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Abstract (276 Words)

Background

As global travel resumed in COVID-19 endemicity, the potential of aircraft wastewater
monitoring to provide early warning of disease trends for SARS-CoV-2 variants and other
infectious diseases, particularly at international air travel hubs, was recognized. We therefore
assessed and compared the feasibility of testing wastewater from inbound aircraft and airport

terminals for 18 pathogens including SARS-CoV-2 in Singapore, a popular travel hub in Asia.

Methods

Wastewater samples collected from inbound medium- and long-haul flights and airport terminals
were tested for SARS-CoV-2. Next Generation Sequencing (NGS) was carried out on positive
samples to identify SARS-CoV-2 variants. Airport and aircraft samples were further tested for 17
other pathogens through quantitative reverse transcription polymerase chain reaction (RT-

GPCR).

Results

The proportion of SARS-CoV-2-positive samples and the average virus load was higher for
wastewater samples from aircraft as compared to airport terminals. Cross-correlation analyses
indicated that viral load trends from airport wastewater led local COVID-19 case trends by two
to five days. A total of ten variants (44 sub-lineages) were successfully identified from aircraft
wastewater and airport terminals, and four variants of interest (VOIs) and one variant under
monitoring (VUM) were detected in aircraft and airport wastewater 18-31 days prior to detection

in local clinical cases. The detection of five respiratory and four enteric viruses in aircraft
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wastewater samples further underscores the potential to expand aircraft wastewater to monitoring

pathogens beyond SARS-CoV-2.

Conclusion

Our findings demonstrate the feasibility of aircraft wastewater testing for monitoring infectious
diseases threats, potentially detecting signals before clinical cases are reported. The triangulation
of similar datapoints from aircraft wastewater of international travel nodes could therefore serve

as a useful early warning system for global health threats.
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Introduction

Globalisation, urbanisation and population mobility can accelerate the spread of infectious
diseases in a highly-connected world. This has been demonstrated in the COVID-19 pandemic
where air travel facilitated the rapid and extensive transmission of SARS-CoV-2 globally [1].
Although restrictions on international travel [2] and mandated clinical tests at airports for
incoming travelers [3] had some success in minimising new introductions of the virus [4-6] and
bought many countries or states time for implementation of vaccination, such controls had
adverse impacts on the economy of states and were thus not sustainable. Following the reopening
of borders, countries across the globe have experienced successive waves of COVID-19
transmission, largely driven by the continued emergence of new SARS-CoV-2 variants such as
Delta and Omicron BA.5, among others [7], which are more transmissible with high rates of
immune breakthrough. [8]. These waves of transmission continue to pose threats of increased
transmissibility, immune breakthrough [9] and varying disease severity [10, 11], bringing
uncertainty to society [12], economies [13], and health care systems [14]. Additionally,
respiratory viruses and infectious diseases like respiratory syncytial virus (RSV), tuberculosis
and influenza that have been previously contained due to early pandemic measures are now re-
emerging [15, 16]. This therefore underscores the need for comprehensive and timely public
health surveillance of circulating COVID-19 variants and other pathogens, to guide the

calibration of response measures and inform policy decisions [14].

Wastewater surveillance is an emerging tool for public health surveillance and has been used to
complement clinical surveillance in the monitoring of infectious diseases trends [17-19]. It has

been used to track the circulation of SARS-CoV-2, as well as other respiratory [20],
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gastrointestinal [21], and other infectious diseases [22, 23]. It facilitates early case identification
[24], situational assessment [17], and monitoring of public health trends of various infectious
diseases in a population [25]. While wastewater monitoring has been largely focused on testing
samples collected from wastewater treatment plants and manholes to understand the prevalence
of infections in local communities, expanding the approach to aircraft wastewater holds
significant potential. The testing of flights from high-traffic destinations and strategic travel
nodes could provide an early indication of global transmission trends and serve as an early alert

system for emerging or re-emerging infections [1, 26-28].

Several countries including Australia [29], the United States (US) [30], the United Kingdom
[31], France, Denmark [32] and the United Arab Emirates [33] have conducted SARS-CoV-2
testing on aircraft wastewater. Among them, the US, France, and Denmark have further
conducted sequencing to identify variants from the aircrafts, serving as an indication of the
circulating variants originating from the inbound cities. Although the findings were focused on
SARS-CoV-2 monitoring, the studies collectively affirm the feasibility of the approach for
monitoring emerging infectious diseases threats, and experts advocate for the establishment of a
global wastewater surveillance consortium to promote alignment of methodologies and best

practices to facilitate monitoring and data sharing across regions [34].

In this study, we conducted aircraft and airport wastewater surveillance at Singapore Changi
airport which serves as a popular mall destination for locals [35] and a travel node in Asia [36].

We monitored 17 other pathogens beyond SARS-CoV-2 and its variants from January 2023 to
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February 2023. In this pilot study, we detected nine other pathogens in aircraft wastewater
collected from medium- and long-haul flights, demonstrating the utility of aircraft wastewater
surveillance for monitoring respiratory and gastrointestinal diseases, in addition to the

monitoring of SARS-CoV-2 variants.

Methods

Wastewater sampling from lavatory service truck

Surveillance of inbound flights were conducted from January 2023 to February 2023, categorised
into 26 medium-haul flights (flight duration < 8 h) sampled for the first month and 15 long-haul
flights (flight duration > 8 h) sampled for the second month (Table 1), originating from two
separate continents respectively. Categorisation of flight duration was guided by previous studies
[37, 38]. A lavatory service truck was designated for the collection of samples from aircraft.
From the lavatory service truck, samples were transferred into 250 mL screw-capped bottles
using a portable peristaltic pump (Masterflex, Germany) and transported to the laboratory for
testing. The collection tank of the lavatory service truck was disinfected and flushed between
collections. A total of 19 and 15 samples were collected from medium-haul and long-haul flights,
respectively. As only one lavatory service truck was deployed for this study, on occasions where
multiple flights were scheduled for collection on a single day, the samples from these flights
were pooled. Among wastewater samples collected from medium-haul flights, six samples

comprised pooled samples from two to three medium-haul flights each.
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Wastewater sampling from manholes serving the airport terminal sites

Two autosamplers were deployed at two sites in Singapore Changi Airport to draw wastewater
samples from the sewage manholes covering the terminals which served both the long- and
medium-haul flights (Site 1: Terminals 1 and 2; Site 2: Terminal 3). Autosamplers were
programmed to collect four composite samples twice a week, with each composite sample
constituting sewage drawn from the sampling point every 15 min over a 6 h period. Samples
from each autosampler were transferred into 250 mL screw-capped bottles and transported to the
laboratory. A total of 136 (68 each) composite samples across two airport terminal sites were

collected.

Sample processing and nucleic acid extraction

Aircraft wastewater samples were centrifuged at 10,000 g for 20 min and the supernatant was
filtered through a 0.22 um filter (Corning, Tewksbury, MA, USA). Wastewater samples
collected from the airport terminal sites were subjected to a single centrifugation step at 4,000 g
for 20 min. Virus concentration of the supernatant (~15 mL) was carried out using ultrafiltration
and RNA extraction as previously described [24, 39]. A duplex one-step quantitative reverse
transcription polymerase chain reaction (RT-gPCR), targeting both SARS-CoV-2 nucleocapsid
N1-gene and CPQ_056, was used to screen wastewater samples for the presence of SARS-CoV-
2 and rule out PCR inhibitors respectively. Primer and probe sequences were as previously
reported [40, 41]. PCR reactions were carried out in a final reaction volume of 20 pL containing

0.5 uM of N1 primers and 0.25 uM of N1 probe, 0.25 uM of CPQ_056 primers and 0.125 uM of
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CPQ_056 probe, 1X Luna® Universal Probe One-Step RT-gPCR Kit (New England Biolabs,
Ipswich, MA, USA), 1X Luna® RT Enzyme Mix and 2.5 pL of template. Thermal cycling was
performed on the QuantStudio 5 machine (Applied Biosystems, USA) as described in the

Supplementary Material.

Multiple-pathogen detection using panel assays and quantitative polymerase chain reaction

Wastewater samples collected from 12 aircrafts, each originating from unique airports (medium-
haul, n=7; long-haul, n=5), between 8 January to 23 February 2023; and wastewater samples
collected weekly from the 2 airport terminal sites (n=12) within the same period, were tested
using the BioFire Respiratory Panel (RP2.1) assay as per manufacturer’s instructions (BioFire
Diagnostics LLC, Saltlake, UT). Briefly, sample buffer was added to 300 pL of the ultrafiltration
retentate. The sample-buffer mixture was injected into a test pouch and loaded into the BioFire
Filmarray Torch Instrument (BioFire Diagnostics LLC, Saltlake, UT) for sample processing,
nucleic acid extraction, amplification, and molecular detection. RT-gPCR/qPCR analysis was
also performed on RNA extracts in accordance with methods described in Goh et al. for the

detection of Aichivirus, Adenovirus and Hepatitis A virus [42].

Next Generation Sequencing and bioinformatic analyses of SARS-CoV-2 variants

RNA extracts from wastewater samples with a minimum of 20 SARS-CoV-2 RNA copies/pL
were further subjected to Next Generation Sequencing (NGS). First strand cDNA synthesis was

performed followed by amplicon generation with the ARTIC v4.1 primers panel. The amplicon
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generation performed is an adapted version of a previously published protocol [43], and the

adaptations are further described in the Supplementary Material.

The data was processed and mapped against the reference sequence (MN908947.3) using the
nfcore/viralrecon pipeline [44]. The aligned bam file was then parsed through Freyja [45] to
deconvolute the diversity of SARS-CoV-2 in each sample. Only samples that had a minimum of
80% genome coverage at a mapped read depth of 10X were used. SARS-CoV-2 variant
information of wastewater collected from water reclamation plants and clinical cases were

obtained from Singapore’s National Environment Agency and Ministry of Health, respectively.

Correlation of COVID-19 viral load in wastewater and clinical cases

Correlation analysis of COVID-19 viral load in wastewater and clinical cases was carried out for
the period of August 2022 to October 2023. The number of COVID-19 clinical cases reported
globally was extracted from the complete Our World in Data COVID-19 dataset

(https://ourworldindata.org/covid-cases). The LOESS (locally estimated scatterplot smoothing)

method was applied to SARS-CoV-2 virus concentration detected in the community and airport
terminal sites to summarise the time series observations into a smoothed curve. The SARS-CoV-
2 virus concentration in community and airport terminal sites samples were obtained as
described in a previous study [17]. The association of viral load in wastewater with clinical cases
was assessed with the Pearson correlation coefficient between the respective wastewater datasets

and the global cases or local cases. To test the effectiveness of wastewater surveillance as a
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leading indicator of resurgence of transmission, cross-correlation was performed between the

daily clinical cases in Singapore and the smoothened curves of the wastewater datasets.

Results

SARS-CoV-2 variants of concern

SARS-CoV-2 RNA was detected in wastewater samples collected from both aircraft and airport
terminal sites. Five variants of interest (VOI) were first detected in aircraft wastewater collected
from long-haul flights (XBB.1.5.2, XBB.1.5.7, XBB.1.5.11, XBB.1.5.18, XBB.1.5.21), of which
four were eventually detected in the local water reclamation plants samples between 18 to 31
days later (XBB.1.5.2, XBB.1.5.7, XBB.1.5.11, XBB.1.5.18) (Error! Reference source not
found.). Among these VOIs, imported clinical cases for three sub-lineages (XBB.1.5.7,
XBB.1.5.18, XBB.5.21) were reported 8 to 40 days after it was detected in aircraft wastewater
(Error! Reference source not found.). Additionally, the XBB.4 variant under monitoring
(VUM) was first detected in wastewater collected from the airport terminal (Site 1) prior to
detection in water reclamation plants 4 days later, with the first imported clinical case reported

19 days later.
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Figure 1. Detection of Omicron subvariants in wastewater samples collected from aircraft,
airport terminal sites, water reclamation plants, and in clinical samples of reported cases.
Detection of most SARS-CoV-2 variants in wastewater samples collected from aircraft (closed
triangles) and airport terminal sites (closed squares), preceded the detection in wastewater
samples collected from inland water reclamation plants (closed circles), and in clinical samples
(imported cases: open diamond; local cases: open circles).

A total of ten variants (44 sub-lineages) were successfully identified from NGS sequencing of
wastewater samples collected from airport terminal sites (40 sub-lineages) and medium- and
long-haul aircrafts (4 sub-lineages) (Table 1, Supplementary Material Table S1). All the variants
identified were sub-lineages of the Omicron variant and several of these sub-lineages have been
classified as VOIs and VUM s by the World Health Organization (WHO). The proportion of
positive SARS-CoV-2 samples in aircraft wastewater was higher (60-68%) than in wastewater

collected from airport terminal sites (13-41%) (Table 1).
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Table 1. Proportion of positive SARS-CoV-2 samples and variants identified in wastewater
collected from aircrafts and airport terminal sites

Collection | Site/ Flight No. of SARS-CoV-2 | Met Sequencing | Variants
Date (2023) Samples | Detected Analysis Identified?
Requirements®
January Medium-Haul | 193 13/19 (68%) 1/19 (5.26%) BA.5.2.48
Airport (Site 1) | 36 8/36 (22%) 0/36 (0%) NA
Airport (Site 2) | 36 10/36 (27%) 1/36 (2.8%) BA.2.3.20
February Long-Haul 15 9/15 (60%) 3/15 (20%) BQ.1.1
XBB.1.5
Airport (Site 1) | 32 4/32 (13%) 1/32 (3.13%) XBB.2.4
XBB.1.5.X
XBB.1.11.X
Airport (Site 2) | 32 13/32 (41%) 4/32 (12.5%) XBB.1.5.X
XBB.1.9.X
XBB.1.11.X
XBB.1.18.X
XBB.1.22.X
XBL

1 Only samples with > 80% genome coverage, 10 times read depth are analysed

?Detailed sub-lineages are provided in Supplementary Material Table S1

3 Six samples comprised pooled samples from two to three medium-haul flights

Positive correlation of SARS-CoV-2 virus load from airport terminal sites with local

COVID-19 cases

Comparison of wastewater viral load trends at both the airport terminal sites revealed higher

positive correlation with local COVID-19 cases (r = 0.73 and 0.67) than those reported globally
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(negative correlation, r=-0.0047, not significant, and -0.38) (Supplementary Material Table S2).
Positive correlation was also observed between the local wastewater viral load trend in the
community and that of both airport terminal sites (r = 0.55 and 0.71) (Supplementary Material
Table S3). Expectedly, the trend of local COVID-19 cases was more strongly associated with the
wastewater viral load trend from autosamplers deployed in the community compared to those
from airport terminal sites (r = 0.93 vs r = 0.73 and 0.67) (Supplementary Material Table S2)
[17]. Nevertheless, it was interesting to note that cross-correlation analyses suggested that the
wastewater viral load trends at the airport terminal sites led the trend in local COVID-19 cases
by two and five days, respectively, while the wastewater viral load trend in the community led by

a day (Figure C).
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Figure 2. SARS-CoV-2 virus load and COVID-19 cases. Trend of SARS-CoV-2 viral load in
(A) aircraft wastewater samples from medium- and long-haul flights, (B) Airport terminal sites
and the community, and (C) COVID-19 cases reported in Singapore. (D) Cross-correlation of
trends in wastewater viral load (airport terminal sites and community) and COVID-19 cases.
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Detection of multiple pathogens in aircraft and airport wastewater samples

All aircraft wastewater samples screened for multiple pathogens yielded positive detections of
more than one pathogen. A total of five respiratory viruses (coronavirus NL63,
rhinovirus/enterovirus, influenza A virus, Parainfluenza type 3 virus, Respiratory Syncytial
Virus) and four enteric viruses (Norovirus, Aichivirus, Adenovirus, Hepatitis A) were detected,
with enteric viruses detected at higher proportions when compared with respiratory viruses (14-

86% vs 14-60%) (Figure 3).

Samples collected from the airport terminal sites had a higher proportion testing positive, and
yielded more pathogens (8-100%, n=14), when compared with aircraft wastewater samples (mid-
haul flights, 14-86%, n=8; long-haul flights, 20-60%, n=6). Both airport terminal sites and
aircraft wastewater samples had higher proportion of samples tested positive for enteric viruses

(14-100%) than for respiratory viruses (8-83%) (Figure 3).
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Figure 3. Multi-pathogens detected in aircraft and airport terminal sites wastewater
samples. Samples collected from the airport terminal sites had a higher proportion testing
positive and yielded more pathogens than aircraft wastewater samples. Both airport terminal sites
and aircraft wastewater samples yielded higher proportions of samples testing positive for enteric
viruses than for respiratory viruses.

Discussion

The detection of some SARS-CoV-2 variants in aircraft wastewater preceded the detection in
wastewater samples collected from inland water reclamation plants and in clinical samples.
Specifically, the detection of various VOlIs (i.e. sub-lineages of XBB.1.5.X) in long-haul flights
preceded the detections in inland wastewater and clinical samples by 31 days and 18 days,
respectively. Furthermore, a VUM (XBB.4) was also detected in airport terminal sites’

wastewater 4 and 19 days earlier than detections in inland wastewater and clinical samples,
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respectively. Collectively, the findings suggest the usefulness of aircraft and airport wastewater
surveillance to potentially provide early signals of new virus introductions. This approach would
be particularly useful for monitoring more transmissible or deadly variants, especially if
surveillance was carried out at frequencies which could provide insights on likely introductions

to the country.

Sampling wastewater from airport terminals have been suggested as a proxy for monitoring
aircraft wastewater, particularly if there were capacity or resource constraints [46]. However, our
study revealed that the viral load trends from airport terminal sites’ wastewater samples
correlated more strongly with the trends in community cases rather than global cases; potentially
providing an indication of the trend of COVID-19 infections in the community instead. Cross-
correlation analyses of viral load trends from airport terminal sites and community wastewater
samples showed that wastewater signals were observed to be lead indicators of local COVID-19
case trends, further highlighting the utility of wastewater surveillance as an important
supplemental to clinical surveillance systems. Notably, the detection of more pathogens in
wastewater from airport terminal sites compared to aircraft could possibly be due to the
combined wastewater coverage from travellers from multiple regions as well as the local
community. In our settings, we were limited by the availability of suitable sampling points in the
airport, and the sampling points could not segregate sewage lines serving the aircrafts from those
serving the airport. As the airport in Singapore comprises retail outlets that are popular with the
local community [35], and are staffed mostly by resident workers, these could partially explain
the corroboration of trends in wastewater viral load and community cases. While the testing of

our airport terminal sites” wastewater samples may provide limited insights on the global
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situation, its utility could be increased at airports with segregated sampling points and with lower

traffic from the community.

The successful detection of respiratory and enteric viruses in aircraft wastewater samples
underscores the utility of aircraft wastewater monitoring for other infectious diseases beyond
SARS-CoV-2. The monitoring of medium- and long- haul flights also revealed unique trends of
the respective regions. For example, norovirus and adenovirus were found at a higher proportion
in medium-haul flights originating from the same continent, as compared to rhinoviruses/
enteroviruses which were detected at a higher proportion in long-haul flights. Overall, these
trends could reflect the epidemiology and circulating viruses of the originating regions. When
medium- and long-haul flights were further compared, we found that the proportion of positive
SARS-CoV-2 samples (44% vs 60%) and the sequencing rate (1% vs 8%) were lower for
medium-haul flights. One possible explanation could be the lower likelihood of toilet visits, and

in turn, virus shedding, for passengers onboard shorter flights [37].

This study has a few limitations. The scope of the study was a pilot study limited to surveillance
of 19 medium- and 15 long-haul flights from January to February 2023. The toilet use patterns of
the travelers were unknown and it was not possible to infer virus shedding rates in wastewater,
and in turn, disease incidence. The study was also limited by the availability of sampling trucks
and the design of the sewer network at the airport. On the latter point, it was thus not possible to

segregate wastewater collected from travelers from that of the local community.
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Despite the potential of aircraft wastewater monitoring, our study has revealed challenges and
the need for more efficient sampling and testing solutions. Sampling has been largely carried out
via lavatory service trucks or grab sampling [31-33], with only a few companies offering devices
capable of sampling directly from the aircraft with minimal disruption to the short turnaround
time (90-120 min for large aircraft and 25-40 min for smaller aircraft) [29, 30, 47, 48]. Aircraft
wastewater is less diluted than regular sewage and presents challenges in sample preparation
[29]; while the wastewater sample may have a higher viral or bacterial load, the concentrated
wastewater may lead to clogged virus concentration filters and inhibition from disinfectants,
among others. Variant analyses via NGS also have limited sensitivity in detecting SARS-CoV-2
in samples with low viral loads, especially in complex matrices such as aircraft wastewater.
Mutations within viral genomes may also affect the binding efficiency of amplification primers,
potentially leading to low coverage rates across the genome. The accuracy of deconvolution
tools, like Freyja used in this study, is also dependent on existing lineage information obtained
by prior clinical sequencing data and published sequences [45]. Lastly, the complicated process
of NGS sample preparation prior to its subsequent analyses, and the turn-around-time required
for sequencing may be a bottleneck, delaying the availability of results and subsequent public

health responses.

While conducting wastewater testing at airport terminals and aircrafts may offer an early
warning of diseases for the local community, modelling analyses reveal that data from a network
of airports are needed to provide early warning and situational awareness of emerging outbreaks
[49]. 1t is therefore needful to encourage innovation in wastewater sampling and testing

technologies, and to work as a network in a global initiative. This collaboration would yield
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synergistic effect, enhancing global surveillance and situational awareness of emerging

pathogens.
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