Washer (95°C) and dryer 25 runs /
(85°C) month 4.5 kWh/run 1350 270
Autoclave at T >121°C for 5runs /
30 min after each wash month 22.5 kWh/run 1350 270
Autqclave T>121°C for 30 2 runs / 22 5 KWh/run 540 108
min only when needed month

Tab 3. Required use and resultant carbon footprints for appliances involved in re-use procedures.
Underlying calculations for the emissions are explained in the Methods section.

Institution Conta!ner Re-use? (.19 cemplnE Disposal method
materials treatment
Manchester, UK PSb\g?tllse,SPP no freeze highT
autoclave (just to rayon plugs sent to landfill; food and
Bloomington, US* glass yes kill flies and soften | flies disposed into sanitary sewer and
food for cleaning) water treatment plant
Natl. Ctr. Biol. lass vials cotton plugs incinerated at highT; food
Sci., Bangalore, SIJDP b thtl ’ yes autoclave and flies sent to in-house sewage
India otties treatment plant
. . cotton plugs sent to highT incineration;
(F\EJa val-ag;(faf** Psb\g?tllse :nd yes freeze/autoclave discarded containers sent to recycling
’ firm; food and flies sent to incineration
Univ. Car}zbrldge, zf;tt;(;:?sss yes autoclave all is sent to landfill
. . both
Bourneli::)\/ljth UK PPb\g?tllseSand (40 % re- freeze highT Incineration
’ used)
Univ. Oxford (Ctr. PS vials and
Neur. Circuits & bottles no freeze lowT Incineration
Behav.), UK
Crick institute, PS vials and o .
London. UK PE bottles no freeze incineration
Imperial College | PS vials and . .
London. UK PP bottles no freeze lowT incineration

Tab. 4. Overview of waste and resource management practices at Manchester and eight other fly
facilities. Columns list the location of fly facilities, the materials of containers used, whether containers
are single- or re-used, what GMO compliance measures are taken and the disposal method.
Comments: * more information provided in Box 2; ** more info in Box 1.
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Figure 1
188x101 mm (x DPI)

polystyrene vials
* 25 mm x 95 mm, 6.02 g
« annual use: 120,000
= £10,800 purchase cost
22,745 kg CO,e
= 722 kg plastic waste
polypropylene bottles
*43 mm x 142 mm, 17.66 g
« annual use: 2,000
= £1,984 purchase cost
= 88 kg CO.e
= 35 kg plastic waste
total waste (incl. contents)
* 4 tonnes annually
= 48 hrs freezer (-20°C)
= High temp. inc. (1000°C)
with energy recovery
= £2,823
= 3,432 kg COe
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