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Abstract

Water and sanitation have improved significantly in the past century due to
advanced wastewater treatment. Centralised wastewater treatment systems
deal with large amount of wastewater in small footprint are always preferred in
urban areas. In contrast, decentralised wastewater treatments are more
common in rural areas. Among these, septic tanks are one of the most common
off-grid solutions, however, their performance various and hardly meets any
wastewater discharge standards. This thesis presents a study on the performance
and microbial community of small-scale constructed wetland systems treating
wastewater from septic tank. Additionally, a lab-based batch experiment to
study the change of microbial community and antimicrobial resistance (AMR)

during acute amoxicillin exposure.

Three small-scale constructed wetland systems were built and operated in
Mexico. Two identical household systems (WS1 and WS2) collected wastewater
from single households. They consisted of an equalization tank and a biodigester
(AR), followed by a horizontal constructed wetland (CW1), a vertical constructed
wetland (CW2) and a holding tank (HT) for the reuse of treated wastewater in
gardening. WS3, while similar to WS1 and WS2, received toilet wastewater from
a school building and included an additional aeration tank between AR and CW1.
All three systems were monitored from the initial three months of the operation,
with WS1 and WS2 undergoing an extended monitoring of ten months. Two
household systems (WS1 and WS2) were receiving wastewater with high chemical
oxygen demand (COD) concentration (average 1131.4mg/L in WS1 and
1894.7mg/L in WS2), NO;" concentration (average 51.1mg/L in WS1 and
76.7mg/L in WS2) and NOs" (average 106.4mg/L in WS1 and 214.8mg/L in WS2).
Despite higher influent concentrations than full-scale constructed wetland, our
constructed wetland system removed at least 73.4% COD, 79.9% NO;  and 78.8%
NOs™ in average. School system (WS3) received wastewater with much lower COD
(153.0-587.0mg/L), NO2™ (3.0-54.4mg/L) and NO3" (13.7-62.9mg/L)
concentrations than the household systems, whilst achieved similar removal
rates to household systems (58.8-89.9% of COD, 39.3-58.8% of NO;" and 29.7-
80.6% of NO3’).Removal of COD, NO;, NOs3" in all three systems were comparable

to long-term operational full-scale constructed wetland systems in Mexico from
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the first month. It took 10 months to achieve a stable removal of COD, NO27, NO3-
in both household systems. Phosphate accumulated in the systems in long-term
and NH4* was not removed. Microbial communities were analysed through 76S
rRNA sequencing, where AR and HT (influent and effluent of constructed
wetlands) were analysed over the monitoring time with additional analysis of
within CW1 and CW2 of each system in the last seven months. Microbial
community composition in WS3 shared less similarity with household systems,
where despite influent was different in two household systems the microbial
community compositions in WS1 and WS2 were similar to each other.
Bacteroidota was the most dominant phylum in the first three months, while
Proteobacteria became the most dominant phylum in the long-term study. Only
eight ASVs from the first three months were shared with all 46 most abundant
ASVs in long-term study, which suggests the change of microbial community
happened overtime. Microbial communities took longer (14 months) to stabilise
than pollutant removal, and despite different microbial communities were found

in these two systems they achieved comparable pollutant removal rates.

Laboratory preliminary experiments aimed to develop a rapid approach to detect
AMR in mixed microbial community from wastewater were undertaken. The
growth of anaerobic microbial communities under aerobic condition was
monitored by optical density (OD) to mimic transition of wastewater from a
septic tank to constructed wetland. A gradient of amoxicillin concentrations (0-
32.0mg/L) was tested, revealing that the growth rate of the microbial
community varied across three distinct ranges with increased amoxicillin
concentrations in which beneficial range (0-1.5mg/L), detrimental range (1.5-
4.5mg/L) and no further change range (greater than 4.5mg/L). Meanwhile the
length of lag phase increased solely with rising amoxicillin concentrations. A
further experiment with selected amoxicillin concentrations examined the
change of microbial communities through 76S rRNA sequencing and the
expression of antimicrobial resistance genes (ARGs) via high throughput
quantitative polymerase chain reaction (HT-qPCR), respectively. A shift of the
microbial community composition was observed after amoxicillin exposure,
where relative abundance of Paenibacillus azoreducens increased while Bacillus
cereus group decreased in all amoxicillin exposed microbial communities in both

DNA and RNA. However, data were insufficient to conclude that amoxicillin



exposure was the only factor for this shift. ARG expression increased with
amoxicillin concentration, however ARG abundance was not available due to
poor data quality. The results suggest that the length of lag phase may serve as
a potential measure for assessing AMR in mixed microbial community, although

further work is needed to validate this method.

This study highlights that small-scale constructed wetland systems are capable
of removing pollutants from wastewater after septic tank, which could be a
potential solution for off-grid sanitation. The potential risk of spreading
pathogens and AMR associated with small-scale constructed wetland remain
unknown. Further research is needed to understand and assess those risks in the

future.
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1 Introduction and literature review

1.1 Importance of water and water resource

Water is an essential element for all forms of life on the earth. In addition to
basic biological needs of water, agriculture, transportation, food processing,
cleaning as well as utilities and hydropower all require water. The earth surface
is largely covered by water, and water cycles mostly through precipitation and
evaporation (Figure 1-1), however, only less than 3% of all water is freshwater
which can be used directly. Water demand is also increased with increasing
population, together with unequally distributed freshwater, water quality and

quantity issues are emerging.
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Figure 1-1 The global water cycle. Numbers for storages in 103%kmg, fluxes in 102 km? yr=.
(Trenberth et al., 2007).

Potable water as a precious resource affects human health in many ways.
Demand of drinking water increases with increasing population, whilst more
human excrement also ends in freshwater which results in a poor water quality.
Eutrophication, change of colour and odour are a few indicators of poor water
quality caused by excess nutrient, where bacteria and other microorganisms

facilitate the rich nutrient for their metabolisms and growth. Within the natural
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mixed microbial communitas, pathogens can take advantage of poor water
quality and claim of lives, both historically and in recent times in developing
countries lacing appropriate sanitation. Cholera, hepatitis A and E, malaria,
typhoid, legionellosis and schistosomiasis are some of the infamous ones. In
1854, John Snow identified that cholera was spreading through drinking water
supply in London, via the communal use of a hand pump spreading disease, after
which regulations for drinking water and sanitation came into enforcement
(Tulchinsky, 2018). The progress of improving sanitation was slower than that of
drinking water treatment. The first wastewater treatment plant was built in the
late 19t century, but it was not widely used until the first standards for sewage
discharges to rivers and tidal waters were introduced in 1912 (Whelan et al.,
2022). Water quality improved in the late half of the 20t century where latest
regulation required more advanced and effective treatment such as activated
sludge process which further reduced the nutrients discharged into natural
water. Although current technologies can treat water from any source to desired

standard, the economic cost is often a main consideration.

Wastewater discharge standards are getting stricter in all countries around the
world in the past century, water quality and intense wastewater treatment
technology also improved as a result of the stricter water quality requirements.
Cities with high population density benefit from centralised system where
wastewater is collected through drainage network and treated in high efficiency
large scale wastewater treatment plants. The high cost of construction and
running centralised system makes it more preferred in developed countries.
Although generally developed countries have better sanitation in rural areas
than developing countries (United Nations Children’s Fund (UNICEF) and World
Health Organization (WHO), 2023, World Health Organization (WHO), 2023),
wastewater treatment in less populated areas is still a challenge all over the

world.

1.2 Improvement of water, sanitation and hygiene
(WASH) globally

Water, sanitation and hygiene (WASH) have improved significantly in the last
century, however improvements are not equal globally and huge difference

between urban and rural areas cannot be ignored. The millennium development
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goals (MDGs) set up in 2000 was the first international goal for water and
sanitation. It targeted to reduce the proportion of the population without
sustainable access to safe drinking water and basic sanitation by half by 2015
compared to 1990. Huge progress had been made ever since and the MDG is
assessed as an overall success reaching its 2015 aims, whilst the progress of
water and sanitation improvement is slightly different from other targets in
MDG. 91% of the global population had access to improved drinking water in 2015
compared to 76% in 1990, meanwhile, 68% of the global population have access
to improved sanitation in 2015 increased from 54% in 1990, which falls short of
the 77% target (World Health Organization (WHO) and United Nations Children’s
Fund (UNICEF), 2015).
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Figure 1-2 United Nations Sustainable Development Goals (SDG). Figure coped from United
Nations (2015).

Improvement of water and sanitation are still on-going alongside the current
United Nations Sustainable Development Goals (SDG) to ensure availability and
sustainable management of water and sanitation for all by 2030 (Figure 1-2). It
targets to increase drinking water quality from improved to safely managed. For
this, previously shared community taps (improved) would need to be upgraded
to be available to individual household (safely managed). The change of
sanitation targets from improved to safely managed in SDG requires not only

separating excreta from human contact but also safely manging the excreta. This
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change in sanitation targets requires much more effort to achieve. According to
World Health Organization (WHO) and United Nations Children's Fund (UNICEF)
(2020), more than half of the global population still lack of access to safely
managed sanitation in 2017. Despite the fact that the worldwide population with
access to safely managed sanitation has doubled to 3.4 billion in 2017 compared
to 2000, there is still much more work required to improve sanitation for the
remaining 4.24 billion people in the world (World Health Organization (WHO) and
United Nations Children's Fund (UNICEF), 2020).

The coverage of sanitation in rural areas is always lower than urban areas
globally, where the improvements in rural sanitation are at a higher speed than
those in urban areas between 2015 and 2020 (see Figure 1-3). In 2020, rural
population with improved on-site sanitation facilities were greater than those
with sewer connections, however, the improved on-site sanitation facilities
could count as either safely managed or basic, depends on how wastewater was
stored and managed. Septic tanks are by far the most widely applied on-site
sanitation globally with a higher population using them than latrines and others
combined globally. Although, the prevalence of septic tank varies from country
to country, they service 24% of the global rural population and 20% of the global
urban population. Meanwhile, it is estimated that in 2020, only 50% of
wastewater produced by urban population was treated, but only 13% produced
by rural populations was treated (by septic tanks or other treatment) (World
Health Organization (WHO) and United Nations Children's Fund (UNICEF), 2021).
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Figure 1-3 Rural and urban sanitation coverage by service level and SDG region, 2015-2020
(%) (World Health Organization (WHO) and United Nations Children's Fund (UNICEF), 2021).

1.3 Burden of disease attributable to unsafe drinking-
water, sanitation and hygiene

The improvement of WASH reduces the burden of disease attributable to unsafe
drinking water, sanitation and hygiene. Global burden of disease study assessed
84 risks revealing that the risk of expose to unsafe sanitation is estimated to
have decreased by 47.8% between 1990 to 2017, which is the highest reduction
in all 84 risks analysed. Meanwhile, the declining risks of unsafe water resource
and unsafe sanitation reported are strongly correlated with increased
development. However, the observed risk of exposure to unsafe drinking water is
higher than the expected risk of exposure, this suggests that the improvement of
drinking water falls behind the overall development between 1990 and 2017
(Stanaway et al., 2018).

It is estimated in 2019, unsafe WASH attribute to 100% of soil-transmitted
helminthiases and 69% diarrhoea disease globally. The death attributes to
diarrhoeal disease have seen decreasing with increasing safe WASH coverage in
the past 30 years (Figure 1-4). Meanwhile over 1 million death attributes to
unsafe WASH are estimated be preventable with safe WASH facilities. Among

those deaths unsafe sanitation is estimated to have direct link to the most
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diarrhoea related death (0.56 million) caused, followed by unsafe drinking water
(0.50 million). Preventable death from soil-transmitted helminthiases is
estimated to be 2000 which is much lower than diarrhoea disease, yet all of
them are caused by unsafe WASH (World Health Organization (WHO), 2023).
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Figure 1-4 Diarrhoeal disease deaths by age and sex worldwide between 2000 and 2019.
(World Health Organization (WHO), 2023).

1.4 Current WASH in Mexico

Mexico is one of the 80 countries in the world where in 2017 at least 99% of the
population has access to at least basic drinking water and 96% of the population
has access to a piped water supply (World Health Organization (WHO) and United
Nations Children's Fund (UNICEF), 2019). Although the coverage of drinking water
supply is high, water scarcity has long been the issue in Mexico. Groundwater is
one of the main water resources in Mexico, in 2022, it provided 40.3% of the
overall water consumption which increased from 39.4% in 2020 (CONAGUA, 2023,
CONAGUA, 2022). As a result, treated wastewater reuse is common practise in
Mexico. Approximately 30% of the total treated wastewater is reused, where
irrigation accounts for up to 82% of the reused water including agriculture, green

area, golf courses (Tabla-Vazquez et al., 2020).

The coverage of at least basic sanitation in Mexico has increased overtime, from
75% in 2000 to 89% in 2015, then further increased to 92% in 2020 (see Table
1-1). The proportion of the population with access to safely managed sanitation
facilities also increased from 18% in 2000 to 57% in 2020, almost all of these
improvements occurred in urban areas. Urbanisation is occurring, the proportion
of urban population increased from 75% in 2000 to 81% in 2020, driving a higher

demand for sanitation facilities in urban area (World Health Organization (WHO)
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and United Nations Children’s Fund (UNICEF), 2019, World Health Organization
(WHO) and United Nations Children's Fund (UNICEF), 2021).

Table 1-1 Sanitation and population in Mexico (2000-2020). Data collected from World Health
Organization (WHO) and United Nations Children's Fund (UNICEF) (2019) and World Health
Organization (WHO) and United Nations Children's Fund (UNICEF) (2021).

. L
Population Proportion of population (%)

(x103) At least basic Sewer
sanitation connection

660 i o 20 20 20 20 20 20 20 20 20
76, 290 96 268 104,436

00 15 20 00 15 20 00 15 20
m o 83 8 94 10 9 8 79 8 91

101,720 121,858 128933 75 89 92 13 15 16 64 77 81
* Calculated from 75% urban population in 2000.

Septic tank

25, 430 25 590 24,497

% % %k

53 78 92 24 41 47 20 34 38

** Calculated from 79% urban population in 2015.

*** Calculated from 81% urban population in 2020.

Sanitation facilities in urban areas are different from rural areas. Sewer
connection in urban areas increased from 79% in 2000 to 91% in 2017 and stays
the same in 2020 (World Health Organization (WHO) and United Nations
Children's Fund (UNICEF), 2019, World Health Organization (WHO) and United
Nations Children's Fund (UNICEF), 2021). Total number of centralised wastewater
treatment plants (WWTPs) and the proportion of wastewater receiving at least
secondary treatment have increased in the past 30 years, however, the
percentage of WWTPs out of operation was increasing in the past 10 years (de
Anda and Shear, 2021). According to the national water commission (2023)
64.46% of the domestic wastewater was treated in 2021, which is the highest on
the record. However, this still means a large percentage of wastewater is
released directly to the environment untreated. Meanwhile, raw wastewater
irrigation is a common practice in Mexico, where crops and maize at Mezquital
Valley are irrigated with untreated wastewater for over 100 years and reported

above average yields of crops and maize (Siebe et al., 2016).

In rural Mexico, sewer connection rate increased slowly from 34% in 2015 to 38%
in 2020 despite the proportion of rural population decreased from 21% to 19% in

the same period. Meanwhile, the proportion of rural population relying on septic
tanks increased dramatically from 24% in 2000 to 47% in 2020 (World Health
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Organization (WHO) and United Nations Children's Fund (UNICEF), 2019, World
Health Organization (WHO) and United Nations Children's Fund (UNICEF), 2021).
Septic tanks as well as other on-site sanitation are recognised as improved
sanitation by WHO, as it prevents the direct contact of human excreta. Septic
tank would be recognised as safely managed sanitation if further treatment is
conducted to ensure the sludge is safely managed, however, there is no data

available except some case studies (Kihila and Balengayabo, 2020).

1.5 Water and sanitation in Mexico City

Mexico City is the capital and the largest city in Mexico. 8.83 million people live
in Mexico City, where 99.4% of the population lives in the urban area and only
0.6% in rural areas within the city limits (CONAGUA, 2017). The large urban
population within the confines of the city, result in highest population density in
Mexico, and worryingly the lowest renewable water resource per capita in
Mexico (CONAGUA, 2017). Public water supply takes account of 97.15% of the
total water usage in Mexico City, where 71.65% of the water comes from
groundwater, 28.35% comes from surface water in 2016 (CONAGUA, 2017).
However, surface water quality is not optimal in Mexico City, with 40% and 88.9%
of surface water in Mexico City contaminated in terms of five-day biochemical
oxygen demand (BODs) and chemical oxygen demand (COD) respectively in
surface water quality monitoring in 2016 (CONAGUA, 2017).

Coverage of drinking water supply and improved sanitation have increased
significantly in the past 30 years. Table 1-2 shows the coverage of household tap
water and wastewater connects with public sewer or septic tanks in both Mexico
and Mexico City in 2015. Mexico City has higher coverage than nationwide for
both tap water and wastewater connection in urban area. Although the sewerage
coverage is high in rural Mexico City, only 58.3% of the wastewater collected
through public sewer is treated in Mexico 2016 (CONAGUA, 2017). Also,
sewerage coverage in the report of CONAGUA (2017) takes account of either
connecting with public sewer or septic tank, more than half of the effluent from
both septic tank and public sewer is not treated and likely to be discharged into

environment directly and post high risk to the environment.
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Table 1-2 Tap water supply coverage and sewerage coverage in Mexico and Mexico City in
2015. Data collected from (CONAGUA, 2017).

Tap water in homes or property Wastewater connected with public
sewer or septic tank

Overall Urban Rural Overall Urban Rural

94.4% 97.2% 85.0% 91.4% 96.6% 74.2%

Mexico City 98.6% 98.8% 59.3% 98.5% 98.5% 93.1%

According to the national inventory of wastewater treatment plants in operation
published by national water commission in December 2020 (CONAGUA, 2020a),
there are 29 registered WWTPs in Mexico City treating wastewater 2436.7L/s.
The largest and latest Atotonilco WWTP operated from 2016 and it is capable of
treating 60% of the wastewater from Mexico City, it has never operated at full
capacity. This WWTP is not welcomed by downstream farmers at Mezquital
Valley as irrigation with treated wastewater reduced their crop production
compared with over 100 years practice of irrigating with untreated wastewater

(Rosas-Banos and Garcia-Salazar, 2024).

Growing population drives the demand for water and generates more
wastewater, although sewage is widely available in Mexico City, a large
proportion of wastewater is still not treated. Furthermore, increased water
demand further stretches limited water resource, in the area the lack of sewage
connections means that reuse of wastewater is preferred than discharge into

environment directly.

1.6 Sanitation solutions for rural Mexico City

Septic tanks are welcomed in rural areas as they are easy to install, have low
running cost and are low maintenance. They work as primary treatment,
separating solids from wastewater and partially degrading organic compounds.
They are considered as a ‘safely managed’ sanitation as it separates faeces from
human contact. For them to work they must be emptied, and many households
do not do this. Even when working optimally, the effluent from septic tanks does
not meet the discharge standards and still poses a risk to contaminate water
sources. Therefore, further treatment to improve the effluent quality from

septic tanks is needed.
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There are a number of nature-based solutions that are low cost and low
maintenance that can improve wastewater treatment, based on biological
activity of microbes to treat water. As the weather in Mexico City is warm all
the year round (average annual temperature is 18°C and there is no cold season
(lowest average monthly temperature 15°C) (CONAGUA, 2020b). In addition,
many areas in particular the rural areas within the city with low population
densities have gardens and land space associated with homes. The warm
weather and large land availability make it an ideal place to implement nature-
based solution such as stabilisation pond or constructed wetland. Stabilisation
ponds and aerated ponds have been used in treating wastewater in Mexico for
years. In 2016, 17.6% of the collected wastewater was treated by ponds
(CONAGUA, 2017). However, the proportion of wastewater treated by ponds
reduced to 13.6% in 2020, the amount of wastewater treated by ponds reduced
to around 2m3/s, which equivalents to 65 million m3 per year (CONAGUA, 2022).
Unpleasant odours and mosquitoes breeding may be the reason the ponds are

treating less wastewater over the year (Zurita et al., 2012).

Constructed wetlands are becoming popular in Mexico in recent years. Total
amount of constructed wetlands increased from 68 in 2015 to 230 by the end of
2020, operation flow rate also increased from 488.9L/s in 2015 to 1233.7L/s in
2020 (CONAGUA, 2015, CONAGUA, 2020a). The operation flowrate in those
constructed wetlands various from 0.1L/s to 500L/s (CONAGUA, 2020a). Over
half (116) of the constructed wetlands are built in the state of Sinaloa, but there
is no registered constructed wetland in Mexico City. There are also some
successful cases of using constructed wetlands as additional step to treat
effluent from biological treatment unit (CONAGUA, 2015).

Reports of successful running constructed wetlands in the last 22 years are
reviewed by Marin-Muiiz et al. (2023), where 18 full-scale constructed wetland
treating domestic were found. This indicates constructed wetland is a solution
for Mexico domestic wastewater treatment. The various size of constructed
wetland summarised by Marin-Muiiz et al. (2023) also suggests that they have
the potential to be a solution to treat wastewater in rural Mexico City. However,
the information on the microorganisms within the constructed wetland is very

limited.
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1.7 Wastewater treatment - engineering enhanced natural
process

The demand for sanitation increases with increasing global population, the role
of sanitation changes from simply remove excreta from human contact to
removal of pollutants from wastewater before release into environment (Chen et
al., 2020). WWTPs are key elements in the water cycle reducing pollutants from
wastewater before discharge into the natural environment. WWTPs treat
wastewater from all sources such as domestic, industrial or hospital to meet the
discharging standard. The scale of WWTPs varies depending on the need. Large
WWTPs receive wastewater from thousands of people, while small ones only
serve one to a few households. Despite huge size variations, two main principles
of WWTPs are physical and biological processes, where microorganisms dominate
key biological process. The pollutants (carbon, nitrogen, phosphate and others)
in wastewater act as nutrients for bacteria, they grow rapidly in their favoured
grow condition on wastewater contaminants therefore lowering the pollutants
concentration. The technology of wastewater treatment improves with better
knowledge of the underpinning microorganisms and microbial processes, where
understanding their habitat and providing an optimised environment are the key
points in improving treatment effectiveness. Activated sludge which employs
microorganisms is one of the main breakthroughs in wastewater treatment
technology, it is still main principle in most of the full-scale WWTP around the

world despite developed in 1913 in the UK (Lofrano and Brown, 2010).

Full-scale WWTP always draws the most attention, as it treats large amounts of
wastewater in a short period of time and takes relatively small footprint.
Indeed, the risk associated with a failure WWTP is also greater due to its large
capacity, as a result, research always starts from full-scale WWTP. Early
research of full-scale WWTP starts from improve performance of treating
wastewater from different resources to understanding the microbial
communities within the WWTP and functional microorganisms nowadays (Kroiss
et al., 2021, Wanner, 2021). Temporal studies analysed sludge samples from full-
scale domestic WWTP over a 12 months period all found out that despite shift of
microbial community composition was observed functional taxa were always
relatively stable, and no significant change of seasonal pattern or other

environmental factors was found (Ju and Zhang, 2015, Xue et al., 2019, Fan et
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al., 2017, Jiang et al., 2018). Although the microbial communities within the
WWTP are largely affected by the microbes in the influent, some core microbes
were found in microbial community analysis with sequencing data from WWTP all
around the world (Wu et al., 2019).

Microbial communities in other wastewater treatment are less known compared
to full-scale WWTP, particularly in constructed wetland. Although publications
including the underpinning microbiology of constructed wetland are increasing
exponentially, the majority of them focus on short-term lab-based system feed
with synthetic wastewater (Vymazal et al., 2021, Wang et al., 2022). Meanwhile,
very few studies have paid attention to the change of microbial communities
from the beginning of operation, with reports of samples taken at varied time
after setting up, ranged from 30 days years or missing from literature (Liu et al.,
2023b, Ayaz et al., 2015, Liu et al., 2023a). There are a few studies with long-
term full-scale constructed wetland, however, their studies focus on the
performance rather than the microorganisms (Gonzalez-Flo et al., 2023, Vymazal
et al., 2021).

1.7.1 Main characteristics of constructed wetlands

Constructed wetland is one of the decentralised wastewater treatments widely
used in rural area due to its relatively large land requirements compared to full-
scale WWTP. Constructed wetland with or without free water surface are the
two main categories often mentioned in wetland studies, where they have been
further divided into horizontal flow and vertical flow based on the flow direction
of water, meanwhile, vertical flow constructed wetland includes both up flow
and downflow (see Figure 1-5). The hybrid system which includes more than one
constructed wetland unit has been used in treating both sewage and industrial
wastewater, it is the more preferred approach for sewage treatment due to its
better nitrogen removal (Vymazal, 2011a, Vymazal, 2013). Vymazal (2013)
reviewed 60 hybrid constructed wetlands and concluded that hybrid system with
a vertical flow constructed wetland followed by a horizontal flow constructed
wetland is the most efficient system in removing nitrogen from wastewater.
However, the removal rate of other pollutants (BODs, COD, TSS and TP) is not
substantially improved in hybrid system compared with single vertical

constructed wetland or horizontal constructed wetland.
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Figure 1-5 Types of constructed wetland.

Plants are optional for constructed wetlands, although Vymazal (2011b) argues
that plants are the main feature that differentiates constructed wetlands from
stabilization pond. However, there is no agreement that the presence of plant
within constructed wetlands is beneficial for wastewater treatment. There are
some studies that state that plants improve the treatment by providing surface
for bacteria, stabilising the sediment, preventing medium clogging, increasing
dissolved oxygen concentration, utilising the nutrients directly, as well as acting

as physic barriers to remediate the impact of the weather (Vymazal, 2011b).

A surface flow constructed wetland without plants is sometimes considered as a
pond or lagoon, where the performance of the pond compares with constructed
wetland varies. There are some reports that ponds achieves a better
performance compared with constructed wetland (Liu et al., 2014, Tanner et
al., 2005). Mancuso et al. (2023) report that constructed wetlands are better at
nitrogen removal while lagoons are better at phosphorus removal. Meanwhile,
von Sperling et al. (2010) compared the performance of ponds, unplanted and
planted subsurface constructed wetlands and concluded that the constructed
wetlands have a better performance in removing organic matter and suspended
solid, where the planted ones are better than unplanted ones. Nevertheless, a

combined system of several constructed wetlands or lagoons are normally
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required to get a better effluent quality. The odour and potential breeding area
for mosquitoes and other insects make constructed wetland more preferred than
ponds, also different types of constructed wetlands make it more adaptable to

treat a variety of wastewaters.

1.7.2 Applications of constructed wetland

Domestic wastewater consists of greywater and blackwater, where blackwater
refers to the wastewater from toilets, contributes 12-33% of the overall
household wastewater, greywater refers to the rest of the household wastewater
(Zhang et al., 2023b). Blackwater is low in total volume and contains less carbon
but high in nitrogen compared with greywater, where greywater is the opposite
to blackwater. COD in greywater ranges from 55-2000 mg/L and total nitrogen
ranges from 6.44-52mg/L, they are generally lower in high income countries and
higher in low income countries (Ghaitidak and Yadav, 2013). Blackwater has a
COD concentration of 0.26-29.52mg/L and total nitrogen concentrations of 100-
170mg/L (Zhang et al., 2023b).

There is a long history of treating domestic wastewater with constructed
wetlands, the hybrid system combined vertical and horizontal wetlands improves
nitrogen removal has made it favoured by rural and peri-rural area. Rodriguez-
Dominguez et al. (2020) summarised the constructed wetlands in Latin America
and the Caribbean in the last decade and found out that horizontal subsurface
constructed wetland is the most common type and over half of this wetland type
are operated in large scale with surface area over 1000m2. The average removal
rates of COD, total nitrogen (TN), total phosphate (TP) of full scale horizontal
subsurface flow constructed wetlands are 65+31%, 47+30%, 41+28%, respectively.
There are 18 full scale constructed wetland studies in Mexico published in the
past 20 years, they treat domestic, community and municipal wastewater with
surface area ranges from 31.6m? to 11600m? (Marin-Mufiz et al., 2023). They
have achieved removal rates of 50-90%, 60-90%, 30-90%, and 30-70% for COD,
BODs, TN and TP, respectively.

Industrial wastewater is always considered more challenging than domestic
wastewater, where the characteristics of wastewater varied from industry to

industry. Plants are considered one of the most important characteristics in
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constructed wetland in 1970s, the concern of toxic industrial wastewater may
poison the plant and biological system put the application of treating industrial
wastewater with constructed wetland in a slow growth rate. In the past 30
years, more constructed wetlands have been used to treat various industrial
wastewaters in at least 33 countries over the world (Vymazal, 2014). Full scale
applications have seen in treating wastewater from oil refineries, pulp and paper
industry, tannery industry, textile industry, agricultural industry, alcohol
industry, food processing industry, laundry, chemical industry as well as landfill

leachate and acid mine drainage and some mixed industries.

Vymazal (2014) summarised the characteristics of 138 constructed wetlands used
to treat industrial wastewater, and found out that biochemical oxygen demand
(BOD) concentrations of industrial wastewater vary from 10 to 150,000 mg/L and
COD concentrations vary from 50 to 318,000 mg/L. Meanwhile, in most of the
industries the ratio of BOD to COD is greater than 0.5, which indicates those
wastewaters are easily biodegradable. In contrast to the pulp and paper industry
wastewater which has a lower BOD to COD ratio (<0.5). Although pre-treatment
is normally required due to high suspended solid and organic load (Sultana et
al., 2015), widely application of constructed wetlands for industrial wastewater

proves it is a reliable technology.

1.8 Antimicrobial resistance (AMR) -- an emerging issue
in WASH

As the consumption of antibiotics increases with their availability, the amount of
synthetic antibiotics released into environment is also increasing. Antibiotics
have been detected in all kinds of aquatic environments (Kimmerer, 2009a,
Kummerer, 2009b), include drinking water (Watkinson et al., 2009) and treated
wastewater (McArdell et al., 2003). Massé et al. (2014) state that 70% - 90% of
antibiotics used in animal husbandry are excreted unchanged from the livestock.
Kimmerer and Henninger (2003) observed that around 70% of the clinically used
antibiotic are unmetabolized and excreted through urine and faeces maintaining
their original chemical structure. Antibiotic concentrations in hospital
wastewater are reported higher than domestic wastewater (Paulus et al., 2019).
The intact antibiotics from both human and animal origin enter wastewater

system and subsequently circulate in the environment (see Figure 1-6). The total
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consumption of antibiotic in the UK was 705 tonnes in 2019, in which 68%
consumed by human and 32% consumed by animals. Despite the total
consumption of antibiotic has dropped 28% compared with 2014, the amount of
antibiotic released into environment is still huge compared with pre-antibiotic

era (Veterinary Medicines Directorate, 2023).

The only available overall clinical antibiotic consumption data in Mexico is
decades old (Amabile-Cuevas, 2010), while some studies report antibiotic
consumption data from sales of pharmacy (Sanchez-Huesca et al., 2020).
Mandatory prescription for antibiotics only started from 2010, but it can be by-
passed easily through phone ordering or home delivery (Amabile-Cuevas, 2021).
Meanwhile, generic antibiotics are widely available in Mexico, while the quality
control of oral generic antibiotic via bioequivalence approval only required from
2013, where generic antibiotics pass the test by demonstrating 80-125%
effectiveness (Amabile-Cuevas, 2021). Isolated clinically pathogenic bacteria
summarised by Amabile-Cuevas (2010) and Amabile-Cuevas (2010) show that
penicillin and ampicillin resistant bacteria have the higher prevalence in Mexico.
Since both penicillin and ampicillin are both beta lactam antibiotic, it suggests
that beta lactam antibiotic may be the most consumed antibiotic by human in
Mexico. Meanwhile, board-spectrum penicillin is also the highest consumed
antibiotic in the world, where the consumption keeps increasing from 2000 to
2015 globally (Klein et al., 2018).
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Figure 1-6 The pathway of antibiotic in the environment. (Berkner et al., 2014)

Antibiotics are crucial in treating infection at the same time they are a major
source of AMR. It has been reported that minimum selective concentrations
(MSCs) for antimicrobial resistance genes (ARGs) are lower than minimum
inhibitory concentrations (MICs) (Gullberg et al., 2011, Gullberg et al., 2014,
Stanton et al., 2020). Along with antibiotics, human excreta and wastewater as
well as the AMR bacteria and their ARGs are considered as hotspots of AMR in the
environment (World Health Organization (WHO), 2014). Improve WASH would
benefit from both reduced risk of infection and limited chance of direct
exposure to AMR in human waste. The speed of improving WASH globally falls
behind the evolution of AMR bacteria. Also worth mentioning, there is no strict
regulation on antibiotic concentrations in the environment globally (Polianciuc
et al., 2020).

1.9 AMR transmission within wastewater treatment plant

While extensive literature on AMR and decentralised approaches have yet to be
published, there is a reasonable body of evidence on AMR in WWTP. WWTP has
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been considered as a source of AMR, where antibiotic residual in wastewater
mixed up with high bacteria density is the concern (see Figure 1-7). Biological
treatment is one of the main processes in removing pollutants from wastewater,
where bacteria reproduce rapidly and consume large amount of carbon and
nitrogen from wastewater. WWTPs are not designed to degrade antibiotics,
despite this around 80% removal of antibiotics has been reported in full scale
WWTPs, rivers receiving effluent from WWTPs are detected at significantly
higher antibiotic concentrations than the ones without (Watkinson et al., 2009).
Antibiotic residue in the wastewater along with high bacteria could potentially
select AMR bacteria and ARG could increase with increasing AMR bacteria. Co-
selection of AMR from heavy metals or other antimicrobial agents is also possible
to happen in the WWTP (Manaia et al., 2018). In addition, to develop AMR by
exposure to antimicrobial agents, high bacterial density within WWTPs facilitates
the chance of horizontal gene transfer (HGT), which results to a mixture of AMR
bacteria, ARG and antibiotic in treated wastewater (see Figure 1-7). In addition,
the co-localisation of ARGs and mobile genetic elements (MGEs) are observed in
WWTPs (Ju et al., 2019). 90% of the ARGs are reported been removed from
wastewater after WWTP (Burgmann et al., 2018), but the relative abundance of
ARGs in effluents are reported higher than the influents (Ju et al., 2019), this
suggests WWTP enriches AMR hosts. Also, the change of microbial communities
and ARG hosts in wastewater after the wastewater treatment are reported
(Hultman et al., 2018), which suggests the WWTP may affect the AMR in

downstream water.
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Figure 1-7 Wastewater treatment plant as a source of antibiotic resistance. (Leiva et al.,
2021).

1.10 AMR in on-site sanitation and reclaimed water

Similar to full-scale WWTP, on-site sanitation systems are designed to remove
pollutants from wastewater but AMR is not the target. Most of the pollutants in
decentralised wastewater treatment are removed biologically, where high
bacterial population brings up the risk of ARB and ARG dissemination.
Meanwhile, decentralised wastewater treatment is normally associated with
reclaimed water for irrigation or discharge into the nearby environment, which
has more potential risk than centralised WWTP, particularly if the ARG carrier
pathogens are present in the treated wastewater. It is reported that irrigation
with untreated wastewater resulted in an accumulation of ARGs in soil with over
100 years of practice in Mexico (Jechalke et al., 2015). Also, ARGs in soil were
also seen increasing after long-term application of using sludge or chicken
manure as fertilizer (Chen et al., 2016b). However, ARGs in soil after irrigation
with treated wastewater has mixed results, where half of the literature
reviewed by Slobodiuk et al. (2021) reported a positive association and the other
reported negative or mixed associations. Although a short study conducted by
Gentile et al. (2024) reported that ARG were not found in lettuce leaves from
lettuce grown with domestic wastewater treated by a pilot-scale constructed
wetland. However, it is unknown if this persists after long-term application of

wastewater on the lettuce.
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1.11 AMR Detection

Since AMR was observed soon after the discovery of penicillin, testing AMR on
isolated pathogen has always been the first option and it is still standard
practise in clinical settings (International Organization for Standardization,
2019). Testing for AMR bacteria from environmental samples based on isolation
have also been reported (Ekakoro et al., 2023, Kim et al., 2024, Appling et al.,
2023), but this approach is time consuming and highly selective dependent on
culturing medium. The occurrence frequences of clinical and environmental AMR
for major pathogens are not the same (Hua et al., 2020). Non-pathogenic
bacteria species develop the ability to host AMR during their evolution from
exposure, and potential are a risk for the spread of AMR into the environment
(Larsson and Flach, 2022). However, the vast majority of the bacteria in the
environment are non-culturable which makes culture-based methods less

favourable in environmental AMR studies.

Culture-independent methods test ARGs in the genetic material, which is more
sensitive than culture-dependant method in detecting the potential resistance in
environmental studies. Real-time quantitative polymerase chain reaction (qPCR)
quantifies gene copy numbers of specific ARG is one of the most common
molecular methods applied in recent studies. For example it had been used in
various studies to detect ARGs from wastewater, surface water, WWTP, sludge
(Paulus et al., 2019, Osinska et al., 2020, Cacace et al., 2019, Rodriguez-Mozaz
et al., 2015, Sabri et al., 2020a). Although, gene targets of each qPCR test can
be customised to detect the desired gene, it is normally limited to a few ARGs

due to relative high cost and labour demand.

High-throughput real-time qPCR (HT-gPCR) which is a qPCR-based method
utilises small amounts of DNA and simultaneously tests numerous ARGs. Low DNA
requirement is a major advantage for surface water samples as they tend to
have much lower DNA yield compared to wastewater or sludge (Franklin et al.,
2021). Waseem et al. (2019) reviewed that HT-gPCR has been employed in 51
studies tested ARGs in around 1000 environmental samples over the previous 7
years. Surface water, wastewater, animal faecal are some examples of samples
been tested (Liu et al., 2018, Quintela-Baluja et al., 2019, Liu et al., 2021).
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Metagenomic is a molecular based sequencing method provides a high resolution
of all the genetic material. As it is a non-target method, it has a potential to
discover new ARGs, especially in environmental samples (Franklin et al., 2021).
Despite the high cost and high DNA quaintly requirements, lots of environmental
ARG studies are taking the advantage of it, such as Zhu et al. (2023), Guo et al.
(2017) and (Zhang et al., 2023a).

1.12 Research Gap

There is an urgent need to develop decentralised wastewater treatment that is
low cost, low energy and low maintenance. Nature based solutions, where
treatment is driven by the biological activity of microbes within the systems
offer potential exciting solutions to global challenges. However, they are often
characterised by large footprints, making them unsuitable as small-scale
sanitation solutions. Full scale constructed wetlands have been reported to
treat community wastewater, but it is unknown how their performance would be
on a small-scale, but have many positive attributes highlight above, plus the
potential to supply water for re-use. We propose that household scale
constructed wetlands are a potential solution to wastewater treatment in Mexico
City. We also consider the global challenge of AMR in wastewater treatment and
decentralised approaches and water reuse. There are currently significant
challenges associated with monitoring AMR within complex mixed microbial

communities.
The hypotheses of this thesis are:

Constructed wetland system could be minimised to treat wastewater from single
household or a school building and the treated wastewater has potential to be
reused for irrigation or toilet flushing. Humans have indirect contact with
treated wastewater or the constructed wetland system, but the risk of
antimicrobial resistance within the wastewater is unknown. A rapid and low-cost
method to detect antimicrobial resistance within off-grid wastewater treatment
system would provide in time risk assessment of antimicrobial resistance to the
user, which hopefully reduces the risk of user acquires antimicrobial resistance

from wastewater.
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a) The aims of this thesis are:Monitor the performance and the changes of
microbial community in operational small-scale constructed wetlands
treating domestic wastewater from start-up (first 3 months) and long term

(10 months) in Mexico City.

b) Develop a rapid approach to detect the antimicrobial resistance in mixed

microbial community from wastewater.

c) Analysis the change of microbial communities and ARGs in response to a

range of amoxicillin concentrations.

1.13 Thesis outline

Chapter 1 of this thesis provides background information on the challenges in
water and sanitation globally with emphasise the AMR in wastewater. Current
research focuses on full scale WWTPs, little is known in decentralised
wastewater treatment with low energy input, particularly the microbial

community and AMR inside.

Chapter 2 of this thesis introduces three small-scale constructed wetland
systems treating domestic wastewater in Mexico City. The system consists of a
biodigester, a horizontal constructed, a vertical constructed wetland and a
holding tank with potential to reuse the treated wastewater. Two identical
systems receive wastewater from one household each, and another system
receives wastewater from the toilet of a school building. Water quality of before
and after the wetland treatments and microbial community of all three systems

were monitored in the first three months’ operation.

Chapter 3 continues the monitoring of the two household constructed wetland
systems for another 10 months. Additional sample points within both constructed
wetlands in each system were added to the analysis. Despite influent
wastewaters are different in two systems, pollutants were removed consistently
by both systems and achieved stable removal rate at the same time point.
Microbial community composition shifted through the system and stabilised two

months after performance became stable.
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Chapter 4 aims to develop a method to measure the AMR of a community by
measuring the community growth rate. Preliminary experiments revealed that
the community growth rates measured by optical density (OD) reflect the change
of microbial community in responding to a range of amoxicillin concentrations.
Secondly, in order to check how the OD reflects the ‘true’ growth rate of a
mixed community, a more precise method of counting cells by flow cytometer
(FCM) was validated. Last, a comparison of growth rate measured by both OD

and FCM with selected amoxicillin concentrations was conducted.

Chapter 5 analyses the genetic material in the last experiment with selected
amoxicillin concentrations in Chapter 4. The change of microbial community
composition before and after exposure to amoxicillin of each concentration were
analysed through both DNA and RNA. The ARGs and ARGs expression within the
microbial communities before and after amoxicillin exposure were first
screening through HT-qPCR and then tested with selected gene from the

screening test.

Chapter 6 reflects on the thesis findings and gives suggestion for further study.
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2 Design and performance monitoring of three
small-scale constructed wetland systems for
treating wastewater in Mexico City

2.1 Introduction

Wetlands as a natural solution have been employed in treating wastewater for
over a century, where report shows United Kingdom and North America are the
pioneers (Vymazal, 2011a). Dr. Kathe Seidel carried out the first experiment on
plants in wastewater treatment wetlands in 1950s, which eventually led to full
scale operation systems in 1960s. Since then, constructed wetlands have been
applied all over the world, where reports shows both industrial and domestic
wastewater have been treated. Research about improving the performance of
constructed wetlands draws more attention, where constructed wetlands have

been adapted to treating wastewater with various characteristics.

2.1.1 Current research about constructed wetlands

Constructed wetlands have been used in treating wastewater for over a century,
a lot of research focuses on processes inside the wetlands, outcome of the
wetland’s treatment with various types and sizes of constructed wetlands has
been done in the past 60 years (Vymazal, 2011a). The surface area of
constructed wetlands varied from less than 1m?3 lab scale to over 5000m? full
scale, where they have been generally classified as microcosm, mesocosm, pilot
scale and full scale (Marin-Muhiz et al., 2023). The wastewaters used in those
studies include synthetic wastewater, domestic wastewater and industrial
wastewater. The medium within the constructed wetlands have also been
studied, where they can be adapted to improve the efficiency of specific
pollutants (Parde et al., 2021). The concentration of pollutants and the loading
rates in research also varied in large ranges (Shukla et al., 2022). Types of plant
used in constructed wetlands have drawn a lot of attention, where the species of
the plants and the role of plants in the treatment have been studied (Vymazal,
2011b). Studies about microbial composition within constructed wetlands are
increasing in recent years, since the microorganisms are the ones eliminating the
pollutants, but little is known about them. The greenhouse gas emissions and

emerging pollutants have also been targeted in recent studies (Vymazal et al.,
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2021). However, current studies about constructed wetlands mainly focus on
short term lab studies with synthetic wastewater, studies around full-scale
constructed wetlands treating actual wastewater in long-term operation are

much less (Vymazal et al., 2021).

2.1.2 Research gap

Currently research about using constructed wetland as the main treatment for
single household wastewater is very limited, meanwhile the microbiomes in the
system are largely unknown. Furthermore, research around the setting up and
stabilisation of constructed wetland mainly focuses on lab-scale study.
Therefore, the research question for this study is: can constructed wetlands be
miniaturised and used as the primary treatment of grey and black wastewater at

household scale within Mexico City?

2.1.3 Hypothesis and aims

The hypothesis is that our small-scale constructed wetland systems are able to

remove pollutants from wastewater.

The aim of this study is to monitor the performance of the start-up period of
three operational decentralised small scale constructed wetland systems

treating wastewater for two households and one school in Mexico City.

2.1.4 Objectives

« To monitor the performance of three small scale constructed wetland
systems as primary treatment for the black and grey water over the
starting up-period (first three months).

» To characterise the changes in the microbial community, and pathogens

across the wetlands from the influent and effluent of the wetland system.

2.2 Materials and methods

2.2.1 Introduction of three decentralised wastewater treatment
plants in Mexico City

Three small scale constructed wetlands for decentralised wastewater treatment

(WS1, WS2 and WS3) were designed and constructed in the peri-urban area of
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Cuajimalpa de Morelos municipality, Mexico City in late 2019 (Figure 2-1). Water
supply in this area is inconsistent, therefore all three systems were designed to
reuse the treated wastewater. WS1 and WS2 are household systems located in
the garden of the household, while WS3 serves a school building and is located
next to the building. There are eight adults and two children in WS1 household
whilst two adults lived with 15 dogs in WS2 household, the number of students
and staffs using the building changes every day during the school opening time.
For each system, wastewater flows into the equalization tank and is then
pumped into a biodigester. In the household systems, effluent from the
biodigester subsequently flows into a subsurface horizontal constructed wetland
(CW1) and then into a subsurface vertical constructed wetland (CW2), from
which the treated water then flows into a holding tank via gravity. The treated
wastewater is stored in the holding tank, which is then either pumped out for
the system for use, e.g. irrigations, or is recirculated within the system. The
main process units of two household systems are identical (Figure 2-2) while the
WS3 (school) includes an extra aeration tank after the biodigester in Figure 2-3
¢). The aeration works in line with the pump operating time during the day, and
the water in the holding tank is pumped back to flush the toilets. Photos of each
system are shown in Figure 2-3. Detailed process units and characteristics are

shown in Table 2-1.
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Figure 2-1 Location of the three decentralised wastewater treatment plants in peri-urban
Mexico City in this study.
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Figure 2-2 Diagram of a household wastewater treatment plant. Household wastewater flows
into an equalization tank and is then pumped into a biodigester (AR). The effluent from the
biodigesters subsequently flows into a subsurface horizontal constructed wetland (CW 1)
and a subsurface vertical constructed wetland (CW 2) via gravity. A holding tank (HT)
collects the effluent from the vertical wetland with the potential of reuse the water for
irrigation or recirculation. Yellow asterisks on biodigester and holding tank indicate where
the samples were taken from.
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Figure 2-3 Photos of the three operational WWTPs in this study. All photos were taken on 4"
November 2019. a) WS1 (household system) just finished construction at the time this photo
was taken, it started recirculation mode soon afterwards. b) WS2 (household system) was
about to finish at the time this photo was taken. ¢) WS3 (school system) is constructed and
in recirculation mode when this photo was taken. Detailed process units are labelled in this
photo.
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2.2.2 System design and operation

The WS1, WS2 and WS3 were constructed in November, November and
September, respectively. All three systems were designed to treat 700L of
wastewater every week. There was an overflow pipe connected to equalization
tank in each system, where if the wastewater excessed the treatment capacity

would flow into the public drainage system connected nearby.

All systems were operated in recirculation mode until January 2020, and then
operated in feeding and resting mode from January to March 2020. Detailed
operational information is shown in Table 2-2, where the pumps in all three
systems were operated 4 times a day for 30s, 40s and 40s each time for WS1,
WS2 and WS3, respectively from January to February, while in March pumps
were run 8 times a day for 30s each time in WS1, 8 times a day for 10s each time
in WS2 and 4 times a day for 40s each time in WS3. During the operation,
hydraulic retention time (HRT) of WS1, WS2 were 7 days, 15 days, respectively.
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Table 2-1 Summary of process units and characteristics of all three decentralised
wastewater systems.
Processunit | characteristic ws1 Ws2 Ws3
1. Equalization
Volume 200 L 500 L 500 L
tank
2. Biodigester Volume 13001 600 L 1200L
(AR)
3. Aeration
Volume -- -- 500L
tank
Material tmm Fiberglass Fiberglass
geomembrane
. 3 3
Size (m7) 0-90 m 0.84 m? 0.84 m?
(trapezoidal prism) | (0.40/0.95; 2.31; (2:0.70; 0.60) (2:0.70; 0.60)
3. Subsurface (b1/b2; w; h) 0.60) ;0.70; 0. ;0.70; 0.
horizontal
constructed | Area (rectangle) 22m? 1.4 m? 1.4m?
wetland 0.6 mm (20cm) | 0.6 mm (20 cm) 0.6 mm (20 cm)
(Cw1) Depth and media and 1.2 mm and 1.2 mm and 1.2 mm
(40 cm) gravel (40 cm) gravel (40 cm) gravel
A. donax, and Scirpus sp., A. Thypa sp., .?c:rpus
Plant donax and Typha | sp., Phragmites sp.
Typha sp .
sp australis.
Material 1mm 1mm Fiberglass
geomembrane geomembrane
Size (m3) 0.94 m3 0.90 m3 0.84 m?
4. Subsurface | (trapezoidal prism) | (0.40/0.95; 2.35; | (0.40/0.95; 2.31; (2_0'70_ 0.60)
vertical (b1/b2; w; h) 0.60) 0.60) e
constructed | Area (rectangle) 2.23 m? 2.2m? 1.4 m?
wetland
(CW 2) 0.6 mm (20 cm) 0.6 mm (20 cm) 0.6 mm (20 cm)
Depth and media and 1.2 mm and 1.2 mm and 1.2 mm
(40 cm) gravel (40 cm) gravel (40 cm) gravel
Plant P. austm{l/s .a nd Z. aethiopica Z. aethiopica
Z. aethiopica
>- Holding Volume 12001 500 L

tank (HT)

500L
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Table 2-2 Operation information of all three systems. The recirculation pumps of each
system only run during the feeding period.

Time Parameter WS1 WS2 WS3
Nu.mber.of 4 4 4
recirculation
January- Feeding period
February &P 30 40 40
duration (s)
2020 Estimated feedwater
flow (L/d) 467 578 240
Nu.mber.of 8 3 4
recirculation
Feeding period
March 2020 > 30 10 40
duration (s)
Estimated feedwater
flow (L/d) 933 289 240

2.2.3 Sampling, water quality analysis and DNA extraction

Water sampling, and water quality analysis were conducted by our collaborators
Mario Alberto Salinas-Toledano and Tania Lizet Gomez-Borraz from the
Universidad Auténoma Metropolitana-Cuajimalpa (Metropolitan Autonomous

University-Cuajimalpa), Mexico City.

1L of water sample was taken from inside the biodigester and the holding tank
of each system on 13t January, 17% February and 9t March 2020 while systems
were at resting mode. Samples were stored at 4°C and analysed within 24 hours.
COD (HI93754B-25), phosphate (HI93713-01), nitrate (HI93728-01), nitrite
(HI93708-01) from all the samples were analysed following Standard Methods for
the examination of Water and Wastewater (Baird et al., 2017) with kit from
Hanna Instruments. Samples were diluted with deionized water (DI) when
necessary, no further pretreatment for COD, phosphate, nitrate and nitrite

analysis.

DNA extraction was conducted by Tania Lizet Gomez-Borraz in the laboratory at
Universidad Auténoma Metropolitana-Cuajimalpa (Metropolitan Autonomous
University-Cuajimalpa), Mexico City. 500ml of the biodigester or holding tank
water was centrifuged at 4000 xg (Beckman Avanti® JCN-26) for 10mins
immediately after sampling and the pellets were stored at -20°C until extraction.
0.2g of each pellet was extracted with DNeasy® PowerSoil® Kit (Qiagen, 12888)
and eluted with 40pl of 10 mM Tris (provided by the kit) followed the
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manufacturer’s manual. DNA samples were stored at -20°C before shipping to

Glasgow.

Table 2-3 Samples for this study. Influent samples were taken from biodigester, effluent
samples were taken from holding tank of each system.

Sample name COD \[o)y NOs" P DNA

Influent WS1_Inf_Jan v 4 4 v v
Effluent ~ WS1_Eff Jan v v 4 4 v
WS2  Influent ~ WS2_Inf_Jan v v v v v
Effluent WS2_Eff Jan 4 v v v v
WS3  |nfluent WS3_Inf_Jan v v v v v
Effluent ~ WS3_Eff Jan v 4 v 4 v
WS1  Influent  WS1_Inf_Feb v 4 v v 4
Effluent ~ WS1_Eff Feb v v v v 4
WS2  |nfluent  WS2_Inf_Feb v v v v v
Effluent  WS2_Eff Feb v v v 4 v
WS3  |nfluent  WS3_Inf_Feb v 4 v v 4
Effluent ~ WS3_Eff Feb v v v v v
WSl |nfluent  WS1_Inf_Mar v v Y v *
Effluent ~ WS1_Eff Mar v v v 4 v
WS2  |nfluent  WS2_Inf_Mar v v 7 7 v
Effluent ~ WS2_Eff Mar 4 v v v v
WS3  Influent  WS3_Inf_Mar v v v v v
Effluent  WS3_Eff_Mar v v v v v

Note: * in the table means that DNA sample is missing from DNA study.

2.2.4 16S rRNA gene PCR amplification and library pooling for
lllumina MiSeq sequencing preparation

48

DNA concentration was measured with Qubit™ Broad Range (BR) kits (Invitrogen™

Q33266) at Glasgow University and then stored at -80°C until further use. DNA
samples (template) were diluted to 1ng/pl with DNase/RNase free water

(Invitrogen, 10977035) for template for each PCR reaction.

The PCR reaction followed the 76S rRNA Illumina amplicon protocol of Earth
Microbiome Project, one step PCR with primer 515F and 926R (Quince et al.,
2011, Parada et al., 2016) targeting V4-V5 region, and the annealing

temperature optimised prior to library construction.
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Two different DNA samples (an influent sample from WS1 and a sediment sample
from WS2, they are samples used in the next chapter) were selected for the
annealing temperature optimisation test. KAPA HiFi HotStart PCR kit (KAPA,
KK2502) was used for the PCR reaction, the reaction volume was 15ul, and
contained either 3.75ul of DNA template or water (NTC) (see Table 2-4),
alongside primers, dNTPs and buffer. The annealing temperature of 50°C, 52°C,
54°C, 56°C, 58°C and 60°C were applied to the PCR reaction with two tubes each
and one for negative control. The PCR condition was 5 minutes denaturation at
95°C, 25 cycles of 20 seconds at 98°C and 30 seconds at annealing temperatures
and 40 seconds at 72°C, plus 1 minute extension at 72°C with Thermal Cycler
(Applied Biosystems™ 4375786).

Table 2-4 PCR reaction conditions for optimisation and amplicon PCR.

Item PCR tube (pl) PCR tube (pl) Per Sample (ul)

0.45 0.75 2.25
0.45 0.75 2.25
0.45 0.75 2.25
3.75 6.25 13 (or 6.25)

After amplification, the PCR products and a 1Kb plus DNA ladder (Invitrogen,
10787026) were mixed with 1% (v/v) loading dye respectively and loaded onto 1%
(w/v) agarose gel containing SYBR™ Safe DNA gel stain (Invitrogen, S33102), and
run at 120V for 50 minutes. The gel was visualised with Gel Doc™ XR+ imager
(Bio-rad, 1708195) shown on Figure 2-4. The brightest band under the highest
annealing temperature is considered as the optimised annealing temperature,
therefore 58°C was selected as the optimised temperature for the following PCR

amplification.



Chapter 2 50

1500bp
1000bp

500bp

100bp

1500bp SRS ctEl L L BIC Nl L BAe L L SEC 1 CSBRC ! BD°C. i NC
1000bp ; ; i ; ; :

AP GNND ONN0 | DMl ONNOC | Bl OWNs. GRS OMeD: W Seeo. e e

100bp

Figure 2-4 Gel image of PCR annealing temperature gradient of 2 samples. Two samples
were tested with annealing temperature of 50°C, 52°C, 54°C, 56°C, 58°C and 60°C. The PCR
products of 15ul each was mixed with 1.5ul loading dye and loaded onto the gel against the
1kb plus ladder respectively. The brightness of the bands decreases with the increasing
temperature. The brightest band under the highest annealing temperature is considered as
the optimised annealing temperature, therefore 58°C is selected as the optimised
temperature for the following PCR amplification.

One step PCR was performed with different barcoded forward primers for
different samples, each sample was amplified in duplicate alongside a negative
control. PCR reaction was prepared as detailed in Table 2-4, and PCR conditions
listed above with an annealing temperature of 58°C. Each PCR product was
mixed with 2.5yl of loading dye and loaded onto the gel to size against a 1kb
plus ladder. Amplicons of the correct size were gel excised in a 2ml Eppendorf
tube with Zymoclean™ Gel DNA Recovery Kit (D4002) following the
manufacturer’s protocol. The recovered DNA was eluted with 10ul of DNA free
water and measured with Qubit™ High Sensitivity (HS) kits (Invitrogen™ Q33231)
and then stored at -20°C until further use. The recovered PCR product from each
sample was diluted to around 5ng/pl with DNA free water and then 5ng of each

sample was added to make the library pool for sequencing.

2.2.5 Sequencing and bioinformatics

Bioinformatics were performed under the supervision and guidance of Dr. Umer

ljaz.
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The pooled library was sequenced by Earlham Institute (Norwich, UK) via
ILlumina MiSeq v3 300bp. The Qiime2 workflow (V2019.7) (Caporaso et al., 2010)
and DADAZ2 pipeline (Callahan et al., 2016)

(https://github.com/umerijaz/tutorials/blob/master/qgiime2_tutorial.md) was

used to create Amplicon Sequencing Variants (ASVs). Abundance tables were
generated by constructing ASVs using only the forward reads in the QIIME2
workflow. We have used Deblur algorithm (Amir et al., 2017) with a read length
of 240bp and using SILVA SSU Ref NR database release v.138 (Quast et al., 2013)
as a reference database in giime deblur denoise-other plugin. Prior to
using Deblur algorithm, the reads were quality trimmed using Phred quality
score of 20. This gave us 21,386 ASVs for n=305 samples. Then combined the
taxonomic information with the abundance table to generate a BIOM file. The
rooted phylogenetic tree, also generated using the QIIME2 framework, along
with the above BIOM file as well as the functional tables from PICRUSt2 were

then used in the downstream statistical analyses in R.

2.2.6 Statistics

Statistics were performed under the supervision and guidance of Dr. Umer ljaz.

As a pre-processing step, we removed typical contaminants such as
Mitochondria, and Chloroplasts, as well as any ASVs that were unassigned at all
levels, as per recommendations given at
https://docs.qiime2.org/2022.8/tutorials/filtering/ and also filtered out
samples that were not relevant to this study (or are <5,000 reads) giving
abundance tables of: n=305 samples x P=21,040 ASVs with summary statistics of
ASVs per sample as follows: [Minimum: 9,756; 15t Quartile: 36,518; Median:
43,319; Mean: 46,624; 3" Quartile: 53,179; Maximum: 113,796]. In this study,
we have used the first 17 samples corresponding to the start-up phase of the
three wetland systems (see the next chapter for long term operation of WS1 and
WS2), with the final abundance table of: n=17 samples x P=3,775 ASVs.

The R’s vegan package (Oksanen et al., 2007) was used for alpha and beta
diversity analyses. For alpha diversity measures we used: (i) rarefied richness -
the estimated number of species/features in a rarefied sample (to minimum

library size); and (ii) Pielou’s eveness - the relative abundance of the microbial


https://github.com/umerijaz/tutorials/blob/master/qiime2_tutorial.md
https://docs.qiime2.org/2022.8/tutorials/filtering/
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community, which is constrained between 0 and 1 where value approaching 0
suggests less evenness in communities between the species (i.e. the presence of
a dominant species). We have used R's aov() function to calculate the pair-wise
analysis of variance (ANOVA) p-values which were then drawn on top of alpha

diversity figures.

To visualise beta diversity, Principal Coordinate Analysis (PCoA) was used with
the R’ Vegan’s package. We have used two different distance measures in PCoA:
(i) Bray-Curtis distance on the ASV abundance table to see if there is
compositional changes; and (ii) Unweighted UniFrac distance (proportion of
branch length shared between samples) estimated using R’s Phyloseq package
(McMurdie and Holmes, 2013) to see if there is any change in the phylogeny. To
find taxa/function that were at least 2 log fold different, we have used the
DESeq2 package (Love et al., 2014). DESeq2 uses negative binomial GLM to
obtain maximum likelihood estimates for log fold change of features between
the two conditions and then applies Bayesian to obtain shrunken log fold changes
subsequently employing the Wald test for obtaining significances. We have used

a p-value cut-off of 0.05 in the procedure.

Additionally, the Vegan package was also used to perform PERMANOVA analyses
to see if the microbial or functional community structures can be explained by
different sources of variability. We have further used two more approaches: a) a
constrained ordination approach, Canonical Correspondence Analysis (CCA) using
cca() function from R’s vegan package where the Chi-square transformed
abundance data is subjected to weighted linear regression on constraining
physico-chemical parameters, and then ANOVA (anova.cca() function with
parameter by="terms”) to suggest whether there is a relationship; and b) an
environmental fitting approach, where we fitted smooth surfaces of the
covariates on ordination plot (PCoA in this case; Bray-curtis distance) using
penalised splines by employing ordisurf() function from R’s Vegan package. The
latter method uses generalised additive model by regressing the covariate as y ~
S(Dim1,Dim2), where Dim1 and Dim2 are the ordination scores extracted from
PCoA and S() is a spline function. We have only shown those covariates where
the model fits i.e., p < 0.05.
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A list of potential pathogens was developed based on the WHO priority
pathogens list (2017) and amended with relevant pathogens from Bartlett et al.
(2022). Sequencing result was cross checked with potential pathogens’ list to

reveal the relative abundance of potential pathogens in all samples.

2.2.7 Quantitative PCR

Multiplex quantitative PCR method was developed and tested by Dr Fabien
Cholet.

Two multiplex real-time PCR assays were performed to quantify total Bacteria
(16S rRNA), Escherichia coli and Pseudomonas aeruginosa, and Legionella,
Legionella pneumophila and Legionella pneumophilla serogroup 1, respectively.
Each assay had a reaction volume of 25ul containing 12.5ul of QuantiTect Probe
PCR Master Mix (Qiagen, Cat. No.204343), 1ul of each forward and reverse
primer (10nM), 0.2l of each probe (10nM), 2ul of template and 4.9ul of DNA
free water. Detailed primer sets used in the assay are listed in Table 2-5. The
reaction condition was 15 minutes denaturation at 95°C followed by 40 cycles of
94°C for 15 seconds and 60°C for 1 minute by QuantStudio 3 (Thermo Fisher

Scientific).
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Table 2-5 Target organism, gene and primer and probe sets used in quantitative PCR
reaction.

Target Target Orientation Sequence Reference
organism gene
(length
bp)
Assay Total 16S Forward CGGTGAATACGTTCYCGG Suzuki et al.
1 Bacteria rRNA Reverse CGGTGAATACGTTCYCGG (2000)
2k Probe CGGTGAATACGTTCYCGG
Escherichia rodA Forward GCAAACCACCTTTGG TCG Chern et al.
coli (195) Reverse CTGTGGGTGTGGATT GACAT (2011)
Probe AACCCCTACAACCGG CAGAATACC
Pseudomona gyrB Forward CCTGACCATCCGTCGCCACAAC Anuj et al.
s aeruginosa  (220) Reverse CGCAGCAGGATGCCGACGCC (2009)
Probe CCGTGGTGGTAGACCTGTTCCCAGACC
Assay Legionella SSrA Forward GGCGACCTGGCTTC Benitez and
2 Spp. (101) Reverse GGTCATCGTTTGCATTTATATTTA Winchell
Probe ACGTGGGTTGCAA (2013)
Legionella mip Forward TTGTCTTATAGCATTGGTGCCG Benitez and
pneumophila  (115) Reverse CCAATTGAGCGCCACTCATAG Winchell
Probe CGGAAGCAATGGCTAAAGGCATGCA P08
Legionella wzm Forward TGCCTCTGGCTTTGCAGTTA Benitez and
pneumophila | (70) Reverse CACACAGGCACAGCAGAAACA Winchell

serogroup 1 (2013)

Probe TTTATTACTCCACTCCAGCGAT

2.3 Results

2.3.1 Water quality and pollutant removal efficiency

The concentrations of COD, NO;", NO3™ and P from both influent and effluent of
every system are shown in Figure 2-5. The effluent concentrations of COD, NOy",
NOs™ and P of each system were much lower than their respective influent,
indicating effective operation of the wetlands. WS2 had the highest COD, NO,
NOs™ and P concentrations in influent among all systems at every sample time,
whist WS3 had the lowest.

COD concentration in the influent of WS1 varied from 753.0mg/L to 1462.0mg/L,
whereas in the effluent they were reduced to 422.0-432.0 mg/L irrespective of
starting concentration. In WS2, the influent COD concentration varied from
1635.0 mg/L to 2410.0 mg/L, whist the effluent concentration ranged from
106.0 to 482.0 mg/L. In WS3, the influent COD concentration ranged from 153.0
to 587.0 mg/L, whilst the effluent concentration varied from 57.0 to 147.0
mg/L.
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The ranges of NO2™ concentration in influent of WS1, WS2 and WS3 were 33.0-
65.2mg/L, 69.7-104.2mg/L and 3.0-54.4mg/L, respectively. The effluent
concentrations of NO2" were 16.6-31.0mg/L, 5.0-27.2mg/L and 1.8-29.2mg/L for
WS1, WS2 and WS3, respectively. The ranges of NO3" concentration in influent of
WS1, WS2 and WS3 were 106.9-157.9mg/L, 223.2-247.4mg/L and 13.7-65.4mg/L,
respectively. The effluent concentrations of NO3" were 62.9-67.9mg/L, 17.4-
76.2mg/L and 9.5-40.9mg/L for WS1, WS2 and WS3, respectively.

The influent concentrations of P were 1.2-12.1mg/L, 3.1-14.7mg/L and 0.5-
8.5mg/L for WS1, WS2 and WS3, respectively. And the range of P concentrations
in the effluent were 1.1-6.6mg/L, 0-7.2mg/L and 0.01-6.1mg/L for WS1, WS2
and WS3, respectively.
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Figure 2-5 Concentrations of COD, NO>, NOz and P in the influent and effluent of all three
systems over three months. Error bars stand for standard deviation, which calculated from
two measurements from each sample. (n=18)
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Cing — Cegy
Cinf
Where, Cins means the influent concentration (mg/L), Cer means the effluent concentration

(mg/L).

Removal rate = x 100% Equation 1

The removal rate of COD, NO2", NO3" and P were calculated by Equation 1, the
removal rate of COD, NO;", NO3™ and P of all three systems was shown in Figure
2-6. The removal rates of COD from all three systems ranged 43.8-70.5%, 80.0-
95.0%, 58.8-89.9% for WS1, WS2 and WS3, respectively. The removal rates of
NO; from all three systems ranged 33.9-68.9%, 61.0-95.2%, 39.3-58.8% for WS1,
WS2 and WS3, respectively. The removal rates of NO3™ from all three systems
ranged 36.5-58.4%, 65.9-93.0%, 30.7-80.7% for WS1, WS2 and WS3, respectively.
The removal rates of P from all three systems ranged 8.3-45.5%, 25.7-100.0%,
10.5-98.8% for WS1, WS2 and WS3, respectively.
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Figure 2-6 Calculated removal rate of COD, NO,, NO3 and P of all three systems over three
months. (n=9, removal rate calculated from the average concentration (of two
measurements from one sample) before and after treatment.)

In WS2, the removal of NO;", NO3* and P showed a similar trend with highest
removal in January then lowest in February before increasing again in March.

The change of removal of NO2" and NOs™ in both WS1 and WS3 as well as COD in
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WS3, also showed the same trend, where the lowest removal was in January

followed by highest removal in February and then lower in March.

In general, COD had the highest removal in all three systems, but the amount of
COD removed differed between systems, as huge variations of COD
concentrations among the systems were seen. In WS1, COD removal increased
slightly from 43.8% in January to 46.2% in February and then hiked substantially
to 70.5% COD removal in March. In WS2, COD removal was high from the start of
operation, decreasing slightly over time, from 95.0% in January to 80.0% in
March. In WS3, COD removal increased from 58.8% in January to 90.0% in
February then dropped to 75.0% in March.

The removal rate of P showed the most variation, having both the highest and
the lowest removal among the measured parameters. However, P concentrations
were much lower compared to other parameters. In January, P had the lowest
concentration whilst highest removal rate except WS. Meanwhile, P
concentrations increased with time, but the removal rate also increased with

time in all three systems.

2.3.2 Microbial community analysis
2.3.2.1 Quantification of total bacteria via 16S rRNA gene amplification

Total bacteria were quantified by 16S rRNA gene amplification, although it is not
a single copy gene in most bacteria, it is positively associated with the number
of bacteria in mixed microbial community (Vétrovsky and Baldrian, 2013). 16S
rRNA gene copies of each sample was normalised with per gram of biomass (see
Table 2-6). The gene copies per gram of biomass varied from 6.24 x107 to 7.02
x10"% with no significant difference between influent and effluent of each system
(all INF vs EFF, P=0.772, T-test (paired two sample for means), indicating that
the wetlands did not overall reduce bacterial numbers in per gram of biomass in
the effluent.
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Table 2-6 16S rRNA gene copies per gram biomass. n=17, single measurement of each
sample.

INF 1.69 X 10%° 1.41X10%

EFF 8.35X 10° 2.79 X 10% 2.46 X 10°
INF 8.76 X10° 4.83 X 10° 1.33X10%
EFF 1.22 X 10%° 1.79 X 10%° 2.19X10°
INF 5.39 X 10° 7.02 X 10%° 2.35X10°
EFF 6.24 X 10’ 3.56 X 108 5.03 X 108

* indicates missing sample.

2.3.2.2 Alpha diversity of Pielou’s evenness and species richness

Diversity within microbial communities was analysed through species richness
and Pielou’s evenness of the 16S rRNA sequencing data, where species richness
measures the presence of different species, Pielou’s evenness measures the
relative abundance of species. The microbial communities of the biodigester
(influent) and holding tank (effluent) of the three wetlands were characterised
over the three-month start-up period. Species richness ranged from 260 ASVs in
influent of WS3 to 659 ASVs in the influent of WS1. Species richness varied in the
influent of all three systems, where influent from WS1 was significantly higher
than WS2 (P=0.028) and WS3 (P=0.0071). In WS3, there was a statistically
significant increase in species richness from the influent (maximum 310 ASVs) to
the effluent (maximum 449 ASVs, P=0.02).
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Figure 2-7 Pielou’s evenness and richness value of the influent and effluent of the wetlands
in three WWTPs analysed by ANOVA. n=17, one sample from each time point was taken as
listed in Table 2-3. Asterisk represents P value, where “***” p<0.001, “**” 0.001 < p < 0.01, “*”
0.01< p =£0.05. Boxplot for visualisation purpose and easy compassion with Figure 3-11.
The relative abundance of species within the groups were measured by Pielou’s
evenness, where the trends were similar as species richness. In the influent,
evenness was highest for WS1 although WS2 had a higher medium and upper
quartile value. In the effluent, the evenness was lower in the effluent of WS1
and WS2 compared to their influent in terms of upper quartile value, while in
WS3 the evenness in the effluent increase, however there was no significant

difference in Pielou’s evenness among all groups.
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2.3.2.3 Microbial community composition of the effluent from two different
household converged after three months of operation.
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Figure 2-8 Beta diversity plotted in PCOA with a) Bray-Curtis dissimilarity and b)
unweighted UniFrac distance of the influent and effluent from all three WWTPs. Ellipses
generated with standard errors of influent or effluent from each system. Sample months
were indicated by different shapes (triangle, diamond and circle for January, February and
March, respectively) and systems by colour with influent a darker shade than effluent.
Arrows point to the effluent samples from WS1 and WS2 in March, where they converged in
the third month. One sample from each time point was taken as listed in Table 2-3 (n=17).
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Microbial community composition of every sample was compared through Bray-
Curtis and unweighted Unifrac of the beta diversity analysis, where Bray-Curtis
measures the relative abundance of the microbial species and unweighted
Unifrac measurement focuses on the phylogenetic presence/absence of
microbial species. The microbial community composition of all three systems
were different (P=0.001 for both Bray-Curtis R =0.282 and unweighted Unifrac
R2=0.285), and changed from the influent to the effluent within each system
(P=0.042, R?2=0.079, Bray-Curtis; P=0.026, R2=0.086, unweighted Unifrac) (Figure
2-8). The two household systems, WS1 and WS2 were more similar to each other
than the school system, WS3. For WS3, despite the variation in the influent
community, from the first month of operation, produced a stable effluent
microbial community that remained the same over the first three months of
operation (Figure 2-8, a) and b)). In contrast for the two household systems,
while the influent varied after three months of operation, the effluent from the
two household systems became similar and in March clustered together, on both
the Bray Curtis (relative abundance) and the Unifrac (Phylogeny) plots,
indicating that the microbial communities in the effluent of the two

independent wetland systems converged after three months of operation.

Canonical correspondence analysis (CCA) reflects the relationship between
microbial community structure and the concentrations of N and P in the influent
and effluent (see Figure 2-9). The reduction in concentration of wastewater
COD, N and P as across the wetland is also associated with a change in the
community composition in influent and effluent. The arrows point to the higher
concentration of each parameter, where COD, NO;", NO3" were positively related
to higher concentrations (influent samples) (P=0.011, COD; P=0.012, NOs’). The
arrow of P was not strongly associated with influent samples, this is because the
concentration differences of P between influent and effluent are much smaller

than other parameters-
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Figure 2-9 The canonical correspondence analysis (CCA) analysis. COD, NOz, NOs; and P
concentrations of each sample are plotted against microbial community structure. Sample
months were indicated by different shapes (triangle, diamond and circle for January,
February and March, respectively) and systems by colour with influent a darker shade than
effluent. One sample from each time point was taken as listed in Table 2-3 (n=17).
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2.3.2.4 Top 25 most abundant taxa
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Figure 2-10 Top 25 most abundant taxa at family level. Taxa bars were grouped by influent
and effluent and separated as household systems (WS1 and WS2) and school system
(WS3). One sample from each time point was taken as listed in Table 2-3 (n=17).
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Figure 2-11 Top 25 most abundant taxa as ASV level. Taxa bars were grouped by influent
and effluent and separated as household systems (WS1 and WS2) and school system
(WS3). One sample from each time point was taken as listed in Table 2-3 (n=17).

As indicated in the beta diversity analysis, the top 25 taxa show how the
household systems (WS1 and WS2) were different from the school system (WS3).
In household systems, the influent microbial communities were variable over the
time, and changed over the wetland, resulting in different effluent microbial
communities unique to each wetland. These became more similar over the
operational time of the wetlands, so much so that the effluent samples from
March, after three months of operation, were highly similar to each other
despite different influent. In contrast the school system effluent was different

and with the top 25 most abundant taxa varying in the influent, yet the wetland
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effluent microbial communities were highly similar to each other from the start

of operation.

Top 25 most abundant ASVs accounted for 19.31-72.76% of the total taxa in the
influent of all three systems, whilst 27.23-68.05% in the two household systems
and both highest and lowest appeared in the school system (see Figure 2-11).
Top 25 most abundant families had a coverage of 43.76-91.03% of the total taxa
in all three system, while the effluent from school in March had the lowest

coverage, the coverage of the rest of the samples was similar to each other.

2.3.2.5 Potential pathogens
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Figure 2-12 Relative abundance of potential pathogens in influent and effluent of all three
systems at genus level. Samples were grouped as influent and effluent, school system was
separated from household system. One sample from each time point was taken as listed in
Table 2-3 (n=17).

As all three systems were designed to re-use the treated wastewater,
particularly for the household systems, we looked within the datasets for
potential pathogens and examined changes in their relative abundances across
the wetlands over the start-up period. In the household systems (WS1 and WS2),
Pseudomonas, Bacteroides and Aeromonas were the dominant potential

pathogens in both influent and effluent, while in WS3, Leptospira was also
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observed in most of the samples (Figure 2-12). There was a decline in the
abundance of Pseudomonas in effluent across WS1 and WS2 in January, however,
a slight increase of Pseudomonas was seen in the effluent of WS1 in February
and WS2 in March. There was no influent data for WS1 in March, but the
proportion of Pseudomonas in the effluent was low. In the school system (WS3),
the abundance of Pseudomonas decreased in both January and March but
increased slightly in February. The proportions of Leptospira increased in the
effluent of WS3, in all three months, and Legionella was only observed in the

effluent in the first month’s operation.

Faecal indicator E. coli was quantified via single copy gene rodA (see Figure
2-13), where the overall average effluent E. coli gene copies were significant
lower (P=0.007) than the overall influent. The effluent E. coli gene copies in
WS1 decreased overtime, whilst the other two systems saw an increase in
February and dropped to zero in the last month. The ratios of E. coli to total
bacteria (16S rRNA) were shown in Table 2-7, where the overall average ratios
were significantly lower (P=0.112) than the overall average influent. Those
results indicate that all three systems worked well in removing E. coli from the
wastewater. However, as replicates were not taken, the robustness of the

removal by individual systems could not be determined.

Pseudomonas aeruginosa was detected only at one time point in both influent
and effluent from WS2, where their gene copies were very low and similar values
in both influent and effluent (see Figure 2-14), indicating that when
Pseudomonas aeruginosa presented it was not removed by the wetlands. The
ratios of Pseudomonas aeruginosa to 16S rRNA gene (Table 2-7) were much lower
than the relative abundance of Pseudomonas genus identified in Figure 2-12.
This indicates that non-pathogenic Pseudomonas species were the main

contributors to the high relative abundance of Pseudomonas genus.

Three Legionella species were quantified through PCR (Legionella spp,
Legionella pneumophila, and Legionella pneumophila serogroup 1) results were
shown in Figure 2-15 and Figure 2-16. Legionella spp was found in all samples
and ranged from 5.66 x10? to 6.44 x10° in the influent and 0 to 1.72x10° the
effluent. Legionella pneumophila was also quantified in all samples, ranged from

3.73 x103 to 6.84 x10°. However, Legionella pneumophila serogroup 1 was not



Chapter 2 67

found in any of the samples. No statistical difference between the average gene
copies in all influents and effluents (P=0.346, Legionella spp; P=0.347,
Legionella pneumophila). Those results indicate that only WS1 worked in
removing Legionella spp. The ratio of Legionella spp to 16S rRNA were shown in

* indicates missing sample.

Table 2-8, there was no difference between the average ratio of overall influent
and effluent (P=0.371, Legionella spp; P=0.615, Legionella pneumophila). This
result indicates that the wetland systems were not removing Legionella from
wastewater. Legionella genus was found in the effluent of school system from

the sequencing data set in January, but Legionella was not detected by qPCR.
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Figure 2-13 E. coli gene copies per gram of biomass of all influent and effluent samples
from each system in logio scale. (n=17, one measurement of one sample from each time
point was taken as listed in Table 2-3).
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Figure 2-14 P. aeruginosa gene copies per gram of biomass of all influent and effluent

samples from each system in log10 scale. (n=17, one measurement of one sample from
each time point was taken as listed in Table 2-3).
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Figure 2-15 Legionella gene copies per gram of biomass of all influent and effluent samples
from each system in log10 scale. (n=17, one measurement of one sample from each time
point was taken as listed in Table 2-3).
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Figure 2-16 L. pneumophila gene copies per gram of biomass of all influent and effluent
samples from each system in log10 scale. (n=17, one measurement of one sample from
each time point was taken as listed in Table 2-3).

Table 2-7 Ratio of E. coli to 16S rRNA and P. aeruginosa to 16S rRNA of all influent and
effluent samples from every month.(n=17, one measurement of one sample from each time
point was taken as listed in Table 2-3).

E. coli P. aeruginosa

- Jan Feb Mar Jan Feb Mar
WS1  5.79X10°  1.07 X105 * 0 0 *
WS2  1.74X10° 7.07X10° 1.78 X 10 0 9.69 X 107 0
WS3  6.92X10°7 1.57X10°% 6.97 X 10 0 0 0
WS1  2.78X10° 6.31X10°7 1.60X 10 0 0 0
WS2  1.09X10° 1.74X 10 0 0 2.60 X 107 0
WS3  1.15X10% 3.95X 10 0 0 0 0

* indicates missing sample.

Table 2-8 Ratio of Legionellato 16S rRNA and L. pneumophila to 16S rRNA of all influent
and effluent samples from every month. (n=17, one sample from each time point was taken
as listed in Table 2-3).

Legionella L. pneumophila

Jan Feb Mar Jan Feb Mar

WS1 3.80X10% 5.46X 10" * 4.04X10°  6.08 X 107 *

WS2 1.68X10% 1.39X10°% 2.08X10% 1.22X10% 2.81X10%7 1.51Xx10°°
WS3 6.45X10% 1.14X10°% 3.05X10% 1.62X10% 1.04X10% 1.63X10°°
WS1 1.41X10% 825X10% 3.65X10% 1.26X10% 5.66X10%7 1.17X10%
WS2 3.74X10% 436X10Y 1.02X10% 1.06X10% 1.12X10% 3.16X10°°

WS3 0 1.16X10% 596X 10°% 1.20X10%* 2.28X10% 1.66X10%
* indicates missing sample.
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2.4 Discussion

2.4.1 Water quality and pollutants removal efficiency

We set out to monitor if small scale constructed wetland systems were capable
of treating domestic and school wastewater. Over the first three months of
operation, each constructed wetland performed well in removing organic load
and nitrogen from wastewater. Influent COD concentrations in the two
household systems were much higher than the school system, especially in the
WS2. Although that is expected as grey water has a high organic load while black
water contains higher nitrogen, the difference between households and school is
wider than predicted. However, De Anda et al. (2018) and Belmont et al. (2004)
observed domestic wastewater with average COD concentration of 988mg/L and
1569mg/L in Mexico, which are comparable to our data. Also, the family using
WS2 has 15 dogs and they put dog faeces into the biodigester, this would

contribute the high pollutant concentration in the biodigester in WS2.

According to Mexican standards for reuse treated wastewater (NOM-003-
SEMARNAT-1997), monthly average BODs concentration should be no more than
30mg/L for indirect contact (Gutiérrez, 2008). Since BODs was not measured in
this study, we assume that half of the COD in the influent was biodegradable,
which is within the common range of 0.3-0.8 BODs/COD in domestic wastewater.
There is only one time point sample at WS3 in February meets the standard after
conversion, but this sampling campaign only obtained one sample from each
system every month, there is no monthly average data to compare against the
standards. Also, since the treated wastewater in WS1 and WS2 are used for
irrigation, the extra organic carbon and nitrogen provide extra nutrients for the
soil and plants. Nitrogen and P concentrations are not listed in the standard for
reuse treated wastewater, meanwhile, the plants would benefit from up taking

the residual nitrogen and P in the effluent as fertilizer.

COD removal rate in this study is comparable to the matured full scale
constructed wetlands in Mexico. Marin-Muiiz et al. (2023) summaries average
COD removal rates ranged 64-93% from 18 full scale constructed wetlands in
Mexico. In this study, the average COD removal rates are 53.51%, 87.38% and
74.55% for WS1, WS2 and WS3 respectively, which are within the range of full
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scale constructed wetlands. Also, the COD removal rates varied in the first two
months of monitoring and reached 70% in all three systems in the third month,

which indicate the systems are improving over time in terms of COD removal.

Méndez-Mendoza et al. (2015) monitored COD removal rate in subsurface
horizontal constructed wetlands treating domestic wastewater with different
plants in the first six months of operation, the removal rates increase overtime
in the first four months, which are similar to WS1 and WS3. Although the
removal rate in WS2 drops overtime, but they maintain a high removal rate of
over 80%. The COD removal rates in the first month of Méndez-Mendoza et al.
(2015) study vary from 15% to 35%, where in our study, the COD removal rates in
first month are higher than 43%. This difference may be caused by the hydraulic
retention time, where it is 5 days in our study but only 1 day (24h) (Méndez-
Mendoza et al., 2015).

Phosphate removal rate in all kinds of wetlands is low (40-60%), unless the
wetland is built with high absorption material (Vymazal, 2007). This also explains
the high phosphate removal rate in the first month that then dropped in our
study. Meanwhile, phosphate concentrations in all the effluent are lower than
the latest Mexican standards for wastewater discharges directly into surface or
groundwater of no more than 10mg/L daily average or 13mg/L at any time point
(SECRETARIA DE MEDIO AMBIENTE Y RECURSOS NATURALES, 2022).

The trends of NO;" and NOs" of all three systems remained the same during those
three months, WS1 and WS2 had the lowest removal rate in January then peaked
in February, whilst in WS2 it peaked in January but plummeted in February.
Sirivedhin and Gray (2006) found out that higher nitrate and carbon
concentrations promote denitrification in wetlands both natural and laboratory
scale. In this study, WS2 had the highest concentrations of NO;", NO3"and COD
among all the systems, and highest removal rates of all them were observed in

the same system (WS2), which meets the finding by Sirivedhin and Gray (2006).

Plants in the constructed wetlands are generally considered to bring oxygen
down to the sediment inside the constructed (Truu et al., 2009). However, in
this study plants were planted in November and due to low temperature and low

rainfall, the plants were still small at the end of this study.
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2.4.2 Microbial community analysis

We set out to monitor if these small-scale constructed wetlands were capable of
treating domestic and school wastewater and examining what was happening to
the microbial communities in the wastewater. The microbial community
composition of beta diversity results from both Bray-Curtis and UniFrac shown
that the effluent samples of the two household from the third month converged,
which illustrates the microbial communities in the household effluent become
similar in the third month. Similar trends were observed on both sediment and
water samples in microcosm constructed wetland. Fernandes et al. (2015)
observed sediment samples were clustered by week in Bray-Curtis beta diversity,
despite the influents were mixed up with different antibiotics. Weber and Legge
(2011) found that microbial community activities reached a steady state at day
75 observed by carbon resources utilisation on BIOLOG™ ECO plates in
mesocosms study. Those suggest that time is related to the structure of
microbial community, however, it is unknown how the results would be affected
by the different research methods used in those studies. Meanwhile, Zoogloea is
the most abundant genus at ASV level for both household effluents in March.
Zoogloea is reported to be a heterotrophic nitrification and aerobic
denitrification bacteria (Wang et al., 2022), which suggests that the nitrogen
concentration reduced through the system is more likely to be removed by

microbes rather than adsorbed by the wetland media.

We have observed that in household systems, species richness is higher in
influent and lower effluent, while the school system is opposite to household
systems. Wang et al. (2022) state that species richness is reduced when nitrogen
and phosphorus concentrations are high, meanwhile C/N ratio and wastewater
type also affect the species richness. In this study, household systems receive
both black and grey water while school system receives blackwater only, which
explains why school system has the lowest species richness in the influent among
all three systems. Meanwhile, WS2 with higher pollutant concentrations and
lower species richness than WS1 can also be explained by this statement. In the
school system, the species richness is higher in the effluent, this may be caused
by lower pollutant concentrations, where the school effluent is always the

lowest among all three systems. However, total nitrogen was not measured in
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this study, and therefore it is not known how the C/N ratio affects species

richness.

School effluent had the highest evenness in all sample groups, whilst lowest
coverage in top 25 most abundant taxa and constant ASVs and families in all
three months’ observation. Higher evenness value means the species within the
microbial community are more equal distributed, therefore, the top 25 most
abundant taxa cover the least of overall taxa. In the school system, both
influent and effluent pollutant concentrations are the lowest among all three
system, low pollutant concentrations may be favoured by microbes which results
in a more diverse and equally distrusted microbial community with less dominant
species (Wang et al., 2022). Through the statistical analysis of bacterial
community structure analysed by Fernandes et al. (2015), reveals that time of
exposure has the highest coefficient with bacterial community structure. This
probably explains why the taxa of the effluents from school system (WS3) were
consistent, as this system was built and operated in recirculation mode two
months earlier than the household systems. Two different Xanthomonadaceae
have been found high in abundance in the effluent, meanwhile Torrento et al.
(2011) state that Xanthomonadaceae may be a good candidate for autotrophic
denitrification. This indicates that the school system also works in removing
nitrogen by microbes, probably because of the different influent, the main

nitrogen removal microbe is different from household systems.

The potential pathogens in all samples were quantified through single copy
genes via qPCR, where there was a significant decrease in average E. coli gene
copies per gram of biomass in effluent samples. This indicates those systems are
capable of removing E. coli from the wastewater. There is no data about how
much biomass has been removed by the system, since the TSS is generally lower
in the effluent than the influent, the actual E. coli removal rate of those
systems could potentially be higher. Due to lack replicate samples, the removal
rate of single system is not available, also gPCR may over quantify E. coli
compares to culture-based method. As qPCR tests rodA gene, where dead E.coli
with intact rodA gene can be detected, but culture-based method only tests for
live E.coli. The faecal coliforms in Mexican stands for reuse treated wastewater
should be less than 1000 MPN/100ml (Gutiérrez, 2008), since we lack biomass
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information from the wastewater, the result cannot be compared with the

standard.

Pseudomonas is considered as one of the potential pathogens, and it has been
detected in almost every sample through microbial community analysis,
however, the pathogenic gPCR results reveal that most of the Pseudomonas
species are not pathogenic species. Also, Szekeres et al. (2002) found that
Pseudomonas is also linked with denitrification activities, which suggests that

those no pathogenic Pseudomonas species may be the potential denitrifier.

2.5 Conclusion

Small scale constructed wetland systems worked in removing pollutants from
wastewater in two households and a school in this study. The removal of COD,
NO27, NO3* from the first month are comparable to long-term running full scale
constructed wetland in Mexico. The microbial community composition reveals
that two household effluents converged in the third month despite different
influent. The school system microbial community is very different from
households, probably caused by different wastewater resource and
characteristics. E. coli has been removed significantly from biomass in all three
systems, with potentially meet the standards of reuse treated wastewater in
Mexico. Those systems were not capable to remove Legionella species from
biomass. All those results from the first three months’ operation and monitoring
are promising, however, it is not known how their performances would be in
long-term operation. Next step, the systems will be monitored for longer time
period, more physical and chemical parameters and samples within constructed
wetlands would provide more information about the performance of the systems

and the change of microbial community composition.
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3 Long-term performance monitoring and
microbial community analysis of two small-scale
constructed wetland systems treating
household wastewater in Mexico City

3.1 Introduction

Our study of the first three months’ operation demonstrated that our small-scale
constructed wetland systems worked in reducing pollutants from the first month.
Long-term performance of full-scale constructed wetland treating community
wastewater has been reported since the first constructed wetland went into
operation in Yorkshire UK in 1903, it was monitored with good performance until
the end of service at 1992 (Hiley, 1995, Hiley, 1990).

3.1.1 Current research of full-scale constructed wetlands

Full-scale constructed wetlands have been employed to treat wastewater from
different resources, where domestic wastewater (Masharqa et al., 2023, Belmont
et al., 2004), industrial wastewater (Vymazal, 2014), mixture of domestic and
industrial wastewater (A et al., 2023, Wu et al., 2017), landfill leachate (Arliyani
et al., 2021), agricultural wastewater (Vymazal, 2009), river water (Pu et al.,
2023) and so on. Long terms performance of full-scale constructed wetlands
from 12 months to almost 90 years are reported by Benvenuti et al. (2018),
Gunes et al. (2012), A et al. (2023), Pérez et al. (2024), Wu et al. (2017), Pu et
al. (2023) and Hiley (1995). All those studies reported steady performance during
the monitoring period, whilst average pollutant removal rates were reported
mostly, the change of performance overtime was less common to see.
Meanwhile, studies of microbial communities in full-scale constructed wetlands
are only seen in a few recent years, in which one time point microbial
community analysis is more common than temporal studies (Vymazal et al.,
2021).

3.1.2 Current research of small-scale constructed wetlands

The size of constructed wetlands from less than 0.2m? surface area lab-scale
studies to larger than 10,000m? surface area full-scale are being reported by

multiple review literatures (Vymazal, 2014, Rodriguez-Dominguez et al., 2020,
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Marin-Muhiz et al., 2023, Chen et al., 2024). It is worth mentioning that there is
no clear definition of small-scale constructed wetland, surface area of less than
20m? are classified as small-scale by Rodriguez-Dominguez et al. (2020) and
Marin-Muiiz et al. (2023), whereas surface area of less than 80,000m? are
defined as small-scale by Chen et al. (2024). It is generally considered that pilot-
scale, mesocosm-scale, and lab-scale constructed wetlands are small-scale as
opposite to full-scale. Vymazal et al. (2021) summarised that more than 90% of

recent constructed wetland studies are small-scale constructed wetlands.

Within those smaller scale constructed wetland studies, pilot and mesocosm
scale are more likely to have long-term studies with real wastewater. Hijosa-
Valsero et al. (2012) conducted a 39-month study of mesocosm-scale constructed
wetlands treating primary treated domestic wastewater from a full-scale WWTP.
Primary treated wastewater from full-scale WWTP was also used in a two-year
mesocosm-scale study conducted by Hench et al. (2003). Belmont et al. (2004)
demonstrated that a pilot-scale constructed wetland system was capable of
treating high strength wastewater equivalent to five households in around two
years. Although Hijosa-Valsero et al. (2012) and Hench et al. (2003) reported the
change of performance by year, reports of average performance during the
monitoring time are more common. Also, these studies included changes in
microbial communities over the monitoring time, reporting stable microbial

communities.

In contrast, lab-scale studies are more likely to report microbial communities
within the system, but they normally operate for less than 100 days. For
example, a 48 hours batch study was reported by Huang et al. (2019), a 30 days
continuous study was conducted by Si et al. (2018), an electrochemically
constructed wetland coupled system with 56 days (Wang et al., 2023a), 120 days
and 220 days (Fan et al., 2016) lab-scale constructed wetland studies were also
found. Although all those studies included the analysis of microbial communities,
it is unknown how these reflect real systems since synthetic wastewater were

used.

Our constructed wetland systems, treating real domestic wastewater from single
households, are barely reported in the literature, with only three studies with

constructed wetland systems similar to ours found. 21 constructed wetland
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systems were monitored for seven years by in America Steer et al. (2002),
whereas the change of performance overtime was missing since it was only
reported as average of each system. 20 constructed wetland systems were built
and monitored for 1.5 years in Israel by Alfiya et al. (2013), the performance of
systems was reported with average by region. The only report with yearly
performance comparison was conducted by Obarska-Pempkowiak et al. (2015) in
Poland, where nine systems with three configurations were monitored for four
years and COD and nitrogen removal were improved after three years’
operation. However, the activities of microbial community within those systems

were unknown as they were not reported.

3.1.3 Research gap

Current long-term full-scale constructed wetland studies normally lack microbial
community analysis, meanwhile studies include microbial communities are
commonly only have samples from one time point. Lab-scale constructed studies
are more likely to report microbial community within the system, but they are
normally run over short-time periods with synthesis wastewater. While there
have been some pilot and mesocosm-scale constructed wetlands of a similar size
to our systems and run over longer time periods with real wastewater, but their
performance is commonly reported as average during the monitoring period and
without analysis the microbial communities. Research about the change of
performance and microbial community within constructed wetland overtime is

barely seen, and urgently needed.

Three decentralised constructed wetland systems were built and operated
successfully in Mexico City, Mexico in 2020. The first three months of operation
has shown promising results of pollutants removal, whereas the long-term
performance of the wetlands and the microbial community behaviours are
largely unknown. Therefore, we continued to monitor the operation of the two
household systems for 10 months. Monitoring of the third system, a school, was

discontinued due to closure of the school during the COVID-19 pandemic.
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3.1.4 Hypothesis and aims

The results from Chapter 2 showed that all three constructed wetland systems
were able to remove pollutants from the beginning of the operation, we
hypothesise that two household constructed wetland systems will continually
remove pollutants, and achieve stable removal rates and microbial community

composition at the same time.

The aim of this study is to monitor the performance and characterise the
microbial communities of two identical small scale constructed wetland systems

treating household wastewater for 10 months from July 2020 to April 2021.

3.1.5 Objectives

e To monitor and compare the performance of two identical small scale
constructed wetland systems treating household wastewater for 10

months.

e To characterise and compare any changes in the microbial community
within the systems. Including changes from influent to effluent but also

within the wetland themselves.

e Introduce replication to the monitoring to make it more robust.

3.2 Materials and methods

3.2.1 Sampling campaign and physical chemical data and
analysis

Water sampling, and water quality analysis were conducted by our collaborators
Mario Alberto Salinas-Toledano and Tania Lizet Gomez-Borraz from the
Universidad Auténoma Metropolitana-Cuajimalpa (Metropolitan Autonomous

University-Cuajimalpa), Mexico City.

Samples were taken from the two household systems (WS1 and WS2) in Chapter
2, from 2" July 2020 to 19t April 2021. In 2020, samples were taken monthly

from 2" July to 24t November, and in 2021 samples were taken weekly from
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24t February to 19% April. Water samples of influent and effluent were taken in
the same way as in 2.2.3, whilst from 24t October 2020 additional water and
sediment samples from within both wetlands of each system were collected.
Wetland samples water samples (500ml) were collected near the outlet from
water near the surface while sediment samples (500ml slurry) were collected

with a manual water pump.

One sample at each location was taken for the first 3 time points (29 July to 27t
August, 2 replicate samples were taken from September 2020 until the end of
this sampling campaign. All samples were stored at 4°C and analysed within 24h

after collection.

Water samples from influent (AR) and effluent (HT) in 2020 were analysed for
COD, NOz, NOs", P, coliforms, and TSS following Standard Methods for the
examination of Water and Wastewater (Baird et al., 2017). Water samples in
2021 were analysed with additional NH4*-N, TOC, TC, TN following Standard
Methods for the examination of Water and Wastewater. Sensors had been
installed in both systems in 2021, where temperature, pH, dissolved oxygen (DO)

and (oxidation reduction potential) ORP were measured through those sensors.

Removal rate was calculated through Equation 1 (see 2.3.1), where the overall
removal rate was calculated with the influent and effluent concentration of the
whole system. The CW1 removal rate was calculated with the influent
concentration and the concentration in CW1, and the CW2 removal rate was
calculated with the influent concentration and concentration in CW2 then

substrate the removal rate of CW1.

DNA extraction of both water and sediment samples were performed as in 2.2.3.
DNA samples were shipped to Glasgow with samples from 2.2.3, the following
16S rRNA PCR amplification, library pooling and sequencing were the same as
2.2.4. Detailed sampling date, location, physicochemical analysis, and DNA

extraction were shown in Figure 3-2.
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Figure 3-1 Wastewater treatment system diagram. AR means the anaerobic reactor, where it
is considered as the influent in this study. CW1 means the horizontal constructed wetland,
CW2 means the vertical constructed wetland. HT means the holding tank, where it is
considered as effluent of the system. Yellow asterisks indicate where the samples were

taken.
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Figure 3-2 Detailed time scale and parameters have been measured and DNA sampled
during the whole sampling campaign from 2020 to 2021. AR means the anaerobic reactor,
where it is considered as the influent in this study. CW1 means the horizontal constructed
wetland, CW2 means the vertical constructed wetland. HT means the holding tank, where it
is considered as effluent of the system.

3.2.2 Molecular work

Samples were prepared and sequenced as detailed in 2.2.4 and 2.2.5.
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3.2.3 Statistics

In this study, we have used 211 samples from WS1 and WS2 corresponding to the
long-term operation, with the final abundance table of: n=211 samples x
P=17,224 ASVs.

3.3 Results

3.3.1 Wastewater treatment performance

The monitoring results of the main wastewater treatment performance
indicators are shown in Figure 3-3 to Error! Reference source not found.. COD,
P, NO27, NOs3 in the influent and effluent were monitored throughout the whole
sampling campaign, results of those parameters included the data from the first
three months, which was previously shown in 2.3.1. NH4*, total nitrogen and all
the other parameters within both constructed wetlands were measured in the
short interval sampling in 2021. The results of coliform, total suspended solids
(TSS), total organic carbon (TOC), total carbon (TC), TN, temperature, pH, DO
and ORP were shown in Table 7-2 to Table 7-10 of the appendix.

3.3.1.1 COD

Both systems worked well in removing COD from wastewater, with effluent COD
concentration much lower than influent at all time points (see Figure 3-3).
Influent COD concentrations in WS2 were constantly higher than WS1, with the
highest concentration in WS2 almost double the value of the highest in WS1. The
COD concentrations within both wetlands of each system were measured in
2021. In WS1 there was a decline of COD concentration from influent to CW1 and
a further reduction in CW2, however, the effluent COD concentration was always
higher than CW2. Similar trends were observed in WS2, COD concentrations
decreased in CW1 and further decreased in CW2 (except 15t March), in the last
four time points there was an increase of COD concentration in effluent, but the

same trend was not observed in the first three time point in 2021.

COD removal rates are shown in Figure 3-4, where a) showed the overall removal
rates of both systems and b) the removal rate within each constructed wetland

in both systems. Overall removal rate measures the whole system performance
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of removing organic carbon from wastewater by comparing influent and effluent
concentrations, where the removal rate in WS1 ranged from 41.22-95.84% in WS1
and 72.66-96.63% in WS2. WS2 had a higher overall removal rate than WS1 at
almost all time points. For both systems, the overall removal rate fluctuated in
the first nine months, then they both stabilised from October 2020. The change
of the removal rates from October 2020 in both systems shows the same trend
with both lowest in February 2021 and increased over time then both dropped in

the last time point.

The removal rates of single constructed wetland shown that CW1 (horizontal
constructed wetland) had a higher COD removal rate than CW2 at almost all time
points. In WS1, the COD removal rate in CW1 and CW2 ranged from 41.53-
73.28%, 6.47-28.41%. respectively. In WS2, the removal rates were 28.87-77.21%
in CW1 and 4.94-49.98% in CW2, where the CW2 showed a much higher removal
rate when CW failed to remove any COD in the wastewater. In WS2, the vertical
constructed wetland (CW2) had higher removal rates at all time points in March
2021, which were close to removal rates in CW1. However, this was not observed
in February and April in WS2 nor WS1.
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Figure 3-3 COD concentrations in influent, horizontal constructed wetland (CW1), vertical
constructed wetland (CW2) and effluent overtime from both systems. a) WS1. b) WS2. Red
dash line in b) indicates the COD concentration of 3000mg/l. (h=160, 12 samples (6 each
system) from the first three months were also included. Error bars stand for standard
deviation, which was calculated from two measurements of one sample from January to
August 2020, one measurement from each sample was used for standard from September
2020 as two samples were taken at each time point.)



Chapter 3 83

a) 100%

90% A A o -
® 80% \/ \/’// \\
g 70%
= 60%
2 50%
E 4%
a 30% ~a—WS1
o
O 20% ws2
10%
0%
1° 70 12° ® 20 1 0 0 2 ™ 7™ 7 ™ 7 ™ >
o % B gl - b ®©- s“ -,«,J’ % B @ B - o o o~
A2 N ©- o P n’ 292 P 4b2 P o 452 0 192 - N 407
Sample date
b) 100%
HWSs1Cwl
80%
Ws1 cwz
£ 0% B W52 cw1
]
4
= ao% Ws2 cw2
>
=]
E 2%
o
[=]
S %
1 % %] %
20% ’L"’“ ¥ °$,° e 1_-1_9 > 199 = \},

-40%
Sample date

Figure 3-4 COD removal rates in both systems. a) Overall COD removal rates of both
systems. b) COD removal rates of each constructed wetland from both systems. (Removal
rate was calculated by Equation 1 with average COD concentration before and after
treatment unit.)

Figure 3-4 shows that COD removal rates of both systems were fluctuating at the
beginning of the monitoring period but became more stable from October 2020.
NO2  and NO3" removal rates showed similar trends in both systems (see Figure
3-9), where less fluctuation was observed from September 2020. Meanwhile, all
those stabilised removal rates were higher than the fluctuating period, which
suggests a better performance in a more matured system. Those changes of
removal rates also suggest that our small scale constructed wetland system
require nine months to acclimate in order to achieve a stable COD, NO2" and NOs-

removal rate.

3.3.1.2 Phosphorus

Phosphorus concentrations in the effluent were lower than their influent
concentrations in both systems at most time points (see Figure 3-5), where
influent concentrations varied from 1.2 to 47.2mg/L in WS1 and 3.05 to
43.6mg/L in WS2, and effluent concentrations varied from 1.1 to 23.23mg/L in
WS1 and 0 to 41.7mg/L in WS2. However, phosphorus concentrations increased
overtime in both influent and effluent in both systems, which suggests that
phosphorus was accumulated within the system. In WS1, phosphorus
concentration in CW1 was lower than influent, meanwhile there was a dip of

phosphorus concentration in CW2 and the effluent concentration was almost the
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same as CW2. This trend was not observed in WS2, where the phosphorus

concentrations were very similar at all sample locations.

The overall phosphorus removal rates were shown in a) in Figure 3-6 and the
removal rate within both systems were shown in b) Figure 3-6. There was an
increase of overall phosphorus removal rate in WS1, whereas the overall
phosphorus removal rate decreased overtime in WS2, and the removal rates in
the last four time points were close to 0. Phosphorus was mostly removed by
CW2 in WS1, while in WS2 it was removed more in CW1 than CW2.
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Figure 3-5 Phosphorus concentrations in both systems. a) WS1. b) WS2. (n=80 for both WS1
and WS2, where they both include 6 samples from the first three months.) Error bars stand
for standard deviation, which was calculated from two measurements of one sample from
January to August 2020, one measurement from each sample was used for standard
deviation from September 2020 as two samples were taken at each time point.
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Figure 3-6 Phosphorus removal rates in both systems. a) Overall phosphorus removal rates
of both systems, n=32. b) Phosphorus removal rates of each constructed wetland from both
systems, n=28. (Removal rate was calculated by Equation 1 with average phosphate
concentration before and after treatment.)

3.3.1.3 Nitrogen

Nitrogen concentrations were monitored through NO2, NO3 and NH4*, where
NOz and NO3" concentrations were monitored from January 2020 to April 2021,

NH4* was only monitored from February 2021 to April 2021 on a weekly basis.

NOz" and NOs" concentrations were showed in Figure 3-7 and Figure 3-8, and their
remove rates were shown in Figure 3-9. In both NO;" and NOs", the effluent
concentrations were much lower than their influent concentrations for both
systems, indicating both systems worked in removing NO2~ and NOs" from
wastewater. Meanwhile, in both systems, NO3" concentrations were higher than
NO2", and both NO;" and NO3" concentrations in WS2 were higher than WS1. In
WS1 NOz" and NOs3™ concentrations ranged from 13.5 to 96.4mg/L in influent and
0.9 to 31.0mg/L in effluent and 49.8 to 157.9 mg/L in influent and 5.4 to
67.9mg/L in effluent respectively. In WS2 NO;" and NO3" concentrations ranged
from 26.8 to 113.8mg/L in influent and 0.04 to 27.2mg/L in effluent and 124.1
to 355.8mg/L in influent and 9.2 to 76.2mg/L in effluent respectively.

Both systems had high overall removal rates for both NO; and NOs", where 33.94
to 100% of NOz and 36.48 to 92.59% of NO3~ were removed from WS1, and 60.98
to 100% of NO;" and 65.86 to 100% of NO3* were removed from WS2. WS2 had a
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higher removal rate at almost all time points for both NO2" and NOs". NO2 and
NOs™ removal rates fluctuated in the first 6 time points in both systems, and then
became relatively stable from September 2020. Within the system, horizontal
constructed wetland (CW1) removed more NO;  and NOs™ than the vertical

constructed wetland (CW2) at almost all time point.

The results of the short time intensive monitoring of NH4+* concentrations and
removal rates were shown in Error! Reference source not found.. NH4*
concentrations ranged from 107 to 176mg/L in WS1 and 99.5 to 162mg/L in WS2.
The highest overall NH4* removal rate was 23.83% in WS1 and 21.91% in WS2,
whilst the highest removal rate in single constructed wetland in both systems
was similar to the overall removal rate at 18.38% in WS1 and 24.92% in WS2.
Both NH4* concentrations and removal rates indicated that those systems were

not removing NH4".
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Figure 3-7 NO2 concentrations in influent, horizontal constructed wetland (CW1), vertical
constructed wetland (CW2) and effluent overtime from both systems. a) WS1 b) WS2. (n=80
for both WS1 and WS2, where they both include 6 samples from the first three months.)
Error bars stand for standard deviation, which was calculated from two measurements of
one sample from January to August 2020, one measurement from each sample was used for
standard deviation from September 2020 as two samples were taken at each time point.
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Figure 3-8 NO3s concentrations in influent, horizontal constructed wetland (CW1), vertical
constructed wetland (CW2) and effluent overtime from both system overtime. a) WS1 b)
WS2. Red dash line in b) indicates the NO3 concentration of 180mg/L. (n=80 for both WS1
and WS2, where they both include 6 samples from the first three months.) Error bars stand
for standard deviation, which was calculated from two measurements of one sample from
January to August 2020, one measurement from each sample was used for standard
deviation from September 2020 as two samples were taken at each time point.
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Figure 3-9 NO, and NO3z removal rates of both systems. a) overall NO, removal rate from
both systems, n=32. b) overall NO3 removal rate from both systems, n=32. ¢) NO, removal
rate in each constructed wetland of both systems, n=24. d) NOs removal rate in each
constructed wetland of both systems, n=28. (Removal rate was calculated by Equation 1
with average NO, or NO3 concentration before and after treatment unit.)
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Figure 3-10 NH4* concentrations and removal rates. a) NH4* concentration in WS1, n=56. b)
NH4* concentration in WS2, n=56. c) Overall removal rates of NH4* in both systems, n=13. d)
NH4* removal rates in CW1 and CW2 of both systems, n=28. (Removal rate in ¢) and d) was
calculated by Equation 1 with average NH4* concentration before and after treatment unit.)
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3.3.2 Microbial community analysis — alpha diversity

The pollutant removal results have shown the performance maturation of the
systems over a year’s operation, it is worth to examine the dynamics of
microbial community driving nutrient removal within and across the system on
top of the performance data. Therefore, an in depth 16S rRNA analysis was
conducted to reveal the changes in the microbial community in the monitoring

time.
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Figure 3-11 Pielou’s evenness and richness value of the two WWTPs with samples grouped
by system, location and sample type and analysed by ANOVA. Asterixis represent P value,
where “***” p<0.001, “**” 0.001 < p < 0.01, “*” 0.01< p £ 0.05. WS1 and WS2 indicate the
systems; W, water samples, S, sediment samples; INF, CW1, CW2 and EFF indicate sample
location of anaerobic reactor (influent), horizontal constructed wetland (CW1), vertical
constructed wetland (CW2) and holding tank (effluent), respectively (detailed in Figure 3-1).
(n=211, where 111 from WS1 and 100 from WS2).
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Alpha diversity compares the diversity of microbial community within sample
groups, where species richness focuses on the presence of different species and
Pielous’s evenness focuses on the distribution of the species. In this study,
samples of each system from June 2020 to April 2021 were analysed, they were
grouped and compared by locations (influent, CW1, CW2 and effluent) and

sample types (water or sediment) (see Figure 3-11).

Species richness ranged from 110.87 ASVs to 1209.28 ASVs in WS1 and 393.13
ASVs to 1136.45 ASVs in WS2 (see Table 7-11 in appendix). Within the system,
richness ranged from 110.87 ASVs to 1060.87 ASVs in water samples (influent,
CW1, CW2 and effluent) and 519.47 ASVs to 1209.28 ASVs in sediment samples in
WS1, in WS2 species richness ranged from 393.13 ASVs to 1084.26 ASVs in water
samples (influent, CW1, CW2 and effluent) and 463.89 ASVs to 1136.45 ASVs in
sediment samples. Despite this, WS2 had a higher species richness in both
influents and effluents compared with WS1 (ANOVA: P=0.0012, influent;
P=0.001, effluent). However, both systems showed the same trend of effluent
having a lower species richness than the influent (ANOVA: P=5.8X104, WS1;
P=4X10, WS2). Within the system, species richness decreased across the
wetland - in the influent was the same as in the water in CW1, but reduced in
the water in CW2 (ANOVA: P=0.034, WS1; P=6.2X104, WS2), and further
decreased in the effluent (ANOVA: P=0.0059, WS1). For the sediment samples,
there was no significant difference between CW1 and CW2 in terms of species
richness. When the species richness between water and sediment samples was
compared within each wetland of both systems, there was no difference
between CW1 of both systems, but they were different in CW2 (vertical wetland)
of both system (ANOVA: P=3.8X1072, WS1; P=3X10", WS2).

The evenness of all the sample groups showed a similar trend but there were
less statistically significant differences than species richness. In WS1, the
difference between water and sediment (ANOVA: P=0.0015) in CW2 was the only
significant difference observed in terms of evenness. In WS2, influent differed
from effluent (ANOVA: P=0.0018), meanwhile water in CW1 was different from
water in CW2 (ANOVA: P=0.0036) and in CW2 water differed from sediment
(ANOVA: P=0.0068) in terms of evenness. Furthermore, WS2 had a higher
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evenness in water samples in CW2 than WS1 (ANOVA: P=0.0097), this difference

was not seen in species richness.

Since those two identical systems worked well in treating household wastewater
in the long term and both achieved stabilised removal at the same time, it was
worth investigating the microbial community composition, that is likely
driving/contributing to the carbon and nitrogen removal. In the long-term study,
species richness showed the same trend of lower in the effluent and higher in
influent. Also, when comparing the maximum species richness value, we
observed that both the influent and effluent values were much higher in this
long-term study compared to the data of first three months, which suggests the
microbial community is getting more diverse with the maturating of the system.
Our influent of the system was taken from the biodigester, increased species
richness in this long-term study also indicates the biodigester was maturating
over time. However, the species richness analysis is based on relative
abundance, absolute cell count by 76S rRNA qPCR would help to understand if
there was an overall increase in cell numbers alongside the increase in species

richness, this will be done in the future.

3.3.3 Microbial community composition changes overtime

Microbial community composition from both systems was compared by grouping
samples of system (WS1 vs WS2), sample type (water (W) vs sediment (5)),
sample time (month) and sample location (influent (INF) (sampled from AR),
horizontal constructed wetland (CW1), vertical constructed wetland (CW2),
effluent (EFF) (sampled from HT)). Figure 3-12 shown the Bray-Curtis and
unweighted Unifrac of the bacterial communities within all samples collected
from both systems, Table 7-12 was the PERMANOVA data of both systems.
Meanwhile, significant differences were observed among all systems (P=0.001 for
both Bray-Curtis and UniFrac), locations (P=0.001 for both Bray-Curtis and
UniFrac), types (P=0.003, Bray-Curtis; P=0.001, UniFrac), and sample months
(P=0.001 for both Bray-Curtis and UniFrac) in all groups. Furthermore, the
microbial communities clustered by system, WS1 and WS2, in the overall
phylogenetic abundance of unweighted UniFrac (Figure 3-12 b). While in the
relative abundance of microbial community in Bray-Curtis dissimilarly clustered

by location as opposed to system, with the influent and CW1 clustering
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separately from CW2 and effluent. Since the microbial composition Figure 3-12
b) of two systems were different, the difference between sample location,

sample month and sample type were analysed within each system.
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Figure 3-12 Beta diversity plotted in PCOA with a) Bray-Curtis dissimilarity and b)
unweighted UniFrac distance with samples from both WS1 and WS2. Red line in both
figures indicates the separation of samples. (n=211, where 111 from WS1 and 100 from
WS2)
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Samples from each system (include the first three months’) were analysed with
Bray-Curtis and unweighted Unifrac analysis of the beta diversity (Figure 3-13
and Figure 3-14). The microbial communities from each system clustered by
location and month (P=0.001 for both Bray-Curtis and unweighted UniFrac).
However, the differences between the microbial communities in the water
(influent, CW1, CW2 and effluent) and sediments samples were different in each
system. Microbial communities between water (influent, CW1, CW2 and effluent)
and sediment in WS1 were different for both analysis (P=0.001 for both Bray-
Curtis and UniFrac), while in WS2 the difference was only found in phylogenetic
analysis of unweighted UniFrac (P= 0.088, Bray-Curtis; P=0.007, unweighted
UniFrac). In both systems, microbial community from 2021 were more similar to
each other compared to those from 2020 in both Bray-Curtis and unweighted
UniFrac. Meanwhile for Bray-Curtis analysis of microbial communities in 2021,
they formed four clusters by location (influent, CW1, CW2 and effluent) in WS1,
while in WS2 microbial communities of influent overlapped with CW1 along with

CW?2 overlapped with effluent.
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Figure 3-13 Bray-Curtis and unweighted UniFrac of all samples from WS1. a) Bray-Curtis
dissimilarity. b) unweighted UniFrac distance. Ellipses in a) indicate the cluster of samples,
where dark green indicates samples from influent, dark yellow indicates samples from CW1,
light yellow indicates samples from CW2, light green indicates samples from effluent.
(n=116, includes 5 samples from the first 3 months)
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a) Bray-Curtis WS2
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Figure 3-14 Bray-Curtis and unweighted UniFrac of all samples from WS2. a) Bray-Curtis
dissimilarity. b) unweighted UniFrac distance. Red line in a) indicates the separation of
samples. (n=106, includes 6 samples from the first 3 months)
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Detailed comparison of the microbial communities from the wetland system
were carried out by grouping samples in different ways. First overall changes in
the microbial communities from influent to effluent across both wetlands was
examined; 2) Changes in the microbial communities of the water as it passed
through the wetland, from influent, through CW1 and CW2 to the final effluent;
3) a comparison of the microbial communities between the water and sediment
within each constructed wetland (CW1 and CW2) was made (see Figure 3-15 to
Figure 3-17 and Table 7-14).

The comparison of microbial community between influent and effluent showed
statistically significant changes in the microbial communities from the influent
compared to the effluent (P=0.001, WS1; P=0.001, WS2). Moreover, there was a
temporal variation in the microbial communities of influent and effluent each
month (P=0.001, WS1; P=0.001, WS2). In Figure 3-15, there was a clear
separation between influent and effluent in both systems. The microbial
communities of influent from 2021 in both systems were more similar to each
other whereas the microbial communities from the samples collected in 2020

were more scattered.
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a) WST1 influent and effluent
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Figure 3-15 Bray-Curtis analysis of influent and effluent microbial communities within each
system. a) WS1. b) WS2. Red line indicates the separation of microbial communities. (WS1,
n=49, includes 5 samples from the first 3 months; WS2, n=43, includes 6 samples from the
first 3 months)
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Next, we examined changes in the microbial communities as the wastewater
moved through each wetland system. Broadly, these changed significantly from
the influent, through CW1 and CW2 to the effluent (P=0.001, WS1; P=0.001,
WS2). There was also a significant effect of month (P=0.001, WS1; P=0.001,
WS2). Again, as what was seen when only examining the influent and effluent
communities, those collected in 2021 were more similar, while samples taken in
in 2020, from both systems, were more scattered indicating little similarity
between them. Microbial communities of influent and CW1 from 2021 were more
similar in both systems, indicating little change in them as they moved through
the first wetland, whilst the microbial communities of CW2 and effluent
overlapped (see Figure 3-16) indicating that changes in the microbial
communities occurred in CW2. For WS2, the influent and effluent microbial

communities from 2020 were different, but this trend was not found in WS1.
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Figure 3-16 Bray-Curtis analysis of microbial communities in influent, CW1, CW2 and
effluent within each system. a) WS1. b) WS2. Ellipses in both figures indicate the cluster of
microbial communities. In a) dark green indicates influent of WS1, dark yellow indicates
CW1 of WSL. In b) dark blue indicates influent of WS2, dark purple indicates CW1 of WS2.
(WS1, n=81, includes 5 samples from the first 3 months; WS2, n=76, includes 6 samples
from the first 3 months)
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Next, we examined microbial community changes across the CW1 and CW2
within each system. Microbial communities were different in each system
(P=0.001, WS1; P=0.001, WS2) overtime (P=0.001, WS1; P=0.001, WS2), however,
the difference between wetland water and sediment was not observed in the
Bray-Curtis analysis of WS2 (P=0.001, WS1; P=0.079, Bray-Curtis, P=0.005
unweighted UniFrac, WS2). In both systems, there was a separation of microbial
community from CW1 to CW2 (see Figure 3-17), the separation in WS2 was
clearer than WS1. Meanwhile, the microbial communities of the water samples
from CW1 overlapped with their sediment samples, while in CW2 water samples

clustered separately from the corresponding sediment samples.
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Figure 3-17 Bray-Curtis analysis of microbial communities of constructed wetlands within
each system. a) WS1. B) WS2. Red line indicates the separation of microbial communities.
(WS1, n=67; WS2, n=63)
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Beta diversity reveals the similarity of microbial community composition of every
sample, where in the short-term study, the microbial community composition in
those two households converged in the third month despite differing influent
communities. However, this was not observed over the long-term operation of
the two wetlands with the microbial community composition in the two systems
phylogenetically different. This result indicate that different influent microbial
communities contribute to the difference of microbial communities in the whole
system. Nevertheless, despite different microbial communities, the two systems
have the same capacity to remove pollutants from wastewater. Interestingly,
the removal rate of COD, NO; and NO3 became stable from October 2020, whilst
the microbial communities only became similar from February 2021. This
indicates that system performance is not directly related to stable microbial
communities, and microbial communities take longer to stabilise than the

performance.

3.3.4 Variation of top 25 most abundant taxa overtime

Next, we examined changes in the microbial taxa, as indicated in beta diversity,
the microbial communities were different in each system (WS1 verses WS2), and
as such the comparison of the relative abundance of the top 25 most abundant
taxa at ASVs level, was analysed across each system. In each system, the
analysis was conducted as 25 most abundant taxa between water samples of
influent, CW1, CW2 and effluent in each system (Figure 3-18 and Figure 3-19)
and 25 most abundant taxa between water and sediment samples of two
wetlands (CW1 and CW2) in each system (Figure 3-20 and Figure 3-21).

The overview of the taxa found out that there were six phyla shared by 46 ASVs
across systems. 20 out of 46 ASVs belong to Proteobacteria, 13 ASVs belong to
Bacteroidota, 7 ASVs belong to Firmicutes, and the rest were Synergistota (3),

Desulfobacterota (2) and Latescibacterota (1).
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Figure 3-18 Top 25 most abundant taxa as ASV level of water samples from WS1. Taxa bars
were grouped by influent, CW1, CW2 and effluent and the year of sampling is labelled
separately. Colour of @, &, *and @ indicate the month of sampling. @, &, % and @ indicate
the 1%t, 2"9, 39 and 4" sampling point of the month respectively. (n= 76)
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Figure 3-19 Top 25 most abundant taxa as ASV level of water samples from WS2. Taxa bars
were grouped by influent, CW1, CW2 and effluent and the year of sampling was labelled
separately. Colour of @ &, *and @ indicate the month of sampling. @, &, % and B indicate
the 1st, 2"d 39 and 4" sampling point of the month respectively. (n= 70)

In WS1, the top 25 most abundant ASVs represented 4.27-76.18% of the microbial
community of all water samples (Figure 3-18), and 0.15-80.81% of the microbial
community from the two constructed wetlands (Figure 3-20). In WS2, the top 25
most abundant taxa covered 1.27% to 65.31% of the taxa in water samples
(Figure 3-19), and 5.41% to 64% of the taxa in the two constructed wetlands
(Figure 3-21). The coverage of top 25 most abundant taxa in WS1 was higher
than in WS2, where more samples had 50% of the taxa coming from the top 25
most abundant taxa. This indicates that the microbial communities in WS2 were
more diverse with less dominant ASVs than WS1. Whereas in the alpha diversity
analysis of the microbial community, the value of evenness and species richness
in WS2 were higher than WS1, which further supports that WS2 has a more

diversity microbial community.
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As seen in beta diversity plots that consider the total communities the influent
and water from CW1 were closer to each other, where the water in CW2 and
effluent were overlapped in both systems. In the top 25 most abundant taxa, the
influent samples were very similar to each other and the same as the water
samples from CW1. This trend was more obvious for the samples collected in
2021. In the water samples from CW2 and effluent samples, more variation in
the AVSs was seen. Meanwhile, effluent samples collected in 2020 from both
systems were very different compared with the samples in 2021. In 2020, the top
25 most abundant taxa only represented 10.0-48.41% of the taxa in WS1 effluent
and 1.27-15.67% of the taxa in WS2, where the coverages of effluent in 2021
were much higher than 2020. In addition to this, in the beta diversity analysis of
influent and effluent microbial communities, they were scattered in 2020 and
became closer to each other in 2021 (see Figure 3-15), which further supports
that there was a shift of microbial community in the effluent from 2020 to 2021

in both systems.
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Figure 3-20 Top 25 most abundant taxa as ASV level of samples from constructed wetlands
of WS1. Taxa bars were grouped by water samples from CW1, sediment samples from CW1,
water samples from CW2 and sediment samples from CW2, and the year of sampling was
labelled separately. Colour of @ &, % and @ indicate the month of sampling. @, &, * and @
indicate the 1%, 2", 3'9 and 4" sampling point of the month respectively. (n= 67)
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Figure 3-21 Top 25 most abundant taxa as ASV level of samples from constructed wetlands
of WS2. Taxa bars were grouped by water samples from CW1, sediment samples from CW1,
water samples from CW2 and sediment samples from CW2, and the year of sampling was
labelled separately. Colour of @ &, % and @ indicate the month of sampling. @, &, * and @
indicate the 1%, 2", 3'9 and 4" sampling point of the month respectively. (n= 63)

The comparison between two constructed wetlands (CW1 and CW2) within each
system showed that water and sediment samples were overlapped in CW1 and
water and sediment samples were far away in CW2 were found in beta diversity
(Figure 3-20 and Figure 3-21). Similar trends were observed in the top 25 most
abundant taxa - water and sediment samples were similar in CW1 of both
systems, while more variation was seen between water and sediment samples in
CW?2. Despite this trend being shared by both systems, Bact-08 (ASV 1) from
Rikenellaceae family was the most dominant ASV in CW1 of WS1 and
Macellibacteroides from Tannerellaceae family was more dominant in CW1 of
WS2. Even though water and sediment samples were different in CW2, the
samples from the last two time points became similar to each other, where W51

was dominated by Bact-08 (ASV 1) from Rikenellaceae family and WS2 was
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dominated by 4 ASVs, they were Macellibacteroides from Tannerellaceae family,
Bacteroides graminisolvens from Bacteroidaceae family, and other two from
Rikenellaceae family. The change of microbial community in CW2 suggests that
the microbial community in vertical constructed wetland (CW2) takes a longer

time to establish and mature.

Figure 3-22 Venn diagram of top 25 most abundant ASVs shared between water and
wetlands across systems in long-term study. ASVs used in this diagram were extracted
from Figure 3-18 to Figure 3-21.
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count
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Figure 3-23 Venn diagram of top 25 most abundant ASVs shared within each system
between first three-month and long-term study. a) shared ASVs in WS1 with data from
Figure 3-18, Figure 3-20 and Figure 2-11; b) shared ASVs in WS2 with data from Figure 3-19,
Figure 3-21 and Figure 3-18, Figure 3-20 and Figure 2-11.

Top 25 most abundant ASVs were analysed with different grouping of samples,
there were 46 different ASVs shared among them (Figure 3-22). Only eight out of
these 46 ASVs were shared with top 25 most abundant ASVs in the first three
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months’ study (Figure 3-23), this indicates that the dominant ASVs in the
microbial community shifted during the long-term running. Meanwhile, only 10
ASVs were shared between water samples in those two systems, which was
predicted by the unweighted UniFrac results, that showed that the microbial

community composition of those two systems were different.

Within the top 25 most abundant ASVs in water samples of each system, the
coverage of effluent of both systems in 2020 was much lower than others, whilst
the coverage of influent fluctuated in 2020. Meanwhile, in WS1 the top 25 most
abundant ASVs in 2020’s effluent shared some similarity to the sample in 2021,
while there was no similarity found in WS2 effluent, also the influents of both
systems in 2020 were different from that in 2021. Combining the results of the
microbial community composition analysis, where the samples in 2020 were
scattered (less similar to each other) and samples in 2021 were clustered (more
similar to each other), further indicating that the microbial community in 2020
was different from 2021 in terms of both the dominant ASVs and the
composition. However, there were not enough samples in the two constructed
wetlands to compare with influent and effluent at the same time. Therefore, it
is hard to say if this change is caused by the microbial community in the influent

or the maturation of the system.

3.4 Discussion

3.4.1 Wastewater treatment performance

COD, NO7, NO3" and phosphate concentration were monitored for 10 months,
where COD, NOz" and NO3™ concentrations were much lower in the effluent than
influent, whilst phosphate concentrations in the effluent were similar to
influent. This indicates that our two small-scale constructed wetland systems
were capable in removing COD, NO;" and NOs3™ from household wastewater in
long-term. Despite large proportions of COD had been removed after treatment
of the constructed wetland systems, there were still over 200mg/L of COD in
average in the effluent of both systems. However, BODs was not measured, it is
unknown how much biodegradable carbon remained in the wastewater after

treatment. It is also unable to evaluate if the treated wastewater has met the
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Mexican standards for reuse treated wastewater (NOM-003-SEMARNAT-1997)
(Gutiérrez, 2008) due to lack of BODs data.

The initial short-term study found out that the concentrations of COD, NO;™ and
NOs" were high in our household wastewater, in this long-term study, high
concentrations of COD, NOz” and NO3z™ in influent were observed throughout the
monitoring period. Raw wastewater with over 1000mg/L of COD has been
reported by De Anda et al. (2018), Verduzco Garibay et al. (2021) and Belmont
et al. (2004) in decentralised wastewater treatment involved constructed
wetlands in Mexico, however, in all three studies COD concentration has been
reduced to less than 350mg/L before treating by constructed wetland units.
Meanwhile, super low pollutant concentrations (COD < 53.6mg/L, total nitrogen
< 18.5mg/L) are reported in some full-scale constructed wetland studies (Zhu et
al., 2021, A et al., 2023), this suggests that constructed wetlands of various sizes
are capable of treating wastewater with a wide range of pollutant level.
However, there is no flowrate data available in this study, it is unable to
evaluate the pollutant lading rate and treatment potential for our systems.
Despite total nitrogen was not measured in our study, largely reduced NO," and
NOs™ concentrations and relatively stable NH4* concentration indicate that
denitrification may be the main process of nitrogen removal in our systems. A et
al. (2023) state that carbon sources are one of the important factors in nitrogen
removal, higher C/N ratio promotes nitrogen removal as denitrification is the
main pathway of nitrogen removal in subsurface constructed wetland. Although
exact C/N ratio is unknown in our study, high COD concentration in wastewater
may provide plenty carbon sources for denitrification, which should result a

lower total nitrogen in the effluent.

The wastewater from both households were high strength with COD, NO2 and
NOs™ concentrations several times higher the centralised domestic wastewater
treatment plants, even if so, they still achieved average removal rates of at
least 73.42%. COD removal was particularly high in both of our systems, where
average of 79.63+ 7.87% of COD removed by WS1 and 84.08+7.40% of COD
removed by WS2. Marin-Muhiz et al. (2023) summarised that 18 full-scale
constructed wetland in Mexico removed 68.3-94.7% of COD from different

resources of wastewater, the removal rates of our household systems fall into
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this range. Average of 70.3+48.5% of BOD reduction in 21 single-house systems
reported by Steer et al. (2002), average of 89.63% COD reduction in 20 systems
reported by Alfiya et al. (2013) and 65.7-89.6% of COD reduction in nine systems
reported by Obarska-Pempkowiak et al. (2015). COD removal rates of our
systems were higher than most of the constructed wetlands in various sizes, the
higher COD input in our systems could be the reason as higher organic load is
associated with higher removal rate (A et al., 2023, Zhu et al., 2021, Sun and
Saeed, 2009, Saeed and Sun, 2011). It is worth to mention that the wastewater
composition in small-scale constructed wetland is more subject to change than
full-scale constructed wetland due to its small operation volume. Our systems
have an equalization tank before the biodigester (where our influents were
taken), in which dramatical shift of influent in a short time should be minimised.
Meanwhile, most of the small-scale constructed wetland studies like us only have
one set of samples every month, those samples may not represent the true

performance of a whole month.

It is interesting to see the removal rates of COD, NO;" and NOs" in both systems
achieved a stable state 10 months after setting up. It is common to see in
constructed wetland studies only describe that samples were taken after an
initial operation period, which can vary from weeks (Hijosa-Valsero et al., 2012,
Wu et al., 2018) to years (Wu et al., 2017, Yan et al., 2018), without knowing if
the wetlands were stable at the time samples were taken. There are only a few
long-term studies reports using constructed wetland to treat single household
wastewater. 21 constructed systems were monitored over seven years by Steer
et al. (2002), however, the result was reported as an average of the seven years.
Same as 20 constructed systems over 1.5 years reported by Alfiya et al. (2013)
and nine systems over 4 years reported by Obarska-Pempkowiak et al. (2015). 20
constructed wetland systems studied by Alfiya et al. (2013) started 10 months
after setting up, which is around the time our systems achieved stable removal
rate. In this case, our system with 79.63+7.87% of COD reduction in WS1 and
84.08+7.40% in WS2 are comparable to their 89.63% COD reduction, but our
systems treated wastewater with 3-5 times higher COD concentrations than
theirs. Although our study provides an insight into the time requires to achieve a
stable pollutant removal, it is still unknown whether pollutant load or operation

affected the time required to achieve a stable pollutant removal.
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Phosphate accumulated in both systems, where the phosphate concentrations in
the effluent increasing overtime. This result is expected as phosphate is
removed from wastewater mostly through adsorption by the media in
constructed wetland, desorption happens if the media is saturated (Vymazal,
2007). Microbes can only uptake a very low amount of phosphate and they tend
to work better in less nutritious wetlands than the nutritious ones (Vymazal,
2007). Zhu et al. (2021) reported a constructed wetland system achieved an
average 67.3% of phosphate removal over 10 years’ time, however, the system
received wastewater containing only 0.03-1.43mg/L phosphate, the filter media
in this study is likely to take much longer time to saturate. In our study,
phosphate accumulation may cause by the saturation of the filter media within
constructed wetland, and WS2 had a poorer phosphate removal than WS1 may be
explained by higher pollutant load in WS2 led to an earlier saturation and
inhibition of biological phosphate removal. Although the water consumption is
hard to monitor in single household system, which makes estimate the pollutant
load harder. Monitor the change of phosphate concentration in small-scale
constructed wetland may provide a guide for filter media replacement in further

operation.

3.4.2 Microbial community analysis

Continuous monitoring of microbial communities in small-scale constructed
wetland systems are barely see. Our study revealed that species richness in
wastewater decreased throughout the treatment system, there was no
difference in species richness in the sediment between both constructed
wetlands in each system. Higher organic load and higher nutrients of nitrogen
are associated with higher species richness in constructed wetland (Choi et al.,
2022, Wu et al., 2023). This explains our observation of species richness reduced
with lower COD and nitrogen concentrations in wastewater, and higher species
richness in WS2 influent than WS1 influent due to higher COD and nitrogen
concentrations in WS1 influent. However, Wang et al. (2022) summarised that
high nitrogen concentration (>20mg/L) is associated with lower diversity and
species richness in microbial community and Xiao et al. (2020) suggest that no
pollutant removal related species are likely to be eliminated or suppressed
under high pollutant concentrations (COD and nitrogen) may be the cause. But

both of their high concentrations are just a fraction of the pollutant
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concentrations in our systems, also, the species richness of microbial community
is also affected by C/N ratio (Li et al., 2019), where in our study the C/N ratio
was unknown. Compared with the microbial communities in the first three-
month’s study, species richness was much higher in the long-term study while
the diversity remained the same. Tian et al. (2024) also observed increasing in
species richness over 83 days in pilot-scale constructed wetlands, but the
diversity of microbial communities were declining over time. Meanwhile, species
richness and microbial community diversity were reduced after the maturation
was observed by Wolff et al. (2024). The characteristics of wastewater such as

carbon and nitrogen source or ratio are likely to contribute to this difference.

The function of plants within the constructed wetland is still debatable. Vymazal
(2011b) claims that plants are essential for constructed wetland, and most
studies suggest that vegetation is positively help in wastewater treatment.
However, Nivala et al. (2019) and Wolff et al. (2024) found out that plants have
minor or no effect on pollutant removal rate in the constructed wetland. Fu et
al. (2019) observed that plants only changed the composition of potential
functional bacteria in the soil bacterial communities but did not increase the
overall diversity of the soil bacterial. As a result of the shift in bacterial
community, the planted constructed wetland has a higher pollutant removal
potential than the unplanted one. Similar change in microbial communities was
also found by Zhao et al. (2012) and Tian et al. (2017), where the shift of
functional microbial communities were seen in planted constructed wetlands.
Our constructed wetlands have plants and plants were growing with the
maturation of the constructed wetlands, however, there is no detailed record of
plant growth and no unplanted constructed wetland to compare, it is unknown

how the plants affected the performance and microbial community in our study.

Both systems, treatment performance achieved stable state after 10 months of
operation, while microbial community only became similar after 14 months.
Which indicate that the shift of microbial community composition does not
affect the function of wastewater treatment. Hollstein et al. (2023) also found
that a shift in microbial community structure is not necessary to affect the
function of constructed wetland, which is the same as our systems. Indeed,

previous studies with full scale WWTPs have also revealed that different
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treatment has different microbial communities but they all can achieve similar
effluent quality (Wu et al., 2019). Also, the microbial communities in the
sediment were different between horizontal and vertical constructed wetlands
in the same system in our study, the same was observed by Wu et al. (2016)
from a full scale constructed wetland system consisting of three different
constructed wetlands in sequence. The difference of sediment microbial
community is likely to be caused by the change of COD and nitrogen
concentrations in wastewater (Wu et al., 2019). The vast majority of studies of
constructed wetlands only take samples at one time point or from matured
constructed wetlands, whereas our study observed changes of microbial
community overtime. Despite the change of microbial communities does not
determine the performance of constructed wetland, it provides a better insight

into microbial community than one-off sample.

Since most of the constructed wetland studies in the literature examining
microbial community were analysed at phylum level, we looked the phyla of the
46 different ASVs shared in different analysis. Proteobacteria was the most
abundant phylum, where 20 out of 46 ASVs belong to Proteobacteria.
Proteobacteria is also one of the most reported phylum in both constructed
wetland or full scale wastewater treatment plant, large numbers of species
belong to Proteobacteria are positively associated with pollutant removal,
includes various nitrogen removal processes, organic carbon removal, phosphate
removal and so on (Wang et al., 2022, Wu et al., 2019).

Rikenellaceae and Macellibacteroides were the most dominant ASVs in WS1 and
WS2 respectively, they both have been reported as anaerobic microorganisms in
removal organic carbon in wastewater treatment (Graf, 2014, Nakasaki et al.,
2020, Gallardo-Altamirano et al., 2021, Chen and Chang, 2017). This indicates
that wastewater in both systems was likely to stay anaerobically throughout the

treatment.

Comamonadaceae family was the most abundant family found in study, where 8
out of the 20 ASVs belong to Proteobacteria belonged to the Comamonadaceae
family. Comamonadaceae family is reported to have positive association with

improved organic carbon (Huang et al., 2021, Wu et al., 2019), whilst Wu et al.

(2019) also reported the relative abundance of Comamonadaceae has strong
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positive correlation with total nitrogen and phosphate removal.
Comamonadaceae family is a phenotypic diverse family with more than 100
species, where both aerobic and anaerobic denitrifiers are reported as well as
both heterotrophic and autotrophic bacteria (Willems, 2014, dos Santos et al.,
2021, Petrilli et al., 2023). There was only one ASV in the most abundant 25 taxa
belonging to the Comamonadaceae family in short-term study, but eight out of
46 most abundant ASVs shared between two systems belong to Comamonadaceae
family in long-term study. This suggests that higher abundance of
Comamonadaceae family appeared in our long-term study may positively
associate with the higher performance of COD and nitrogen removal.
Rhodocyclaceae family has also been positivity associated with COD removal rate
(Wu et al., 2019) as well as nitrification and denitrification potential (Oren,
2014). In our study it was seen in the long-term study of WS2, suggesting that
their increasing relative abundance could be associated with improved COD

removal rate.

Pseudomonas appeared more in long-term study (6) than the short-term study
(2) in the top 25 most abundant ASVs, whilst only one ASV was shared in both
studies. Many strains in Pseudomonas genus are known to have denitrification
abilities under anoxic condition (Lalucat et al., 2022, Fitzgerald et al., 2015),
whilst this is more likely to happen as anaerobic Rikenellaceae and
Macellibacteroides were the most dominants in WS1 and WS2. In additional to
limited oxygen condition, aerobic denitrification by Pseudomonas has also been
reported by Gao et al. (2023) and Huang et al. (2022). Meanwhile, many
Pseudomonas strains have the ability of simultaneous nitrification and
denitrification (Zhang et al., 2022, Li et al., 2015, Huang et al., 2022). Despite
BOD was not measured in this study, super high COD concentration indicates high
organic carbon resource for heterotrophic bacteria, where denitrifying bacteria
from Pseudomonas genus from fall into this category (Rajta et al., 2020).
Although total nitrogen was not measured in this study, combined with plenty of
carbon resource provided by high COD concentration, the increased abundance
of Pseudomonas in long-term study was likely to associate with improved

denitrification in both systems.
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3.4.3 Strengths and limits of this study

This long-term continuous study demonstrates that small-scale constructed
wetland system is capable of treating high strength domestic wastewater from
single household. Although a few studies have also observed the same outcome,
none of them analysed microbial communities within the system. Similar sized
constructed wetlands are commonly pilot scale tested with synthetic wastewater
for a short time, although microbial communities are seen reported in those
kinds of studies, it is unknown if the one-off sampling would represent the whole
microbial communities. Our study observed the change of microbial communities
over time and found out that the performance remained stable despite the shift

of microbial communities.

Small-scale constructed wetland system study comes with its challenges. Unlike
full-scale constructed wetland receiving large amount of wastewater all the
time, the influent flowrate in small-scale system is variable and highly depended
on the household activities. Our influent was sampled once from biodigester,
although there is an equalization tank before the biodigester to minimise the
fluctuation of wastewater characteristics, it would be better if the wastewater
was sampled at several time point and homogenise for analysis. However, this
practice is not commonly descripted in literature, Wolff et al. (2024) is one of
the very few studies practised homogenised sampling. Meanwhile, the exact
amount of wastewater flew into the system was unknown, water consumption
from household water meter may help with this, it is unknown if rain has
affected this open system or not. Lack of flowrate data also made it impossible
to know the organic load and hydraulic retention time, which subsequently
makes it hard to compare with other studies. Furthermore, this system is highly
user-depended, it is unknown how irregular operation or non-operation for some

time affects the performance.

The sampling campaign did not go as planned, although partial data monitored
throughout the campaign still provided the performance evaluation. Biological
replicates were not taken in the first six time points, if biological replicates
were taken throughout the time, it would provide more robust support for the
analysis. Organic carbon was only measured as COD not BODs, out data revealed

both systems worked in removing COD as lower COD concentration in effluent
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was seen, it would be better to have BODs measured at some point to get the
ratio between BODs and COD which could be used in evaluating the actual
organic carbon removal and also comparing with the wastewater reuse standard
in Mexico (Gutiérrez, 2008). Nitrogen was only measured as NO2, NO3 most of
the time, where if total nitrogen and NH4* were measured throughout the study
they would provide much better view of nitrogen removal process within the
system. Indeed, this system was designed to keep nitrogen in treated
wastewater as fertilizer, knowing the nitrogen transforming within the system
would provide better operational guidance for the users to keep nitrogen as they
desired. Biomass was not measured in any form and DNA was only extracted
from wet weight, future study should include biomass as it provides both
physical and biological performance in the system. Samples within the
constructed wetlands in the first seven time points (including three time points
in chapter 2) were not measured in this study, those data would largely help
tracking the change of microbial community and maturation of the constructed
wetlands. Those missing data would largely support the evaluation of
performance in this study, on the other side, those missing data provide a guide

for planning further study.

3.5 Conclusion

Our two small scale operational constructed wetland systems worked well in
removing COD, NO2" and NOs" from household wastewater in our year-long study,
while the removal of NH4* and phosphate were limited. The removal of COD,
NO2  and NOs" stabilised after 10 months’ operation. Microbial communities took
longer (14 months) to stabilise than pollutant removal, and despite different
microbial communities were found in these two systems they achieved
comparable pollutant removal rates. The microbial communities in both systems
shared a same trend, with the microbial communities in 2021 more similar to
each other, and those in 2020 they were very different. The microbial
communities in the CW1 were influenced by the influent while the microbial
communities CW2 influenced the microbial communities of the effluent. Further,
the microbial communities CW2 changed the most and there were less

similarities between water and sediment of CW2.
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Our small scale constructed wetland system received much higher loads of
organic matter and achieved comparable pollutant removal rates as the full
scale constructed wetlands. Given their relatively small footprint and their
reliability in long-term operation, they offer a sustainable solution for off-grid
water treatment, and it is recommended to use them as a solution to improve
off-grid wastewater treatment in addition to septic tank. Meanwhile, the treated
wastewater had a much lower NO2 and NO3" concentrations but retained NH4*
concentration, this relative high concentration of NH4* suggests that the treated
wastewater has the potential to be reused in irrigation, although the pathogens

still need to be monitored.
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4 Can optical density (OD) reflect the change of
mixed microbial community response to a range
of amoxicillin concentrations?

4.1 Introduction

Our small scale constructed wetlands removed pollutants from household
wastewater. As they are designed to reuse treated wastewater, the potential of
housing and spreading AMR within the system raise a key question about the risk
of spread of AMR. In order to find a suitable method to monitoring the overall
AMR in the system, we reviewed the common methods in AMR detection.
Molecular methods such as HT-qPCR and metagenomics are always the first
choice for environmental samples, as they are culture-independent therefore
not affected by largely presented unculturable microbes in the environment.
However, the high cost and long turnover time indicate they are not suitable for

regular monitoring.

Observing limited inhibition of microbial growth after antibiotic exposure is a
sign of AMR, and these kinds of observations started soon after the discovery of
penicillin (Abraham and Chain, 1940). The isolation of bacterial cells and
observation of inhibition of microbial growth when exposed to antibiotics is the
standard method to test susceptibility of clinical pathogens (International
Organization for Standardization, 2019, European Committee on Antimicrobial
Susceptibility Testing, 2024). For environmental samples, most microbes are
unculturable, but they can still be enriched as complex mixed microbial
communities. Within the mixed microbial community, organisms may share ARGs
among each other. Therefore, a measure of the change of whole microbial
community growth when exposed to antibiotics may provide a view of how AMR

affects microbial communities.

The growth of microbes is normally measured through the increase of microbes,
the consumption of nutrients and the metabolic activity or product during
microbial growth. Optical density (OD) is widely used to measure microbe
concentration in liquid culture, as it is both time saving and high accuracy
(Myers et al., 2013). OD measures the light absorbance and uses the Lambert-

Beer linear relationship to reflect the change of microbes in liquid culture (Di
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Caprio, 2020). However, OD is normally used in pure culture where the microbes
share the same size and kinetic, it is unknown how accurate it would reflect the
growth of a mixed community. Studies have shown that even in pure culture an
optimised range where OD has a linear relationship with individual cell count
through flow cytometer (FCM) still needs to be validated (Ogundero et al., 2022,

Beal et al., 2020). Will there be an optimised range for mixed community?

4.1.1 Hypothesis and aims

The hypothesis for this experiment is that OD will reveal the change of microbial

community growth rate response to a range of amoxicillin concentrations.

The aim of this chapter is to develop a rapid method (via OD) to measure
complex mixed community growth rates in liquid culture subject to a range of
amoxicillin concentrations and further exam the accuracy of microbial

community growth measured by OD and cell counts through FCM.

4.1.2 Objectives

e Enrich an aerobic mixed microbial community from anaerobic sludge

granules as ‘seed’ community for all the tests.

e Measure the growth rate of the ‘seed’ community under different

amoxicillin concentrations using OD.
¢ Method validation of diluents, fixation and storage for cell count via FCM.

e Measure and compare the growth of mixed microbial communities under

selected amoxicillin concentrations with OD and FCM.

4.2 Materials and methods

The experiment in this chapter was done in three stages - the preliminary

experiment, method validation and secondary experiment.
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4.2.1 Preliminary experiment

This experiment aims to develop a rapid method to measure antimicrobial
resistance with potential application in measuring antimicrobial resistance in
decentralised wastewater treatment. Since the septic tank (anaerobic digester)
is the most common decentralised wastewater treatment, and the treated
wastewater exposures to air once flows out of septic. Therefore, a ‘seed’
microbial community from anaerobic sludge was established to mimic the change
from anaerobic to aerobic in wastewater treatment process. This mixed
microbial culture was used to measure, via OD, the growth of the community,
and summarise the change of growth when the ‘seed’ community exposed to a

range of amoxicillin concentrations under aerobic condition.

4.2.1.1 ‘Seed’ community preparation — glycerol stocks from anaerobic
granular sludge

The anaerobic granular sludge used in this experiment was sampled on 6" July
2018 by Melissa Moore, PhD student at the University of Glasgow, from an
expanded granular sludge bed bioreactor operated by the North British Distillery
Company in Edinburgh. The granular sludge was stored in 30L jerry cans at room
temperature in the fume hood in the Water and Environment research

laboratory, University of Glasgow for 1.5 years.

e

..:
Anaerobic Crushec.l LB aerobically Glycerol stock
anaerobic o
granular sludge culture -80°C

|
granular sludge (no additional

aeration)

Figure 4-1 Preparation of glycerol stock from anaerobic granular sludge.

The preparation process of glycerol stocks from anaerobic granular sludge is
shown in Figure 4-1. A sterile spoon was used to stir and sample the granular
sludge from the jerry can. The granular sludge was centrifuged at 5000 rpm
(Thermo Scientific Multifuge X1R) for 10 minutes in 50ml sterile falcon tube at
room temperature. The supernatant was discarded and the solid sludge was

transferred into a 15ml falcon tube and crushed with sterile glass bar manually.
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Lysogeny broth (LB) medium was used in culturing the microbes throughout the
experiment. LB medium used in this experiment was a sterile medium made of
1% (w/v) sodium chloride (Sigma-Aldrich, S3014), 1% (w/v) Tryptone
(Formedium, TRP02) and 0.5% (w/v) Yeast extract (Formedium, YEAQ2) in weight
and top up with 0.2um filtered deionized water (DI). 0.25g of the crushed
granular sludge was transferred into a 250ml sterile conical flask containing
100ml LB medium. The microbes in the conical flask were incubated at 37°C
shaking (120rpm) overnight. 1ml of the supernatant without uncrushed granular
was incubated in 100ml LB for another 24h shaking (120rpm) at 37°C. The
supernatant of the overnight culture was then mixed with equal volume of
sterile 50% (v/v) glycerol (Fisher Chemical, G/0650/17) and stored in 2ml
cryogenic tube at -80°C until further use. All the overnight culture in the
following tests were grown from this glycerol stock. The sterile LB medium in
the flask was inoculated from the glycerol stock and incubated at 37°C and

shaking for 14-18 hours.

4.2.1.2 Preliminary experiment design —does OD reflect the growth of a
mixed microbial community to a range of amoxicillin concentrations?

The mixed microbial community from glycerol stock (made in 4.2.1.1) grew
under a range of amoxicillin concentrations and OD was monitored continuously

by plate reader (see Figure 4-2).

e

Glycerol stock

Time

-80°C Growth rate measured
LB aerobically through OD via plate
culture reader under a range of
Overnight amoxicillin concentrations
(no additional (no additional aeration)

aeration)

Figure 4-2 Experimental design of measuring antimicrobial resistance via the growth rate of
aerobically cultured anaerobic granular sludge subject to a range of amoxicillin
concentrations by optical density (OD). The overnight culture was cultured in incubator
shaking (120rpm) at 37°C. Plate reader was set at 37°C shaking orbital 6mm amplitude. No
additional aeration for both overnight culture and plate reader.



Chapter 4 124

4.2.1.3 Mixed community growth rate measurement

The mixed community used in this experiment was inoculated from glycerol
stock grown overnight in LB shaking (120rpm) at 37 °C without additional
aeration. 100ul of the overnight culture was reinoculated into 100ml of sterile
LB. 1ml of the reinoculated culture or negative control was loaded into a well in
24-well clear plate, and 300pl of mineral oil (Thermo Scientific Acros,
415080025) was added into each well to minimise cross contamination. The plate
was covered with clear lid shaking orbital 6mm amplitude at 37°C without
additional aeration and monitored by plate reader (Tecan, Nano Quant Infinite
M200 Pro) every 30 minutes through OD at 600mm for 24 or 48h. Amoxicillin
concentrations of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 7.0,
8.0, 10.0, 12.0, 16.0, 24.0 and 32.0 mg/L were used in this test, diluted from
1000mg/L amoxicillin (Sigma-Aldrich, A8523) stock. Positive control of this
experiment was LB with microbe. Negative controls included LB, 2ml/L of
amoxicillin (diluted with DI), LB containing 2ml/L of amoxicillin to ensure no
contamination of LB, amoxicillin stock. All conditions were run triplicated.
Experiments with amoxicillin concentrations 0-7.0mg/L were monitored for 24
hours, and experiments with amoxicillin concentrations of 8.0-32.0mg/L were

monitored for 48 hours.

4.2.1.4 Growth rate and lag phase calculation

The growth rate and lag phase were calculated with the OD measured by plate
reader over 24 or 48h with Microsoft Excel. The growth rate was calculated from
the slope of In (OD) against time from at least five consecutive points, where the
highest coefficient of In (OD) against time was the growth rate. The end of lag

phase was considered as the last time point where OD value was below 0.1.

4.2.2 Method validation

Some changes of growth rate in mixed microbial community under a range of
amoxicillin concentrations were captured in the preliminary experiment where
the growth rate was measured with OD. It is not known how OD reflects the
actual growth of the mixed community, a more robust method to measure the
growth of mixed microbial communities with cell counts via FCM was validated.

The method was then used to measure the growth of microbial communities with
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selected amoxicillin concentrations simultaneous with OD and compared with OD

measurement.

4.2.2.1 FCM method validation —which diluent to use and how long can a
fixed sample be stored?

To keep the consistency of the experiment ‘Seed’ community stored in glycerol
was used for all overnight culture in this test. Glycerol cells were inoculated into
100ml LB and grown at 37°C shaking for 16 hours. Fresh sample of the overnight
culture was initially diluted x1000 with LB and subsequently diluted x10 with
phosphate Buffered saline (PBS) or DI then measured total cell count (TCC) and
intact cell count (ICC) with FCM. A small portion of fresh overnight culture was
diluted x1000 with LB and fixed with equal amount of 1% (v/v) glutaraldehyde,
this fixed sample was then stored in dark at 4°C. This fixed sample is measured
immediately and 24h, 48h, 72h after fixation, each time it further diluted with
PBS or DI at the time of measuring and both TCC and ICC were measured with
FCM (Figure 4-3).
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Figure 4-3 Experimental design of diluent (PBS or DI) and sample storage test for total (TCC)
and intact (ICC) cell count via FCM. The fresh overnight culture was diluted x1000 with LB
(B 1) and further diluted with PBS or DI and then measured both TCC and ICC immediately.
The fixed sample (B I) was diluted with PBS or DI and then measured TCC and ICC with both
diluents immediately and 24h, 48h and 72h after fixation.
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4.2.2.2 FCM method validation — Are fixation and high dilution factors
necessary?

This experiment design was similar to the pervious one, where the overnight
culture was prepared and measured TCC and ICC via FCM (see Figure 4-4). Two
fixed samples diluted with LB at x100 and x1000 fixed with equal amount of 1%
(v/v) glutaraldehyde and two unfixed samples diluted with LB at x100 and x1000
were prepared and stored in dark at 4°C for 72h. They were measured
immediately after preparation and 24h, 48h, 72h afterwards, each time they
were further diluted x100 or x10 with PBS and both TCC and ICC were measured.
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| | -] =)
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- .
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=
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Figure 4-4 Experiment design of dilution factor and sample storage test for total (TCC) and
intact (ICC) cell count via FCM. All samples in B were tested soon after prepared with steps
in C and D, they were stored in dark at 4°C and repeatedly tested 24h, 48h and 72h after
preparation.

4.2.2.3 Total (TCC) and intact (ICC) cell count with flow cytometer (FCM)

Both experiments in 4.2.2.1 and 4.2.2.2 shared the same sample preparation and

measuring processes which are listed below.

Fixative in both experiments was 1% (v/v) glutaraldehyde (Sigma, G5882) in DI
water and filtered with 0.22pm sterilised filter. Sample was fixed with equal
amount (1:1 in volume) of fixative under each condition and then measured

immediately or stored up to 72 hours at 4°C in dark. Diluent PBS used in this
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experiment was prepared with one PBS tablet (Fisher Bioreagents, BP2944) in
200ml DI water and sterilised then filtered with 0.22pm sterilised filter, and
diluent DI water was freshly filtered with every time with 0.22pm sterilised
filter. During the dilution test, three samples were diluted with the same diluent
under each condition. Each diluted sample was then prepared quadruplicate for
measuring, where one sample was filtered with 0.22um sterilised filter as
background control, the rest three samples were for the measuring. One PBS
sample, one DI water sample, one 1% (v/v) glutaraldehyde and one filtered store
sample before diluting were also included in the following steps as background

control.

The protocols for TCC and ICC were developed by Hammes et al. (2008) and
Berney et al. (2007), in brief, 500ul of each sample stained with 10pul of
respective stain separately. The TCC stain was made of 1% (v/v) SYBR Green
(Sigma, 59430) in 0.22um filtered tris-EDTA (Sigma, 93283) and the ICC stain was
made of 1% (v/v) SYBR Green, 40% (v/v) propidium iodide (Sigma, P4864) and
60% (v/v) 0.22um filtered tris-EDTA. Samples were stained and incubated in dark
for 15 mins at 37°C and measured by flow cytometer (BD Accuri Cé plus)
immediately. The statistical analysis (T-test) was performed with Microsoft

Excel.

4.2.3 Secondary experiment

The preliminary experiment showed that the effect of amoxicillin concentrations
can be divided into three ranges based on the change of growth rate, where O -
1.5mg/L was the beneficial range, 1.5 - 4.5mg/L was the detrimental range and
no further change range started from 4.5mg/L. In this study, amoxicillin
concentrations of 1.5, 3.0, 4.5 and 8.0 mg/L were selected to cover all three
ranges. The secondary experiment was run in two stages, where the stage 1
tested the microbial community growth without amoxicillin with the method
developed in method validation and stage 2 tested microbial growth with

selected amoxicillin concentrations with the same method in stage 1.
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e Stage 1 experiment - measure the growth of microbial communities

without amoxicillin via OD and FCM

Microbial communities were seeded from the glycerol stock used in the
preliminary experiment and cultured the same way as detailed in 4.2.1.1. All the
microbial communities were cultured in triplicate in 250ml flasks containing
100ml of LB medium and 100pl of overnight culture shaking at 37°C (Figure 4-5).
Abiotic control LB medium only was also included in the run. Samples were taken
at 1.5 hours interval from the time of inoculation to 7.5 hours. All samples were
measured with OD, cell counts of both ICC and TCC, a sample from overnight
culture (beginning of the experiment) and a sample from 7.5 hours (end of

experiment) were kept for DNA and RNA analysis in the next chapter.

Culture with LB Culture with LB
shaking at 37°C shaking at 37°C
for 16 hour for 7.5 hour Time
0 15h 3.0 4.5h 6.0h iSh
f 5 ap op op op op oD
Glycerol stock FCM FCM FCMm FCMm FCM FCM
Qvernight DNA DNA
culture No amoxicillin RNA RNA

Figure 4-5 Stage 1 experiment design. Cell counts and OD were measured at six time points
with 1.5h interval. Samples from the overnight culture and the last time point were kept for
DNA and RNA analysis in next chapter.

e Stage 2 experiment - measure the growth of microbial communities

with amoxicillin via OD and FCM

Each amoxicillin concentration was cultured in triplicate in 250ml flasks
alongside triplicated no amoxicillin controls with 100ml of LB medium shaking at
37°C. Abiotic control LB medium only was also included in each run. Sampling
intervals were chosen from the growth curve of the preliminary experiments
with some adaptations, where detailed sampling time of each concentration
listed in Table 4-1. The no amoxicillin microbial community controls in Stage 2
experiment were the same as Stage 1, so only OD was measured at each time
point and cross checked with the results in Stage 1 to ensure the batch had a
normal growth. OD and cell count via FCM (both ICC and TCC) were measured for
all microbial communities cultured with amoxicillin at every time point.

Meanwhile, samples at the first time point (beginning of the experiment) and
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the last point (end of the experiment) were kept for DNA and RNA analysis in the
next chapter, include both amoxicillin containing microbial communities and no

amoxicillin controls (Figure 4-6).

Control

. 0D and cell count (FCM) of 5-7 time points were
No amoxicillin

measured throughout the growth.
AMR gPCR array and 16S rRNA sequencing were
tested with both DNA and RNA.

c
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£ With amoxicillin « B:3.0, 4.5, (middle and end of detrimental range)
= . A
£ Lo oasmgt LB aerobically C: 8.0, (within no further decrease range)
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A Time
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Figure 4-6 Stage 2 experiment design. Four amoxicillin concentrations from beneficial
range, detrimental range and no further decrease range were tested with the same microbial
community used in preliminary experiments, where samples were cultured in flasks with no
amoxicillin controls. Cell counts and OD were measured at least five time points for all the
microbial communities containing amoxicillin, whilst samples at the start and end were
collected for DNA and RNA analysis in the next chapter.

Table 4-1 Sampling time of each amoxicillin concentration.

‘ Sampling time (h) ‘
Amoxicillin

concentration T0 T1 T2 T3 T4 T5 T6 T7 T8
0 mg/L 0 1.5 3.0 4.5 6.0 7.5

1.5 mg/L 0 1.5 3.0 4.5 6.0 7.5 9.0 10.5

3.0 mg/L 0 3.0 6.0 9.0 12.0 15.0

4.5 mg/L 0 3.0 6.0 = = 15.0 18.0 21.0

8.0 mg/L 0 6.0 12.0 - 24.0 - 36.0 - 48.0

4.2.3.1 OD and cell count via FCM

OD was measured with a Hach portable spectrophotometer (DR 2800TM) at
600mm. TCC and ICC was performed using the method validated in 4.2.2.1 to
4.2.2.3, where all samples were fixed with 1% (v/v) glutaraldehyde and diluted
x1000 times at the point of sampling, stored in dark at 4°C and measured within

24 hours and further diluted with PBS. R package ‘Growthcurver’ (Sprouffske and
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Wagner, 2016) was used to generate growth curves and calculate the growth

rates.

4.3 Results

4.3.1 Preliminary experiment

4.3.1.1 Mixed community growth rate under a range of amoxicillin
concentrations

The ‘seed’ community was prepared and used in the test to measure growth
rate. The change of OD overtime of the mixed microbial communities was
captured and recorded by plate reader then analysed. The change of OD
reflected the growth of mixed microbial community, where lag phase and
exponential growth were clearly separated. Figure 4-7 showed an example of the
change of OD over 24h with amoxicillin concentrations of 0, 0.5, 2.0, 8.0 and
32mg/L. The growth curves of other amoxicillin concentrations are shown in
Figure 7-1 to Figure 7-5 of the appendix. The exponential growth appeared first
in the samples without amoxicillin, whilst the exponential growth delayed with
increasing amoxicillin concentrations. Meanwhile, the slope of the growth curve
is flatter with higher amoxicillin concentration, which indicates a decline in

growth rate as the growth rate is the slope of growth curve.

0.6

0.5

LB
0.4
Amoxicillin 2mg/L

Amoxicillin 2mg/L + microbe

LB + microbe

oD (600)
o
w

Amoxicillin 0.5mg/L + LB + microbe

Amoxicillin 2mg/L + LB + microbe

0.2

/

Amoxicillin 8mg/L + LB + microbe

Amoxicillin 32mg/L + LB + microbe

o 1 ] o D 40 AL AN 26 4B 10 1 &
Time (h)

Figure 4-7 Community growth curve measured by OD via plate reader at amoxicillin
concentration of 0, 0.5, 2.0, 8.0 and 32mg/L for 24h. Negative controls of culture media (LB),
2mg/L amoxicillin, microbe with 2mg/L amoxicillin were included. Each line represents the
change of OD value from single well, all conditions were run triplicated.
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Summary of the growth rate and the length of lag phase under all amoxicillin
concentrations were calculated and shown in Figure 4-8 and Figure 4-9. The
growth rate of this mixed community increased with increasing amoxicillin
concentration at first, and then decreased with increasing amoxicillin
concentration and no further decrease when amoxicillin concentration was
higher than 4.5mg/L. Hence, those concentration ranges can be divided into
beneficial range (0-1.5mg/L), detrimental range (1.5-4.5mg/L) and no further
decrease range (greater than 4.5mg/L). However, there was no similar trend
found in the length of lag phase, where it increased with increasing amoxicillin

concentration.
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Figure 4-8 Calculated community growth rate measured by OD via plate reader at amoxicillin
concentrations of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 7.0, 8.0, 10.0, 12.0, 16.0,
24.0 and 32.0 mg/L. Error bars represented the standard deviation of at least 3
measurements. A: beneficial range, B: detrimental range, C: no further decrease.



Chapter 4 132

50

45

w H
(V)] o
—_—

HH

w
o
HH

Lag phase (h)
N
a

20 L
[ ]
15 }
[ ]
[ ]
10 ””..
[ 1)
5 ..
®
[ ]
0
0 5 10 15 20 25 30 35

Amoxicillin concentration (mg/L)

Figure 4-9 The length of community lag phase measured by OD via plate reader at
amoxicillin concentrations of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 7.0, 8.0, 10.0,
12.0, 16.0, 24.0 and 32.0 mg/L. Error bars represent the standard deviation of at least 3
measurements.

It is not known if the mixed community would behave the same as pure isolates,
and if the amoxicillin affected all members of the community in the same
manner. It is also unknown how reliable the growth rate of a mixed community
generated from OD is, since there may be different bacteria present in the
community. Therefore, further study with all ranges of amoxicillin

concentrations as well as characterisation of the mixed community are needed.

4.3.2 Method validation

4.3.2.1 Diluent and storage time determination with fixed sample

Since it is unknown how the growth of mixed community measured by OD
reflects cell numbers, cell counts were conducted by FCM. However, it takes
more effort to prepare and measure samples by FCM, and the preparation
method may have a direct impact on the cell count results. Therefore, sample
preparation methods were tested in two steps to find the best way with
minimum disruption of the cell count. The first step of the method validation is

to find the best diluent and storage time for fixed sample.
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Figure 4-10 Total cell count (TCC) with fixed and unfixed sample diluted with PBS or DI

water at the time of measuring. The unfixed samples were only measured on Day 0, and the
fixed samples were measured every 24h from Day O to Day 3. Error bars stand for standard
deviation from three biological replicates each measured triplicated. * Indicates statistically
significant difference (P<0.05) in T-test.
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Figure 4-11 Intact cell count (ICC) with fixed and unfixed sample diluted with PBS or DI

water at the time of measuring. The unfixed samples were only measured on Day 0, and the
fixed samples were measured every 24h from Day 0 to Day 3. Error bars stand for standard
deviation from three biological replicates each measured triplicated. * Indicates statistically
significant difference (P<0.05) in T-test.
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TCC and ICC were measured with samples diluted with PBS or DI water at the
point of measuring, Figure 4-10 and Figure 4-11 were the results of TCC and ICC.
The significant drop in cell concentration of all samples started from Day 2. On
Day 1, there was no statistical difference found between TCC (P=0.077) and ICC
(P=0.324) when fixed sample were diluted with PBS, while sample diluted with
DI water returned statistically different in both TCC (P=0.017) and ICC (P=5.33 x
103). There was no statistical difference between diluents on Day 0 in both TCC
(P=0.294) and ICC (P=0.104) if samples were fixed with 1% (v/v) glutaraldehyde.
On Day 0, no statistical differences between fixed and unfixed sample when PBS
was used to dilute samples (ICC, P=0.772; TCC, P=0.803). However, there was a
huge variation in TCC of unfixed samples, where the sample diluted with DI
water was at least 39.5% higher than all the other samples on the same day, it
was unknown if this contributed to the difference between fixed and unfixed
sample in TCC when diluted with DI. Also, the measurement of LB as negative
control returned much higher background noise than all the other negative
controls, it is unknown if higher percentage of LB in unfixed sample contributed

to the variation in TCC.

In summary, the results above recommend that samples fixed with 1% (v/v)
glutaraldehyde and further diluted with PBS and should be measured within

24h to ensure the same result as the fresh sample.

4.3.2.2 Fixation and dilution factor determination

The last experiment made a conclusion of which diluent should be used at the
point of measuring samples by FCM, however, samples were diluted x1000 at the
time of storage, which is a large volume (50ml) and this also means potential
risk of exposure to large amounts of glutaraldehyde especially when a large
number of samples are generated in a short time. So, here it was tested if it was
possible to reduce the total volume of samples stored and if it was necessary to

fix the sample before storing?
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Figure 4-12 Total cell count (TCC) with fixed and unfixed samples diluted x100 or x1000
initially and stored up to 3 days. All samples were measured every 24h apart. Error bars
stand for standard deviation from three biological replicates each measured triplicated. *
Indicates statistically significant difference (P<0.05) in T-test.
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Figure 4-13 Intact cell count (ICC) with fixed and unfixed samples diluted x100 or x1000
initially and stored up to 3 days. All samples were measured every 24h apart. Error bars
stand for standard deviation from three biological replicates each measured triplicated. *
Indicates statistically significant difference (P<0.05) in T-test.

From the summary of previous experiment, diluting a sample with PBS is less
likely to affect the cell count at the time of measuring. Both ICC and TCC were
from x100 or x1000 initial dilution and fixed or unfixed sample were measured
every 24 hours up to 72 hours (Day 3) as well as initial preparation (Figure 4-12
and Figure 4-13). The TCC results from all the conditions showed much less
variation than the ICC, since both TCC and ICC of the same condition were
measured from the same sample, this suggests that some changes happened
during storage, but this was not captured by TCC. Also, fixed sample with initial
dilution of x1000 was the only condition to return similar cell counts in both TCC
and ICC on Day 0. A similar cell counts for both TCC and ICC from one initial
dilution was expected as this was observed from the result of previous study in
Figure 4-10 and Figure 4-11. Meanwhile, the condition of both fixed and unfixed

sample with initial dilution x1000 were also measured in previous study, the ICC
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of unfixed sample with x1000 initial dilution in this study was much lower than
the previous one. Also, there was an interesting finding that TCC of unfixed x100
diluted sample returned a higher value in the following days, a similar result was
found in ICC too, those suggest that under this condition the microbes were

growing.

The statistical results suggest that unfixed samples with x1000 initial dilution
returned no difference in TCC for three days following compared to Day 0 (Day
1, P=0.545; Day 2, P=0.349; Day 3, P=0.438). Although the TCC of fixed sample
with x1000 initial dilution was different from Day 1 (P=1.11 x 104), the absolute
value dropped less than 5% (from 48.78 (Day 0) to 46.56 (Day 1) cell per pl). In
terms of ICC, only fixed sample with initial dilution of x1000 on Day 1 returned
no difference to Day 0 (P=0.181). This suggests that ICC measurements are only

stable for up to 24 hours after fixation.

The purpose of this method validation experiment was to determine a way to
store sample for the next step experiment with particular interest in ICC. For
this, dilution of the sample x1000 and fixation with an equal volume of 1%
glutaraldehyde is recommended and stored in dark at 4°C would likely to return

the same cell count as fresh sample up to 24 hours after fixation.

4.3.3 Secondary experiment

4.3.3.1 Comparison of mixed microbial community growth rate measured by
OD, TCC and ICC via FCM

OD and total and intact cell count via FCM were measured with samples from
several time points throughout the growth of the mixed microbial community
under selected amoxicillin concentrations. Figure 4-14 is the result of Stage 1
experiment where microbial community growth measured with OD, TCC and ICC
over time without amoxicillin, results of microbial growth with amoxicillin are
shown in Figure 7-6 to Figure 7-8 of appendix. The growth measured with OD was
identical to the one in the preliminary experiment (Figure 4-8). Although both
OD and TCC are supposed to measure all cells, the growth curve measured
through TCC was slightly different from the one measured by OD, where the
exponential growth and stationary growth both appeared later in TCC. The

growth measured through ICC reached stationary stage earlier than others,
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which was expected as ICC only measured the intact cells within the community,

but other methods measured both live and dead cells.
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Figure 4-14 Comparison of microbial community growth measured by OD, TCC and ICC. OD,

optical density; TCC, total cell count; ICC, intact cell count without amoxicillin. One

measurement of OD, TCC and ICC from the same sample at the same time, result represent

measurements from three biological samples (1, 2 and 3).
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Figure 4-15 Summary of growth rate measured through OD, TCC and ICC with microbial
community under amoxicillin concentrations of 0, 1.5, 3.0, 4.5 and 8.0mg/L. Error bars are
standard deviation from three biological replicates. OD, optical density; TCC, total cell

count; ICC, intact cell count.

Figure 4-15 is the summary of the growth rates of the microbial community in

the presence of the selected amoxicillin concentrations through different
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measurements. The trend of growth rate measured with OD was the same as the
preliminary experiment, where the growth rate peaked at amoxicillin
concentration of 1.5mg/L and decreased in higher concentration then no further
decrease from 4.5mg/L amoxicillin. The trend of growth rate measured by TCC
was not the same as OD, where it peaked at 1.5mg/L amoxicillin and decreased
with increasing amoxicillin. The growth rate generated from ICC data was
different from all the others, where it decreased with increasing amoxicillin
concentration. However, the growth rates of the microbial community with
amoxicillin may not reflect the true growth rates due to the limited available

time points.

a) |op_1 b) | Tcc_1 c) |1cca
d) |op_2 e) | TcC 2 f) | 1cc_2
g) |oD_3 h) | Tcc_3 i) |1cc_3

Figure 4-16 Growth curve of microbial communities with 1.5mg/L amoxicillin measured with
OD, TCC and ICC. a), b), ¢); d), e), f); and g), h), i) were measured from replicate 1; 2; and 3,
respectively. a), d) and g) are growth curve measured through OD; b), €) and h) are growth
curve measured through TCC; c), f) and i) are growth curve measured through ICC. OD,
optical density; TCC, total cell count; ICC, intact cell count.

Although all three ways of measuring microbial communities successfully
generated growth rates through R package ‘Growthcurver’, the growth rate may
not reflect the actual growth rate of the microbial communities. Figure 4-16

shows an example of growth curve measured with OD, TCC and ICC, where the
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variations within the same measurement (OD, TCC or ICC) among replicates was
seen. The microbial communities grew much slower in the third replicate
compared with the other two biological replicates, and the exponential growth
was unlikely to be captured in any of the measurements. Also, the time points
and interval were selected based on the preliminary experiment where growth
curves were measured through OD, the overestimation of the microbial
communities growth by OD lead to finishing measurements too early. Therefore,
although the growth of microbial communities was measured, the results may

not be extensive enough to reflect the full growth of the microbial community.

4.4 Discussion

4.4.1 Preliminary experiment

The preliminary experiment was able to observe the change of growth rate of a
mixed microbial community under a range of amoxicillin concentrations via OD.
It is understandable that environmental antimicrobial resistance studies focus on
DNA only since most environmental bacteria are not culturable. Whilst clinical
antimicrobial resistance studies are mostly culture based as they focus on
resistance developed by pathogenic species. Ottosson et al. (2012) tested the
ciprofloxacin resistance of Enterococci sp. isolates from a hospital wastewater
system. Interestingly, the ciprofloxacin resistant and intermediate isolates have
a longer lag-phase than the sensitive isolates even without ciprofloxacin, while
the generation times are the same for resistant, intermediate and sensitive
isolates. In our study the lag-phase increased with amoxicillin concentration,
this suggests the increased lag-phase in our study may cause by selecting of
amoxicillin resistant bacteria. The growth rate of sensitive isolates decreased
significantly with increasing ciprofloxacin concentrations, while the growth rate
of intermediate and resistant isolates only decreased slightly with higher
ciprofloxacin concentrations in the study conducted by Ottosson et al. (2012).
Compared with this study, here we only observed a decrease of growth rate in
the detrimental range (see Figure 4-8) concentrations, which suggests that
amoxicillin resistance was developing or selecting in the detrimental range
amoxicillin concentrations. Combining our results with the study by Ottosson et
al. (2012) it shows that the microbial community developed resistance in the

detrimental range (see Figure 4-8) of amoxicillin concentrations, but it is still
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not enough to explain what has happened in lower and higher range of

amoxicillin concentrations.

Single strain antimicrobial resistance study usually uses the MIC to determine the
resistant. However, there is no single MIC for a mixed microbial community as
one antibiotic does not work for all bacteria and even for the bacteria are
sensitive to the antibiotic the MIC is different for every bacterium. It has been
found that MSC can be much lower than MIC, where low concentration of
antibiotic reduces the growth rate of susceptible strain but does not affect the
resistant strain (Gullberg et al., 2011). We had seen an increase in growth rate
and the length of lag phase in low amoxicillin concentrations (beneficial range in
Figure 4-8), this may cause by the inhibited growth of amoxicillin susceptible
strains which was competing with amoxicillin resistant strain when amoxicillin
was not presented (Rajer and Sandegren, 2022). Meanwhile, the acquisition of
resistance may also be happening at the same time, as low concentration of
beta-lactam antibiotic have found to increase the rate of resistance mutations
(Sandegren, 2014). Also, the fitness cost of developing antimicrobial resistance
increased with antibiotic concentration (Andersson and Hughes, 2010), which
may explain the length of lag phase increased with amoxicillin concentration
(beneficial range in Figure 4-8) observed in our study. Meanwhile, one of the
main amoxicillin (beta-lactam) resistance mechanisms is to break the beta-
lactam ring through beta-lactamase, whilst under higher amoxicillin
concentration more beta-lactamase is required to break the beta-lactam ring. It
is possible that fewer species have the ability to produce enough beta-lactamase
and survive, which consequently leads to a relative stable growth rate in higher
amoxicillin concentrations (no further decrease range in Figure 4-8) in our study.
Further test is required to find out the reason behind the change of growth rate

and length of lag phase.

4.4.2 Method validation

Most studies employed flow cytometry only described the method used in their
sample preparation, the comparison of sample preparation and storage methods
are not commonly reported. Vignola et al. (2018) compared two fixation
solutions, 1% glutaraldehyde and a solution of ethanol: PBS 50%, where 1%

glutaraldehyde achieved better result in fixing biofilm in sand filter followed by
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detachment. In this study, only 1% glutaraldehyde was tested to fix samples pre-
diluted with different dilution factors, which resulted to 0.5% glutaraldehyde in
the final stored samples. Glutaraldehyde as an additive fixation method which
inactivates the cell and forms chemical bonds with protein to protect the cell
structure. Our results saw a significant decline in TCC and ICC after fixation
(x100) suggest that the volume of 1% glutaraldehyde used in the test was not
enough to inactivate all the cells. Abay et al. (2019) tested the range of
concentrations that reported in the literature and found out that glutaraldehyde
concentration lower than 0.001% brings significant higher percentage of lysed
red blood cells than higher glutaraldehyde concentration (>0.01%) or no
glutaraldehyde. Although our concentration of 0.5% is much higher than 0.01%,
the significant declined in ICC in later days suggests that cell lyse happened
during storage and increase glutaraldehyde percentage or dilute cells are
required. However, the exact amount of glutaraldehyde needed for a given
number of cells has never been discussed, indeed fixation always happens before
cell counting, therefore a better way to determine this is to test with actual

samples.

There are some other parameters affect sample storage and test as well. Kamiya
et al. (2007) suggested that fixation does not change the cell counts in seawater
samples, but storage is a significant factor in total cell counts, particularly in
the first three days of storage. In our study, significant drop in cell counts
happened from Day 2 of storage. This difference may be because of differences
in the physiology and taxonomy of cells in each sample (Kamiya et al., 2007). In
addition to the characteristics of samples, Safford and Bischel (2019) also
reported instrumental difference, where same sample measured through four
different FCM returned different results. Although the difference in result may
be minimised by adjusting the gating, it is unknown if the method reported in
the literature will work for different sample without testing. Therefore, it is
necessary to test sample with proposed fixation and storage method to find the
best fit.

4.4.3 Secondary experiment

The community growth measured in three methods returned different results as

expected. Although the OD value and TCC both measure the cells in the whole
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community, TCC measures stained DNA from both intact and damaged cells,
while OD measures everything in the liquid that changes light absorbance, where
cell debris also count as cell by OD. In this study, OD values appeared in
stationary earlier than TCC, which means OD reached maximum measurable
absorbance earlier TCC and this may partially cause by overcounting debris as
cells. Ogundero et al. (2022) also notice that OD value overestimates the cell
counts at higher cell concentrations, it only shows a linear correlation with cell
concentrations at lower concentrations. ICC only counts cell with intact
membrane, which reflects the cell growth more accurately than the other two
methods, but the presence of dead cell with intact membrane will still
overestimate the cell number (Safford and Bischel, 2019). Although automatic
measurement of both ICC and OD are available, ICC may be under estimated
when cell concentration is too high where multiple cells may be counted as one

cell due to aggregation (Safford and Bischel, 2019).

The growth rate measured by OD was slightly different from the preliminary
experiment result, although they show the same trend with the change of
amoxicillin concentrations. The difference of growth rate value may be caused
by different measurement methods for OD, such as the cuvette and
spectrophotometer (Sutton, 2011). Whilst a large-scale study conducted by Beal
et al. (2020) compared E. coli cell counted by the same selected methods across
over a hundred laboratories internationally and stated that OD is a robust
method in estimating cell count. Nevertheless, the measurement of OD in the
preliminary experiment is more frequent than this study, which largely affects
the accuracy of the growth rate. It is hard to find a precise measuring interval
for environmental sample since the doubling time and the length of exponential
growth are unknown. A more frequent measurement provides better review of
microbial growth. It was hoped that OD could reflect bacterial growth in an
optimised range of time in which it could be used as a method to monitor the
change in long-term, however, out data was not enough to make the conclusion

that OD is enough to reflect the community growth rate.

Community growth rate measurement is challenge especially for environmental
samples. Measuring substrate utilisation to reflect bacterial activity is more

common, where essential resources for DNA and protein synthesis have been
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measured by Fernandez-Calvifio and Baath (2010) and carbon source utilisation
via Biolog plate has been reported by Stefanowicz (2006). Domanska et al.
(2019) used OD to measure bacterial contamination in water and wastewater,
although a growth curve was reported, the detection of bacteria growth is more
important than growth rate in this study. Another way for community growth
rate measurements to be taken is to measure the growth rate of pure culture
and predict the growth rate of the community using computational approaches
(Ram et al., 2019). Despite methods varied, lab culture introduces the bias by
the selection of growth media and monitoring time, it is likely that only fast-

growing bacteria capable of growth in the selected media would be selected.

4.5 Conclusion

This chapter set out to establish methods to rapidly monitor mixed microbial
community growth rate in the presence of amoxicillin using OD and to establish

robust methods to validate the growth rate with cell counts via FCM.

The method of sample dilution, fixation and storage for the measurement of
intact and total cell count via FCM was validated, which suggests that sample
pretreatment of diluting fresh sample x1000 with LB and adding equal amount of
1% glutaraldehyde then stored in dark at 4°C for up to 24 hours is less likely to
change the cell count results than if the sample is diluted with PBS at the time

of measuring.

The change of growth rate of mixed microbial communities under the impact of
amoxicillin was captured by the change of OD. Microbial communities’ growth of
selected amoxicillin concentrations was measured with OD, TCC and ICC
simultaneously, however, the results are not enough to conclude that OD is
sufficient to reflect the ‘true’ growth of microbial communities. Further work is
needed to determine if the change in growth rates within mixed microbial
communities is caused by a shift of microbial communities or the development
of antimicrobial resistance genes responding to the presence of amoxicillin or

indeed a combination of these two factors.
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5 Effects of increasing exposure to amoxicillin on
microbial community growth rates, community
composition and AMR genes and expression.

5.1 Introduction

Antibiotics work by inhibiting the growth of bacteria using a variety of different
mechanisms. Each antibiotic class shares the same target and action
mechanisms and therefore has similar impacts on susceptible bacteria (Peach et
al., 2013). Amoxicillin belongs to beta-lactam antibiotic class, which disrupts
cell wall synthesis by targeting the penicillin-binding proteins. In other words,
the growth of bacteria without penicillin-binding proteins will not be affected by
amoxicillin or other beta lactam antibiotics. The microbial community
composition is expected to shift after antibiotic exposure as the abundance of
antibiotic susceptible bacteria is likely to reduce. The shift of gut microbial
community composition after antibiotic treatment has been reviewed by
Fishbein et al. (2023), where the change of microbial community composition

varied when different antibiotics were used.

WWTPs are considered ‘hot spots’ for AMR. As they are not designed to remove
antibiotic or AMR, both antibiotics and ARGs are found in the effluent of WWTP.
Antibiotics concentrations is reported to be lower in the effluent than influent.
For example, 79%-88% total antibiotics have been reported to be removed by
Sabri et al. (2020b) in three full-scale WWTPs in the Netherlands, while 42.2% of
tetracycline and 83% of sulfonamide removal in a full-scale WWTP was reported
by Gao et al. (2012). Furthermore, ARG diversity in the effluent was lower than
the influent in full-scale WWTPs (Yang et al., 2014, Ju et al., 2019), whilst the
relative abundance of ARGs in the effluent was seen to increase by Parnanen et
al. (2019) and Ju et al. (2019) even though the biomass was more reduced in
effluent than influent. While the microbial community composition of full-scale
WWTPs has been reported from all over the world, they largely provide just a
snapshot of the microbial communities since most of the studies only include one
sample point (Sun et al., 2023, Ju et al., 2019) or analyse the pooled sample
from different time points (Yang et al., 2014). Although the microbial
communities in full-scale WWTPs are relatively stable, it is unknown how the

presence of antibiotics act on the establishment of microbial communities.
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Small-scale WWTPs have a much lower capacity compared with full-scale
WWTPs, where the influent is generally more variable than full-scale WWTPs due
to their small capacity. Antibiotics and ARGs have been studied in small-scale
WWTPs, but the changes of microbial communities after antibiotic exposure are
not commonly investigated. In a series of mesocosm-scale CWs treating domestic
wastewater with various substrates, hydraulic loads, flow configuration and
plant species used was studied by Chen et al. (2016a). They reported lower
antibiotic concentrations and abundance of ARGs in the effluent compared to
influent. Similar results of reduced antibiotic concentrations and abundance of
ARGs in the effluent were observed by Gentile et al. (2024). However, if and
how these affected changes in the microbial communities within these systems
was not studied. The shift of microbial communities after expose to sulfadiazine
and trimethoprim for 60 days has been studied by Kruglova et al. (2019) in lab-
scale bioreactors treating synthetic wastewater, showing lower nitrifier
activities after antibiotic exposure, but changes in the underpinning ARGs was
not measured. It has been reported that E. coli resistance development is
correlated with the relative concentration of antibiotics in wastewater
(Sutradhar et al., 2023). But it is unknown how the development of overall
resistance in the environment after antibiotic exposure and if the change of
microbial community composition is happening at the same time of AMR

development.

Our batch experiment mimicked the change of small-scale WWTP where
wastewater flows from anaerobic to aerobic condition with exposure to
antibiotics. The change of growth rate has been observed, but it is unknown how
the microbial community responded to amoxicillin, and what ARGs underpinned
these changes during their growth. Furthermore, as it was a short batch
experiment, the length of the experiment may not have been enough to capture
microbial activity via DNA and growth, whereas RNA provides a better view of
instantaneous changes in gene expression. Therefore, DNA alongside mRNA were
both considered for the study on the effects of a mixed microbial community
exposure to increasing concentrations of antibiotics, coupled with a high-

throughput qPCR array to monitor changes in AMR genes and transcripts.
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5.1.1 Hypothesis and aim

The change of microbial community growth rate after amoxicillin exposure was
observed in Chapter 4, we hypothesise that the change of microbial community
growth rate is associated with the shift of microbial community composition and

development of antimicrobial resistance.

The aim of this study is to determine mixed microbial community response to an

amoxicillin concentration gradient.

5.1.2 Objectives

e To analyse the change of microbial community composition under

different amoxicillin concentrations.

e To test if there are changes in ARG expression within the mixed microbial

community across the different amoxicillin concentrations via HT-qPCR.

5.2 Materials and methods

DNA or RNA used in this chapter were collected from the secondary experiment

in 4.2.3, Table 5-1 details samples numbers used in this chapter.

Table 5-1 Summary of sample numbers collected from the experiment described in 4.2.3 and
used in this chapter. TO was sampled from overnight culture, which was subsequently
reinoculated for ‘T end control’ and ‘T end amoxicillin’ to ensure all those Tends were
biological replicates. T end (control) was sampled 7.5 hours after reinoculation, T end
(amoxicillin) was sampled from 10.5 to 48 hours after reinoculation. (see Table 4-1 for detail)

T end . e
Sample numbers TO (Control) T end (Amoxicillin)
Amoxicillin
concentration cDNA DNA cDNA DNA cDNA

(mg/L)

L N S S Y
w W W W w
w W W W w
w W W w
w W W w
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5.2.1 16S rRNA annealing temperature optimisation

DNA was extracted from 2ml of overnight culture with FastDNA™ SPIN Kit for Soil
(MP Biomedicals, 116560200) and was used in this optimisation. PCR reaction
condition and primers (515F (barcoded) & 926R) were detailed in 2.2.4, where
only annealing temperature was tested with the DNA here. The annealing
temperature of 56°C, 58°C, 60°C, 62°C, 64°C and 66°C were applied in the test.
Figure 5-1 shown the gel image of the annealing temperature optimisation,
where the 62°C was the highest temperature with the brightest bands.
Therefore, 62°C was the annealing temperature used for all PCR reactions with

DNA or cDNA samples from this experiment.

1500bp
1000bp

500bp

100bp

64°C

1500bp = e
1000bp

500bp

100bp

Figure 5-1 Gel image of 16S rRNA PCR annealing temperature optimisation with temperature
ranged from 56°C to 66°C. The PCR products of 15ul each was mixed with 1.5ul loading dye
and loaded onto the gel against the 1kb plus ladder respectively. 62°C appeared to be the
brightest one with the highest annealing temperature. (515F (barcoded) & 926R were used in
the test, see detail at 2.2.4)

5.2.2 DNA & RNA co-extraction and quality check

4ml of liquid sample from the beginning of the experiment (overnight culture)
and the end of the experiment in the secondary experiment in chapter 4 was
kept for use in this chapter. The 4ml from each flask was spun down at x13000g

4°C for 5 mins, the supernatant was removed and pellet snap frozen at -80°C
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until extraction. DNA and RNA were co-extracted with RNeasy PowerMicrobiome
Kit (Qiagen, 26000-50) following the manufacture’s manual. 80% of each sample
was used for RNA extraction and eluted with 70ul of DNase/RNase-Free water
and 20% of each sample was used for DNA extraction and eluted with 50pl of
DNase/RNase-Free water. Both DNA and RNA were then quantified with Qubit BR
Assay for DNA (Invitrogen™ Q33266) and RNA (Invitrogen™ Q10210) respectively
and visualised on 1% agarose gel. DNA was then stored at -80°C until further use.

The workflow of DNA & RNA co-extraction and quality check are showed in

Figure 5-2.
Quality and : Al
‘| quantity check | Store at -80°C next step
DNA ! ; test with DNA
' Gel visualisation and cDNA
””””” | Quantification £
DNA & RNA o T
co-extraction : Store
; at
: Samples from start | -80°C
, and end of each test 1
,,,,,,,,,, ' Quality and Contamination . ) m
quantity check check Integrity check I md

Reverse
transcription
with random
hexamer

Gel visualisation 165 rRNA PCR
Quantification x35 cycle

Bioanalyzer

Figure 5-2 DNA & RNA extraction and quality check processes.

The RNA quality check started with a 16S rRNA PCR to check for contaminating
DNA, primers and conditions were detailed in 2.2.4, except that it was run with
35 cycles and with the annealing temperature of 62°C optimised in 5.2.1. PCR
products were visualised on 1% (w/v) agarose gel (in TAE buffer) to check if
there was DNA presence. Figure 5-3 shows an example of DNA free RNA samples,
where no band was found with RNA samples or NTC but very bright bands of
positive controls. The quality of DNA free RNA samples was checked with RNA
6000 Nano kit on 2100 Bioanalyzer platform (Agilent Technologies) followed the
manufacture’s manual. After all the quality check, the cDNA was generated by
reverse transcription with random hexamers via Invitrogen™ SuperScript™ IV
(Invitrogen™, 18091050). 4pl of RNA template mixed with 1pl of 50ng/pul random
hexamers, 1ul of 10mM dNTP mix and 7ul of DNase/RNase-Free water and
incubated at 65°C for 5 mins then cooled on ice for at least 1 min. Then, 4pul of
5x SSIV Buffer, 1ul of 100 mM DTT, 1pl of Ribonuclease inhibitor and 1pl of

reverse transcriptase were added into the previous mix. The mixed then
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incubated at 23°C for 10mins and 55°C for 10mins, followed by 80°C for 10mins.
The cDNA then quantified with Qubit DNA HS kit and stored at -80°C until further

use.

NTC + +

[—) 1500bp

1000bp

2 &5 - 500bp

-
-

100bp

Figure 5-3 Gel image of 35 cycles of 16S rRNA with RNA, negative control and positive
control against 1kb plus ladder. Two positive controls showed very bright bands, while no
band was found in negative control or RNA samples.

5.2.3 16S rRNA sequencing and statistics

To identify the microbial community present and how they changed over the
experimental conditions, 16S rRNA amplicon sequencing was undertaken using
one step PCR with barcoded primers (515F, 926R) descripted in 2.2.4. The PCR
conditions were the same as 2.2.4, only the annealing temperature was
optimised with DNA sample extracted from this experiment. In addition, 16S

rRNA gene expression was also analysed by sequencing of amplified cDNA.

All samples of DNA and cDNA were used for library preparation. The sequencing
library was prepared with the same way detailed in Chapter 2 and sequenced by
the same platform by Earlham Institute (Norwich, UK). The sequencing data was
processed the same as described in 2.2.5, except a read length of 280bp was
used. 41 ASVs generated from sequencing data were manually searched against
NCBI (Sayers et al., 2022) database. Analysis and visualisation of alpha and beta

diversity, taxa were described in 2.2.6.

5.2.4 High-throughput quantitative polymerase chain reaction
(HT-gPCR) for antimicrobial resistance gene (ARG) and
mobile genetic element (MGE) screening and testing

Antimicrobial resistance gene (ARG) and mobile genetic element (MGE) were

detected via a High-throughput quantitative polymerase chain reaction (HT-
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gPCR) using a SmartChip Real-time PCR system (TaKaRa Bio) by Resistomap
(Helsinki, Finland). Briefly, each SmartChip has 5184 reaction wells with a
volume of 100nl. Each reaction well included 1x SmartChip TB Green Gene
Expression Master Mix (TaKaRa Bio), nuclease-free PCR-grade water, 300nM of
each primer and a DNA template of 2mg/pl (Majlander et al., 2021). Real-time
PCR reaction conditions were 10 mins at 95°C followed by 40 cycles of 30 sec at
95°C and 30 sec at 60°C and a final melting curve analysis performed
automatically by TaKaRa Bio software (Wang et al., 2014). The 5184 reaction
wells on the SmartChip allows up to 1728 genes to be amplified against one
sample in triplicate simultaneously in one run. The primer sets used in this test
were selected from ARG gPCR array 2.1 provided by Resistomap (Helsinki,
Finland).

The tests were conducted in two rounds, where the first round screened the
gene targets of ARG and MGE with pooled samples and the second round tested
samples with the selected gene targets based on the results of the first round’s
test. The first round tested 216 primer sets against 6 pooled samples and 2 non-
template controls (NTCs) with one SmartChip, the second round tested 60
samples against 54 primer sets in two SmartChip with 2 NTCs on each SmartChip.
The 216 gene targets in the first test were selected from 384 gene targets in
ARG 2.1 provided by Resistomap. Details of the primer sets used for the gene
targets are listed in Table 7-15 and Table 7-16 of appendix, summary of gene
targets are shown in Table 5-3. The whole available set of ARG from antibiotic
resistance group of beta lactam, multidrug resistance (MDR) and tetracycline, in
addition to integrons and mobile generic element (MGE) were selected for the
array. In addition to a selection of ARGs that included genes for Aminoglycoside,
macrolides, lincosamides and streptogramin B (MLSB), phenicol, sulfonamide,
trimethoprim, vancomycin and quinolone resistance. Pooled samples used in the
first round’s tests were listed in Table 5-2, where the samples were diluted with
DNase/RNase-Free water to around 10ng/ul measured by Nanodrop 1000
spectrophotometer (Thermo Scientific) as requested and pooled equimolarly
with a final volume of more than 100pl. Samples used in the second round’s test
were listed in Table 5-1 with the exception of 2 ‘T-end’ control DNA and 2 ‘T-
end’ control cDNA samples from 0 amoxicillin. Samples were diluted to 10ng/pl

in a volume of at least 100pl as described in first round’s samples. All the
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samples (include NTCs) were amplified in triplicated against each primer set.
The results received from Risistomap were raw data in excel and the analysis

included R and manual check with Microsoft 365.

Table 5-2 Pooled sample (T1-T6) for the first round's AMR array test to identify gene targets.

SSmPICnAMBEE © (CL::::)I) (AmToi?c?llin)
conc;r:r:);:g:i(nmg/u DNA SR DINA cDNA DNA cDNA

0 1 1 3 3 = -

1.5 1 1 3 3 3 3

3.0 1 1 3 3 3 3

4.5 1 1 3 3 3 3

1 1 3 3 3 3

8.0

Table 5-3 Gene targets for the high throughput qPCR test. 16S rRNA, mobile genetic
elements of integrons and MGE and all the classes of AMR.

Number of genes tested
Gene target (antibiotic class)

1% test 2" test
_ 16S rRNA 1 1
_ Beta lactam 54 11
- Integrons 4 0
_ MDR* 39 10
- MGE** 48 11
_ Tetracycline 26 8
- Aminoglycoside 5 0
- MLSB*** 19 5
- Phenicol 3 1
- Sulfonamide 5 3
- Trimethoprim 5 2
- Vancomycin 5 2
- Quinolone 2 0
- Total 216 54

*MDR, multidrug resistance; *MGE, mobile generic element; **MLSB, macrolide,
lincosamide, streptogramin B resistance.
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5.3 Results

5.3.1 Effect of increasing amoxicillin exposure on alpha diversity
of microbial communities

The alpha diversity of 16S rRNA sequencing results was first analysed examining
species richness and evenness. The microbial community compositions were
compared between the beginning of the experiment (T0), the end of the
experiment without amoxicillin (T-end control) and with amoxicillin (T-end

amoxicillin), as well as between DNA and cDNA.
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Figure 5-4 Alpha diversity of microbial communities analysed through a) Pielou’s evenness
and b) species richness. n=64. Asterisk represents P value analysed by ANOVA, where “***”
p<0.001, “** 0.001 < p < 0.01, “*” 0.01< p < 0.05.

The overall species richness was very low and ranged from two to six per sample
(Figure 5-4 b)) given only 41 ASVs were identified, therefore the values of
species richness were expected to be low. The change of species richness in the
DNA showed the same trend as it in RNA (cDNA). The microbial communities in
TO had the highest species richness (3.00 to 6.01 ASVs), followed by T-end

amoxicillin (3.00 to 5.11 ASVs). The communities from T-end control had the
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lowest species richness, while species richness increased with increasing
amoxicillin in T-end amoxicillin (see Table 5-4). However, the significant
differences were only observed in DNA, where they were found in microbial
communities TO and the T-end control (ANOVA, P<0.05), and also the between T-
end control and T-end amoxicillin ones (ANOVA, P<0.05). Meanwhile, the species
richness in the microbial communities of the RNA from experiment-end control

was significantly higher than their DNA microbial communities (ANOVA, P<0.05).

Table 5-4 Species richness in the microbial community of TO, T-end control and T-end
amoxicillin.

T-end T-end amoxicillin

control 1.5 mg/L

T0
3.0 mg/L 4.5 mg/L 8.0 mg/L

m 4.51 3.31 3.39 4.17 3.90 4.63

+1.00 SD +0.68 SD +0.29 SD +0.23 SD +0.78 SD +0.02 SD

m 4.72 3.91 4.55 4.53 3.84 4.13
+0.62 SD +0.84 SD +0.16 SD +0.48 SD +0.62 SD +0.83 SD

The evenness of microbial communities ranged from almost 0 to above 0.6,
indicating they are dominated by a single to a small number of organisms,
supporting the species richness observations. The highest values were found in
the microbial communities of both DNA and RNA at T-end amoxicillin, where the
evenness increased with increased amoxicillin concentration in DNA and RNA
except 4.5mg/L amoxicillin (see Table 5-5). The trend of evenness was the same
in microbial communities of both DNA and RNA, where the microbial
communities of T-end control was the lowest in terms of the first quartile and
median, followed by TO (ANOVA, P<0.05, DNA; P<0.01, RNA), then T-end
amoxicillin. The evenness of microbial communities at T-end amoxicillin was
significantly higher than T-end control (ANOVA, P<0.01, DNA; P<0.001, RNA).

Table 5-5 Pielou's evenness in the microbial community of TO, T-end control and T-end
amoxicillin.

T-end T-end amoxicillin

control 1.5 mg/L 3.0 mg/L 4.5 mg/L 8.0 mg/L

0.15 0.06 0.11 0.07 0.43 0.21
+0.06 SD +0.05 SD +0.05 SD +0.03 SD +0.19 SD +0.02 SD
0.11 0.05 0.11 0.13 0.48 0.36

+0.05 SD +0.03 SD +0.07 SD +0.08 SD +0.09 SD +0.13 SD
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It is interesting to see that the microbial communities from TO had higher
species richness and evenness than T-end control. Since the microbial
communities at T-end control was reinoculated from TO and cultured in the
same medium and at the same temperature, they were expected to be similar.
However, the microbial communities at TO were cultured for 16 hours, where T-
end control were only cultured for 7.5 hours. Those time difference may
contribute to the differences in microbial communities. Also, microbial
communities in TO had a high species richness while low evenness, this suggests
that the microbial communities in TO were dominated by fewer species. In
contrast, the microbial communities of T-end amoxicillin had a medium species
richness but high evenness, which suggests that the species in those microbial
communities were more equally distributed and the presence of amoxicillin may

play a role in maintaining diversity.

5.3.2 Bray-Curtis beta diversity

The diversity within each sample was compared to each other using a Bray-Curtis
beta diversity of microbial community composition analysed microbial
communities grouped as TO, T-end control, T-end amoxicillin as well as DNA and
RNA.
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Figure 5-5 Bray-Curtis Beta diversity. n=64, ellipses stand for standard errors.

The microbial communities of TO, T-end control and T-end amoxicillin were
different from each other (PERMANOVA, P=0.001), despite DNA microbial
communities of TO and T-end control overlapped in Figure 5-5 and Table 7-17.
Microbial communities of T-end amoxicillin were scattered and separated from
TO and T-end control, where TO and T-end control were much closer to each
other in both DNA and RNA. The microbial communities of DNA were different
from RNA (PERMANOVA, P=0.012), but the DNA microbial communities were not
very different from their corresponding RNA microbial communities. The
microbial communities of T-end amoxicillin were also analysed against
amoxicillin concentrations, where the community compositions were different
under different amoxicillin concentrations (PERMANOVA, P=0.004). This suggests
that the presence of amoxicillin contributes to the change of microbial
community composition, meanwhile, the T-end amoxicillin groups had much
longer culturing time than the no amoxicillin one - this may also contribute to

the change of microbial community composition. Since the culture time of T-end



Chapter 5 157

amoxicillin was much longer than any of the no amoxicillin once, so it is not
enough to conclude that amoxicillin is the only cause of increased diversity in

that group.

5.3.3 Taxa in the microbial communities

The Bray-Curtis beta diversity analysis has shown that the microbial community
composition of amoxicillin presented group was different from the ones without
amoxicillin. Next, the taxa of each sample were examined (see Figure 5-6). The
diversity of microbial communities was expected to be low as indicated in the
alpha diversity. Low diversity in the community composition was expected as the
anaerobic microbes were cultured aerobically in LB. Likely culture conditions
resulted in a small portion of the microbes, capable of aerobic and/or

facultative metabolisms, to be selected.
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Figure 5-6 Taxa bars at ASV level of both DNA and RNA in microbial communities. n=64.

Taxa were dominated by Bacillus cereus group, Paenibacillus azoreducens,
unclassified Lysinibacillus and Paenibacillus motobuensis. As all the dominated
ASVs are from Bacillales capable of facultative anaerobic respiration and
endospore formations. The community composition at the start and end of no
amoxicillin controls were dominated by Bacillus cereus group and unclassified
Lysinibacillus, whilst they were also the most active species at the time of
sampling revealed by 16S rRNA transcripts. Differences in the microbial
community from DNA and RNA shown in the beta diversity plot (Figure 5-5),

suggests that low abundance species are more transcriptionally active.

The culturing time may also play a role in the shift of dominant ASVs, where the
culturing time of each amoxicillin concentration was selected based on the

preliminary experiment. It is known that all the communities reached stationary
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stage at the time of sampling (cell count 1.3-5.30 x108 cell/mL measured via
FCMin 4.2.3, data not show), but how long they have stayed at stationary stage
is unknown as the length of stationary stage can last for hours but cell count
remains almost the same. Also, as indicated in the preliminary experiment result
(Figure 4-9), the length of lag phase increased with increased amoxicillin
concentration, which makes it difficult to predict the exactly time when
stationary stage was reached. In this study, the only similar culturing time was
the starting microbial communities (seeded from overnight culture, 16h) and
communities with 3.0 mg/L of amoxicillin (15h). The abundance of unclassified
Lysinibacillus decreased, while Paenibacillus azoreducens, Paenibacillus
motobuensis and unclassified Bacillus increased in both DNA and RNA under
amoxicillin 3.0mg/L, which suggests that the shift of microbial composition is

associated with the presence of amoxicillin.

Meanwhile, the addition of amoxicillin impacted the community, and the
communities exposed to the highest concentration of amoxicillin showed more
difference. Specifically, there was an increase (up to 264-fold) in the relative
abundance of Paenibacillus azoreducens in both DNA and RNA in the community
exposed to 4.5mg/L of amoxicillin. Furthermore, there was a higher relative
abundance of Paenibacillus azoreducens in RNA (1.24-65.72%) than DNA (0.47-
47.59%) at T-end communities. The highest relative abundance of Paenibacillus
azoreducens was higher in RNA of 4.5mg/L amoxicillin (65.72%) followed by RNA
in 8.0mg/L amoxicillin (25.37%) a slight (up to 11.18%) increase was also seen in
the communities with 1.5 and 3.0mg/L amoxicillin. The abundance of
unclassified Lysinibacillus was not seen in the communities exposed to
amoxicillin, but it was found in the communities without amoxicillin (up to
11.11%).

5.3.4 Quality control and primer selection of first round’s HT-
qPCR results

The SmartChip HT-qPCR was used to evaluate ARG and ARG expression in our
experiment. In the first round we were selecting gene targets available on the
appropriate for our samples. Further we had to develop an approach to analyse
the data from the chip to ensure we has a rigorous data set from which to derive

meaning from our experiments.
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The 15t round of ARM array tested 216 AMR genes with six pooled samples and
two negative controls (NTCs) of water on one chip. Results returned the cycle
threshold (Ct) value, primer melting temperature (Tm), efficiency and note
(Flag) of the melting curve analysis of all the assays. Flag includes ‘low
efficiency’, ‘high efficiency’, ‘multiple melt peaks’, ‘Ct is large’, ‘Ct is small’,
‘curve fit failed’, ‘no amplification’, ‘high baseline’, ‘saturation baseline ratio is

low’ and ‘bad R?’ (see HT-gPCR results). No individual melt curve or any other

information was provided. The 1%t round’s test was set to screen the best AMR
primer set with the potential to capture the change of AMR in different
conditions, so the analysis of the results focused on the detectability and quality

of primer sets.

First stage of analysis was to retain gene targets that had at least 1 log fold
(3.32 Ct) difference between the pooled sample and non-template control (NTC)
(Smith et al., 2006), ensuring real amplification of the gene target above the
negative control in our samples. Firstly, assays with no amplification in any of
the three technical replicates were removed. Secondly, amplification found in
only one of the three technical replicates was considered as unreliable
amplification, and these samples were also removed. Whilst for NTCs, any
amplification in one of the replicates was kept and considered as true
amplification. Thirdly, for the remaining assays average Ct value of the samples
was compared to the average Ct value of the NTCs. All the samples were
compared with technical replicates from one of the NTCs at a time, where 38
primer sets were removed by NTC 1 and 38 primer sets were removed by NTC 2.
Lastly, the removed primer sets in the last steps were cross checked. 32 of the
removed primer sets were shared between both of the NTCs, 12 primer sets
were only removed by one of the NTCs. The analysis in this stage was to find if
those gene targets were presented in the samples or not, so the 12 primer sets
only removed by one of the NTCs were kept and the shared 32 primer sets were

removed.

The second stage of the analysis focused on the quality of the primer sets by
looking into the melting curve analysis results provided in the ‘Flag’ section of
the raw data. We paid extra attention to ‘multiple melt peaks’ in the ‘Flag’

section as it may indicate non-specific amplification. Any primer sets with more
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than 20% of all the tests had ‘multiple melt peaks’ in the ‘Flag’ section were

excluded, therefore a further 130 primer sets were removed in this step.

After those two stages’ analysis, 54 ARG primer sets were kept for the second

round’s test. The summary of the class of the resistance genes were listed in

Table 5-3, details of each primer set were listed in Table 7-16 of appendix. As

differences was observed in the NTCs, which brings question if this is an

occasional or constant issue. Therefore, in the second round’s test, two NTCs

were included in each SmartChip.

5.3.5 Quality control of second round’s HT-qPCR results

The 2™ round’s results received as the same format of integration for real

amplification as the 15t round (see HT-gPCR results) (see analysis steps in Figure

5-7). The analysis of the results started by comparing the average Ct value

between samples and NTCs, again, any results of less than 3.32 Ct difference

were removed. The comparison of the Ct value difference was conducted with

one of the NTC at a time, and the remaining assays were cross checked between

these two different normalisations. There were 5 primer sets only appeared

when normalising with one of the NTCs, those primer sets were removed as this

round’s test was set to quantify the change of the gene targets.

Step 1

Step 2

Compare results with
NTCs

Check the ‘Flag’ section
in raw data

Step 3

Remove results less than

One NTC at a time, then
compare the remaining

3.32 Ct different from NTC.

Compare results with
average NTC on their chip

assays.

Remove results from any
assay with more than 20%
of ‘multiple melt peaks’in

results from any chip.

Difference found in the
remained assays.

g

Remove assays only
retained by one NTC.
5 assays removed.

4

Compare the results of 38
retained assays with average
NTC of the chip.

Remove results less than
3.32 Ct different from
average NTC of the chip.

Additional 11 assays
removed.

Figure 5-7 Steps of analysis second round’s HT-gPCR results.
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As the results of normalising with different NTCs were different again, which
brings doubt to the reliability of this qPCR array. In order to check the quality of
the result, we then looked into all the Ct values of the 16S rRNA first (Table
5-6), as it would be used to normalise the change of all the other genes. All the
samples had a relative consistent Ct value in all three SmartChip (both 15t and
2"d tests), but the average Ct value of NTCs were much lower in the 15t round’s
(25.97) test compared with the 2" round (28.32 and 28.25). Although the Ct
values of NTCs in the second test were close, they were very close (1.73Ct with
yidY mdtL; 0.38 Ct with bla L1; 2.32Ct with ampC/blaDHA) to most of the
positive samples in the rest of tested primer sets. Next, we checked the
‘multiple melt peaks’ in the ‘Flag’ section of all the results (Table 5-7). In the
1st round’s test, only 12.5% of the test had a ‘multiple melt peaks’ in the ‘Flag’,
hence the 16S rRNA gene was kept for the 2nd round’s test. However, in the 2nd
round’s test, the result from one SmartChip reported 32.29% ‘multiple melt

peaks’ and the other one reported 15.63%.

Table 5-6 Summary of 16S rRNA Ct values in two round's gPCR array test.

2" round

16S rRNA 1% round

SmartChip 1 SmartChip 2
Average Ct value of samples 12.64 12.67 12.45

Average Ct value of NTCs 25.97 28.32 28.25

Table 5-7 Summary of the numbers and percentage of 'multiple melt peaks' of 16S rRNA in
the 'Flag' of the gPCR array raw data.

2" round
16S rRNA
SmartChip 1 SmartChip 2

Number of tests 24 96 96
Number of ‘multiple melt peaks’ 3 31 15
Percentage of ‘multiple melt peaks’ 12.50% 32.29% 15.63%

In our data analysis, we deleted primer sets with high percentage of ‘multiple
melt peaks’ from the automatic melt curve analysis. It was supposed to have
been low in the second round, however, the high percentage of ‘multiple melt
peaks’ in 16S rRNA was very different from the first round’s test. High
percentage of ‘multiple melt peaks’ indicates the potential of nonspecific

amplification, if the gene copy from 16S rRNA is not reliable, normalising all the
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other gene copies with 16S rRNA gene will not provide useful information in the
abundance of each gene. Therefore, we decided to only keep gene expression

data by comparing Ct values of the samples with their NTCs.

Since huge differences in the percentage of ‘multiple melt peaks’ appeared in
two rounds’ test of 16S rRNA drew our attention to check if this also happened
in other gene targets. 11 out of 49 remaining gene targets were found to have at
least 20% of ‘multiple melt peaks’ in at least one of the SmartChip’s result
(Table 5-8). All assays with those 11 gene targets were removed from further
analysis. As a result of those analysis, only 38 out of 54 gene targeting AMR and

MGE were retained for next step analysis.

Table 5-8 Summary of gene targets with higher than 20% of 'multiple melt peaks' in melting
curve analysis of the second round's test.

Percentage of ‘multiple melt peaks’
Gene target Antibiotic class
SmartChip1 SmartChip 2 Average

- 16S rRNA 32.29% 15.63% 23.96%
- blaCARB Beta Lactam 38.54% 35.42% 36.98%
- blakPC Beta Lactam 44.79% 38.54% 41.67%
- blaSHV11 Beta Lactam 38.54% 48.96% 43.75%
- acrB 1 MDR 30.21% 17.71% 23.96%
- acrR 1 MDR 42.71% 25.00% 33.85%
- Incl1 repl1 MGE 31.25% 26.04% 28.65%
- 1S613 MGE 23.96% 23.96% 23.96%
- erm35 MLSB 27.08% 41.67% 34.38%
- yidY mdtL Phenicol 23.96% 26.04% 25.00%
- sul4 Sulfonamide 27.08% 31.25% 29.17%

5.3.6 Comparison of the ARG and MGE gene expression between
treatments

Since the shift of microbial community composition associated with amoxicillin
concentration was observed, we next asked if the expression of ARG and MGE

genes changes under different amoxicillin concentrations. Total ARGs and MGEs
detected in DNA and mRNA of each sample are shown in Figure 5-8. More ARGs

were detected in DNA than expressed in the RNA from all samples. On average
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across all samples there were 23.34 (+ 5.01 SD) ARG and MGE presented, but
only 7.13 (x 2.62 SD) were expressed.
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Figure 5-8 Total number of ARG and MGE genes presented and expressed (by antibiotic
class) in each sample. Numbers label the amoxicillin concentration, samples without
number are 0 amoxicillin. n=60, each bar represents detected gene from a single sample.
MDR: multidrug resistance; MLSB: macrolide, lincosamide, streptogramin B resistance;
MGE: mobile genetic element.

For each set of amoxicillin concentration, there were three samples with
amoxicillin and four samples without amoxicillin, the no amoxicillin samples
included one from overnight culture (TO, incubated for 16h) which acted as the
seed for the test, and three were from the no amoxicillin control (T-end control)
sampled 7.5h after seeding. In all four different amoxicillin concentrations, DNA
samples from TO had highest number of genes detected than the three T-end
controls (T-test, P=0.012). TCC of TO (5.50 x108 cell/ml) was similar to T-end
control samples (4.80 (+0.16 SD) x108 cell/ml), which suggests that higher
number of gene presented may be affected by longer culturing time. Whilst this
trend was not observed in RNA, despite the ICC of TO (5.10 x108 cell/ml) was
around three times higher than T-end controls (1.65 (+0.21 SD) x108 cell/ml)
(see Figure 4-14), there was no statistical difference between average total
number of genes expressed in TO and T-end controls (T-test, P=0.086). Those
suggests that neither culturing time nor cell concentration affected the number

of total number of gene expressed.
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The detection results of ARG and MGE presented in the samples with amoxicillin
(T-end amoxicillin) were significantly higher than their no amoxicillin controls
(T-end controls) (T-test, P=0.026, 1.5mg/L; P=0.035, 3.0mg/L; P=0.003,
4.5mg/L; P=0.006, 8.0mg/L), the differences became wider with increasing
amoxicillin concentration. Meanwhile, samples with higher amoxicillin
concentration were cultured longer compared to lower amoxicillin concentration
or no amoxicillin controls (see Table 4-1). Higher total ARG and MGE detection
value was seen in the T-end control with longer culturing time, we then looked
into the total detection between amoxicillin concentration of 3.0mg/L and
overnight culture as they share similar culturing time 15h vs 16h. Total detection
of ARG and MGE were 28.33 (+1.25 SD) (amoxicillin 3.0mg/L) and 25 (overnight
culture) in DNA, while 10.33 (+ 0.94 SD) gene expressed in amoxicillin (3.0mg/L)
sample and 6.0 in overnight culture. Although total detection of ARG and MGE
was higher in amoxicillin 3.0mg/L than overnight culture, there was not enough
data to conclude that amoxicillin contributes more than culturing time in ARG
and MGE in DNA. Despite gene expression was higher with 3.0mg/L amoxicillin
compared with overnight culture, no significant difference (T-test, P=0.086) in
total gene expressed between samples with amoxicillin and their controls, this
suggests that there is no direct link between amoxicillin exposure and gene

expression.
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Figure 5-9 ARG and MGE detected within each sample. Numbers label the amoxicillin
concentration, samples without number are 0 amoxicillin. n=60, each column represents
detected gene from a single sample. MDR: multidrug resistance; MLSB: macrolide,
lincosamide, streptogramin B resistance; MGE: mobile genetic element.
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Since changes in total gene expression were linked with amoxicillin
concentration, we examined which gene were affected by amoxicillin exposure
(Figure 5-9). As amoxicillin belongs to beta lactam antibiotic class, it was
therefore expected to see more beta lactam resistance genes expressed. After a
quality check only five out of the 11 selected beta lactam resistant gene were
kept, these all showed different trends. The most frequently detected and
expressed beta lactam resistance genes were ampC/blaDHA and bla1, where
ampC/blaDHA was detected in almost all DNA and RNA samples, and bla1 were
less likely to be found in RNA with higher amoxicillin concentrations (4.5mg/L
and 8.0mg/L). This suggests that the presence and expression of ampC/blaDHA
was independent of amoxicillin exposure and bla1 expression may even be
inhibited by increasing amoxicillin exposure. blaL1 and blaB were mostly
detected in DNA, where blaL1 was detected in the majority of DNA samples,
while blaB was found in all amoxicillin containing samples but only four no
amoxicillin samples. This suggests that the presence of blaL1 is not directly
linked to amoxicillin exposure, while blaB is more likely to be induced by

amoxicillin exposure.

MGEs are not an ARG but have the potential to carry a number of different AMR
genes and act as a vector to facilitate horizontal gene transfer of ARGs. In all
eight MGEs tested, only IS26 1 was seen expressed in one sample with the
highest concentration of amoxicillin (8.0mg/L), the rest were only present in
DNA samples. Three MGEs frequently detected MGEs were 1S26 1, tnpA 1 and
tnpA 7, where 1526 1 was detected in every DNA sample, tnpA 1 and tnpA 7 were
detected in almost every DNA sample. Tnb, ISAba3, IncN oriT were only detected
in DNA samples with amoxicillin, where higher amoxicillin concentration was
associated with more detections. trfA and 15200 2 were detected in both
amoxicillin containing samples and no amoxicillin samples, in which more
detections were seen in amoxicillin containing samples than no amoxicillin

samples.

The majority of ARGs detected in DNA, but three ARGs (vanR(C4, tetPB 1 and
tet39) were expressed more in RNA than DNA. vanRC4 which encodes
vancomycin resistance was only detected in three DNA samples but gene

expression was detected in almost every RNA sample. The detection of tetPB 1
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and tet39 in tetracycline was similar to vanRC4, was also more commonly
detected in RNA rather than DNA. This detection pattern indicates these three
genes are low abundant genes but highly expressed. ARGs present in DNA but not
expressed as mRNA, were widely seen across every antibiotic class, such as
mtrE, mdtG 1, cmr and acrA 1 encode MDR; tetT, tetR 1 and tet32 encode
tetracycline resistance; dfrAB4 and dfrA1 1 encode trimethoprim resistance;
folA 1 encode sulfonamide resistance; msrC 1 encodes MLSB resistance; and
vanD encodes vancomycin resistance. Some ARGs were only occasionally
expressed in RNA, but widely presented in DNA, such as terW encodes MDR; tetE
encodes tetracycline resistance; and (nuB and ImrA 1 encode MLSB. In all those
genes mentioned above, mdtG 1 and cmr encode MDR; tet32 encodes
tetracycline resistance; dfrAB4 encodes trimethoprim resistance; and msrC 1
encodes MLSB resistance were showing strong association with amoxicillin,
where majority of those resistance genes were detected in DNA samples with
amoxicillin. This suggests that those low abundance ARGs were likely to be
enriched by amoxicillin exposure. In contrast, terW, pcoA and acrA 1 encode
MDR; tetR 1 encodes tetracycline resistance; dfrA1 1 encodes trimethoprim
resistance; and (nuB and ImrA 1 encode MLSB were detected in almost all DNA
samples, which indicates the presence of those AMRs has no association with

amoxicillin.

5.4 Discussion

5.4.1 Effect of increasing amoxicillin exposure microbial
communities

It was expected to have lower species richness than the environmental samples
since the culture condition and culture medium have changed, but the species
richness in this experiment was much lower than expected. The same microbial
community were sequenced by Bruns-Moore (2022), but were cultured
anaerobically and fed with glucose, resulting in a diverse microbial community
of 1491 ASVs verses the significantly reduced community of 41 ASVs in this study.
Culture media and condition affect the diversity of microbial communities, with
the majority of microbes in a viable but non culturable state, and electron
donors and acceptors in the culture media strongly selecting for culturable

groups. For example, Pédron et al. (2020) compared the number of OTUs in an
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environmental water samples and then cultured the same water in the
laboratory on three different media, resulting in only a small portion of the
OTUs from environmental water samples shared in the cultured samples. Similar
Fang et al. (2023) also observed a shift of microbial community composition
after running lab-based reactor with lake water feeding with glucose. Our
experiment aimed to mimic the transition of wastewater flows from anaerobic
reactor to constructed wetland in aerobic condition, this change of condition
would inevitably result in a reduced diversity in microbial community. In this
study, the microbial community seeded from anaerobic reactor and cultured in
aerobic condition and the microbes have been stored in our lab for 1.5 years
before starting this experiment, this may also significantly contribute to the
reduction of species richness. Nevertheless, the significantly declined microbial
community diversity highlights the challenges of lab mimicking experiment and

suggests this should be taken into consideration in future planning.

Shift of microbial community after acute antibiotic exposure is expected,
although our microbial community is less diverse than expected the change
within the Bacillota phylum was observed. The dominant Bacillus cereus group
was well-studied due to their pathogenic potential (Ehling-Schulz et al., 2019),
and it is known that Bacillus cereus group have low genetic diversity, yet
noticeably different pathogenic behaviours (Pfrunder et al., 2016). Some Bacillus
species especially Bacillus cereus group have the ability to produce beta
lactamases, which is responsible for beta lactam antibiotic resistance (Harirchi
et al., 2022). In contrast, Paenibacillus azoreducens is a less known species with
only a few reports, it first isolated from textile wastewater by Meehan et al.
(2001), then isolated from soil (Lee et al., 2018), wastewater (Jatowiecki et al.,
2018) and rotten saccharified rice (Krusong et al., 2022). A Paenibacillus
azoreducens isolated from a wastewater treatment plant was shown to be
resistant to 35 antibiotics from eight antibiotic classes by Jatowiecki et al.
(2018). Since almost all species found in our study are known to have beta
lactam resistance, the increased abundance of Paenibacillus azoreducens after
amoxicillin exposure suggests that Paenibacillus azoreducens are more
resistance than Bacillus cereus group. Also, some species in Paenibacillus genus
and Lysinibacillus genus are known to have antimicrobial properties (Grady et
al., 2016, Hashmi et al., 2020, Ahmad et al., 2014), it is unknown if the
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increased abundance of Paenibacillus azoreducens brought in antimicrobial
compounds that inhibits the growth of other species. However, there may be
multiple 76S rRNA transcripts per DNA, the higher abundance of transcript
indicates the species were more active, also the 16S rRNA turnover time is
longer than other transcripts, 16S rRNA sequencing result may not be the best

indicator for whole community activities (Wang et al., 2023b).

5.4.2 Comparisons of ARG and MGE gene expression between
treatments

Data analysis and quality control of the results from HT-gPCR is a challenge as
the huge data generated from one test and lack of information for individual
assay. Four HT-gPCR platforms employed in ARG profiling are reported in
literatures, where Takara Bio SmartChip real-time PCR system (WaferGen™
previously) first introduced by Wang et al. (2014) and later became the most
mentioned system (Waseem et al., 2019). Relative abundance of ARGs and MGEs
against 16S rRNA gene has been reported with the comparative Ct (threshold
cycle) method (Equation 2) suggested by Schmittgen and Livak (2008) and
relative gene copy number calculated by Equation 3 (Looft et al., 2012). Since
the Ct value of each gene target was measured directly, the selection of Ct

cutoff value would largely affect the gene copy number in the analysis.
AC, = C; (ARG) — Ce (168)» AAC, = AC; (Target) — AC; (Reference) Equation 2
gene copy number = 10(Ct cutoff=C)/(10/3) Equation 3

Waseem et al. (2019) summarised that Ct cutoff value of 31 is the most reported
value in published analysis by October 2018, we looked into the development of
HT-gPCR primer sets and Ct values. The first primer sets for HT-qPCR were
designed by Looft et al. (2012) for OpenArray™ platform, where 271 primer sets
targeting 174 ARGs were validated and 26 was used as Ct cutoff value in
analysis. Zhu et al. (2013) designed additional 89 primer sets target new ARGs
with the same method as Looft et al. (2012) and Ct 27 was used as detection
limit for no amplification. Then Wang et al. (2014) introduced WaferGen™
platform (Takara Bio SmartChip real-time PCR system nowadays) and used 295

validated primer sets with a Ct cutoff value of 31. However, there is no clear
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statement if all 295 primer sets were newly designed by Wang et al. (2014) or
not. Later on, Primer set 2.0 was designed and validated by Stedtfeld et al.
(2018) based on the latest sequences deposited to several online database, 209
new and 175 retained primer sets made up the primer set 2.0. Stedtfeld et al.
(2018) reported that by average Ct cutoff value of 31 overestimates gene copy
number by 10-fold compared to 28, meanwhile, higher Ct cutoff value (31) also
has a higher false positive rate compared to 28. Although Ct cutoff value of 28
was suggested by Stedtfeld et al. (2018), Ct cutoff value of 27 appeared the
same true positive rate and lower false positive rate compared to 28 in the
result of Stedtfeld et al. (2018). No other report has ever discussed the
relationship between Ct cutoff value and the detection. And there is no more

major new primer set design for HT-qPCR report after Stedtfeld et al. (2018).

Ct cutoff value has been described in HT-qPCR analysis in almost all published
literatures, but quality controls of other criteria are barely mentioned. Our
inconsistence 16S rRNA results brought our interest to investigate if there are
any similar data analysis has been done in all published literature employed HT-
gPCR. More than one NTC in HT-gPCR has been reported by Tyrrell et al. (2023)
(two NTCs) and Sacristan-Soriano et al. (2024) (three NTCs), but how they affect
the results are not mentioned in their report. Deleting assays with multiple
peaks based on the melt curve analysis has been done by several studies (Zhou
et al., 2023, Santosaningsih et al., 2023, Kasuga et al., 2022), but there is
detailed description of the criteria. Indeed, HT-qPCR is good for screening ARGs
in environmental samples, the reliability of our results suggests extra caution

may need in data analysis.

It is expected to see high beta lactam resistance genes detected across all
samples as Bacillus cereus group was the dominant organism in our microbial
community. Penicillin resistance as well as resistance to other beta lactam
antibiotics in strains belonging to Bacillus cereus group have been isolated from
all kinds of samples all over the world (Chen et al., 2022, Adamski et al., 2023,
Mills et al., 2022, Fiedler et al., 2019, Mohammadi et al., 2023). All five beta
lactam resistance genes are chromosomal encoded genes and they share the
same resistant mechanism of drug inactivation (Stedtfeld et al., 2018, Alcock et

al., 2023), where bacteria with those genes are able to produce beta lactamase
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which hydrolyses the beta lactam ring in amoxicillin. However, it is unknown if
those five beta lactam resistance genes are able to represent the change of all
beta lactam resistance genes. Also, due to lack of abundance data, it is unknown
if amoxicillin exposure has increased the abundance of those beta lactam

resistance genes.

Mohammadi et al. (2023) reported that 95% of Bacillus cereus isolates are
susceptible to tetracycline and vancomycin, Fiedler et al. (2019) noticed that
isolates with tet45 gene were resistant to tetracycline. Given vanR(C4, tetPB 1
and tet39 were highly expressed, our microbial communities are likely to show
resistance to both tetracycline and vancomycin. Many Bacillus cereus isolates
are resistant to trimethoprim and sulfonamide (Chen et al., 2022, Mohammadi et
al., 2023). In our results, most of the trimethoprim and sulfonamide resistance
genes were detected in DNA and some were associated with amoxicillin
exposure, which suggests that our microbial communities have higher potential
to resistant to trimethoprim and sulfonamide antibiotic. Meanwhile, MDR was
defined as resistant to antibiotics from more than one antibiotic classes
(Magiorakos et al., 2012). As resistance from more than one antibiotic class was
detected widely across all the samples, it was expected to see high detection of
MDR.

ARG studies antimicrobial resistance potential, which is not always the same as
phenotypic resistance. Test on Bacillus cereus group find out that genotypic
resistance is different from phenotypic resistance, where more ARGs encoding
resistance from more antibiotic classes were detected than antimicrobial
susceptibility test (Farina et al., 2024). There is positive association between
antibiotic residue in wastewater and abundance of ARGs encoding the resistance
of the antibiotic at country level (Hendriksen et al., 2019). In hospital
wastewater the abundance of vancomycin and carbapenem resistance genes are
positively associated with their usage (Perry et al., 2021). However, same as our
study ARGs are not quantified by Farina et al. (2024), it is unknown whether ARG
abundance is correlated with phenotypic resistance or not. The aim of this
experiment was to design a rapid tool to detect antimicrobial resistance in

decentralised wastewater treatment based on the phenotypic resistance. ARG
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abundance along with ARG expression on top of phenotypic resistance would

provide better overall evaluation of the antimicrobial resistance detection tool.

5.5 Conclusion

The aim of this chapter was to explore and compare microbial community and
ARGs from microbial communities under different amoxicillin concentrations.
The microbial community composition was analysed through 16S rRNA
sequencing of both DNA and RNA. Although the microbial communities were less
diverse than expected, the shift of microbial community composition was
associated with the presence of amoxicillin. ARGs confer different antibiotic
classes were screened and tested through HT-qPCR, total ARG expression
increased with increasing amoxicillin concentrations. However, samples from
higher amoxicillin concentrations were cultured for a longer time which may also
have impacted ARG expression, this cannot be ruled out due to insufficient data.
ARG expression reveals that despite only beta lactam antibiotics used in this
study, ARGs belong to other antibiotic class were also expressed. Some ARG
expressions were irrespective of amoxicillin, however, it is unknown that how
the abundance of those ARGs was changed due to poor data quality. HT-qPCR is
not recommended for total ARG study as the reliability was lower than

expected.
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6 Conclusion and future work

This thesis focuses on improving decentralised wastewater treatment by small-

scale constructed wetland system. The aims of this thesis were:

1) Monitor the performance and the changes of the microbial communities in
operational small-scale constructed wetlands treating domestic
wastewater from start-up (first 3 months) and long term (10 months) in

Mexico City.

2) Develop a rapid approach to detect the antimicrobial resistance in mixed

microbial community from wastewater.

3) Analysis the change in microbial communities and ARGs in response to a

range of amoxicillin concentrations.

6.1 Conclusion

6.1.1 Small-scale constructed wetland system is a solution for
improving decentralised wastewater treatment

Septic tanks are one of the most commonly used sanitation solutions in rural
areas globally. Their performance varies and often the effluent quality barely
meets wastewater discharge standards. Our small-scale constructed wetland
systems aimed to employ a horizontal constructed wetland and a vertical
constructed wetland to remove pollutants from septic tank effluent. Three
systems, two household and one school system, were built in Mexico City and
monitored from start-up, with all of them successful in removing pollutants
(COD, NO2 and NO3’) from domestic wastewater from the beginning of
operation. The school system (WS3) was monitored for three months before it
shut down due to the Covid pandemic. Although it received a lower strength
wastewater the pollutant removal was comparable to the other two household
systems. Two household systems (WS1 and WS2) were monitored for 16 months,
pollutants removal fluctuated at the beginning and stabilised after nine months’
operation. The removals of COD, NOz and NOs" in our long-term monitoring were
comparable to full-scale constructed wetland. Meanwhile, the removal of NH4*

and phosphate were limited in our long-term monitoring. All those performance
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monitoring suggests that our small-scale constructed wetland system achieved
our aim of reducing pollutants from the effluent of septic tank via small-scale

constructed wetland system.

One of the challenges in small-scale constructed wetland system for single
household is the nutrients in the influent are unpredictable and it changes
overtime with the daily activities. In contrast, full-scale WWTPs are more
resilient to this change as they have larger treatment volume and wastewater is
normally homogenised better than small-scale WWTPs. Our systems have
equalization tank and a biodigester before the constructed wetlands to minimise
the fluctuation, however from our monitoring results the constructed wetlands
still received wastewater with various nutrients level, double or even tripled
COD concentrations were observed. Even though, the effluent quality remained
stable, which suggests that our systems are capable of dealing with nutrient
fluctuations. Meanwhile, the average COD concentration received by our WS1
and WS2 was very high compared to the guideline of maximum 400mg/L of COD
for constructed wetland influent (Zurita et al., 2012). They still worked with
comparable COD removal of the full-scale constructed wetlands receiving much
lower strength wastewater. This suggests that our constructed wetland systems
are robust and resilient to high strength wastewater. It is worth mentioning
that although COD is one of the parameters used in monitoring the performance
of wastewater treatment and normally assumed that half of the COD is
biodegradable in domestic wastewater. However, the actual biodegradable
carbon in the wastewater is unknown, if BOD was measured it would provide a
better view in evaluating the biological potential of our constructed wetland

systems, and it is recommended that this should be done in future.

Our systems are designed to reuse the treated wastewater to flush the toilet and
for gardening including the growing vegetables, as one done for one of the
household wetlands. Removal of nitrogen was not the primary goal of our
systems and the level of nitrogen after treatment is not regulated in Mexican
official standards for reuse treated wastewater (Gutiérrez, 2008). Nitrate and
nitrite were reduced in a similar rate as COD, but total nitrogen was not
measured, it is unknown how much nitrogen was removed in total. Ammonium

stayed same level after treatment, which is desirable as it can be used by the
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plants directly. Several potential pathogens were tested in the first three
months’ study, E. coli was removed significantly from all three systems, to
potentially meet the standards of reuse treated wastewater in Mexico. Those
systems were not capable of removing Legionella species from the biomass,
however, the biomass in the effluent would be much lower than influent where
the Legionella species would expect to be lower. Furthermore, emerging
contaminants such as AMR was not measured, particularly our household systems
are using treated wastewater for irrigation, it is unknown whether the crops pick
up AMR from water or not. Although Gentile et al. (2024) reported that no ARG
found in lettuce leaves irrigated with wastewater treated with pilot scale
constructed wetland, this study only included lettuce from one harvest, it is still
not clear about the long-term impact on the soil and corps irrigated with treated

wastewater.

6.1.2 The microbial community in small-scale constructed
wetland systems stabilised four months after pollutant
removal stabilised

As summarised before, despite the performance of wetlands being largely driven
by microbial activity, the majority of full-scale constructed wetland studies
published focus mostly on the performance, in the small portion of the studies
including the underpinning microbial community, these mainly only take samples
from one or a few time points. Lab-scale constructed wetland studies are more
likely to have microbial community analysis, but the vast majority of them are
short-term studies with synthetic wastewater. Our 16 months operational study
coupled with a detailed microbial community study fills this gap informing
changes of microbial communities from the beginning of the operation. Microbial
communities took longer to achieve a less variable microbial community than a
less variable pollutant removals (9 months vs 13 months), and despite different
microbial communities being found in these two systems they achieved
comparable pollutant removal rates, indicating functional redundancy in the

microbial community structure.

The microbial communities in our first constructed wetland (horizontal
constructed wetland, CW1) of both systems were more similar to the influent,

while the microbial communities in the second constructed wetland (vertical
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constructed wetland, CW2) were more similar to the effluent. This suggests that
more biological processes happened in CW2, the pollutant removal rates of CW2
were higher than CW1, but CW1 removed more pollutants than CW in terms of
concentrations. It is not clear whether the lower concentration of pollutants
contributed to the change of microbial communities in CW2 or the structure of
CW2 as a vertical constructed wetland. Biofilters with similar structure as our
vertical constructed wetland has observed a shift of microbial communities
between top and bottom (Quinn, 2022). Although the analysis of global microbial
communities in full-scale WWTPs summarised that microbial communities in the
sludge are more closer to local fresh water (Wu et al., 2019), it would be

interesting to see the how the pollutant level affects the microbial communities.

Comamonadaceae family is the most abundant family and some OTUs belonging
to this family are core OTUs across global WWTPs, and those core OTUs are
significantly associated with BOD, COD, NH4-N, total nitrogen and phosphate
removal (Wu et al., 2019). As for our study, the abundance of Comamonadaceae
was seen to increase overtime, where in the first three months of operation,
only one out of top 25 most abundance ASVs came from Comamonadaceae
family. But in our long-term study, 8 out of 46 most abundance ASVs shared by
two systems came from Comamonadaceae family. This suggests that
Comamonadaceae family may be used as indicator to monitor the microbial
community in the constructed wetland in terms of microbial maturation and

performance.

6.1.3 OD may be a potential method to measure antimicrobial
resistance through the length of lag phase

Our preliminary experiment of measuring microbial community growth under a
range of amoxicillin concentrations via OD revealed that lag phase and growth
rates were changing with amoxicillin concentrations. Community growth rate
was further compared with cell count via FCM with selected amoxicillin
concentrations, but the results were not enough to conclude OD is suitable for
measuring growth rate of mixed communities. The initial hypothesis was to use
growth rate measured through OD as proxy to estimate antimicrobial resistance
in the whole community. Our ARG abundance measurements suggest that growth

rate may not have a direct link to antimicrobial resistance, whilst ARG
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abundance is positively associated with amoxicillin concentration. Meanwhile,
our preliminary experiment also found that the length of lag phase is positively
associated with amoxicillin concentration, the length of lag phase may provide a
better approach than growth rate in our study. Li et al. (2016) also observed
that the extended lag phase is associated with resistance in both pure strain and
mixed strains from activated sludge under some antibiotics and suggested that
extended lag phase can be an indicator for antimicrobial resistance.
Interestingly, linear relationship of lag phase length with amoxicillin was
observed in our study, but Li et al. (2016) found almost constant lag phase in
two bacterial community under all tested amoxicillin concentrations. As the
resistance of the microbial communities was not tested by Li et al. (2016), it is
unknown what the cause of this phenomena is. Meanwhile, it also indicates that
microbial communities behave differently with different antibiotics, as antibiotic
only works for its targeted microorganisms. More work needs to be done to know
if the proportion of antibiotic susceptible microorganisms in a mixed microbial
community would affect the reliability of evaluating antibiotic resistance

through the length of lag phase.

Only a few studies focused on the length of lag phase in microbial communities,
but both Li et al. (2016) and Jindal et al. (2019) as well as our study revealed
that the length of lag phase is partially associated with antimicrobial resistance.
Nutrients in the culturing media, initial cell density, pH, temperature and the
stage of cell growth before inoculation affect the length of lag phase (Jindal et
al., 2019). The length of lag phase measured by OD only reflects the amount of
cells that reaches the minimum cell number that could be detected by OD. If the
initial cell concentration is known, lag phase measured with OD would reveal the
time required to reach the cell concentration that is detectable by OD. In this
way, the change of the length of lag phase when exposed to antibiotics could be
associated with the antimicrobial resistance. However, more research needs to
be done to validate the relationship between antimicrobial resistance and the

length of lag phase and investigate the microbial activities in the lag phase.
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6.1.4 Microbial communities shifted after acute exposure to
amoxicillin

The shift of microbial community was observed after amoxicillin exposure,
where the diversity and evenness in both DNA and RNA in microbial communities
after amoxicillin exposure were higher than the microbial communities without
amoxicillin exposure. However, the microbial communities with amoxicillin were
cultured for long periods of time due to their longer lag phase, our data is
insufficient to conclude that whether culturing time affected the microbial
communities or not. Furthermore, the diversity of microbial communities was
much lower than expected. The change of culturing condition from anaerobic to
aerobic could be a reason, the culture media would be another one. The
selection of culture media is barely discussed, although synthetic wastewater is
widely used in lab-scale experiments. Three different sources of influent were
tested by Gibson et al. (2024) in lab-scale bioreactors seeded with activated
sludge from full-scale WWTP and run for at least five months, found out that
only up to 14% of the sequencing reads from the activated sludge were coming
from the influent. Meanwhile, a study conducted by Goldford et al. (2018)
cultured environmental microbiomes from soil and plant leaf surfaces using
different carbon sources and found that the diversity of the microbial
communities reduced from 110-1290 ASVs to 4-22 ASVs, with the reduced ASVs
being diverse at species level but converged at family level. The reduction of
ASVs is very similar to what was observed in this study. The same community
used in this work was previously used and sequenced by Bruns-Moore (2022) and
had 1,491 ASVs while in our study, where it was cultured with LB aerobically, the
community was reduced to 41 ASVs and the carbon source was switched from
glucose to LB. Likely this is due to selective factors used here - aerobic
conditions, LB and temperature. Likely culturing the community on synthetic

wastewater would be a better culture media than LB.

6.1.5 HT-qPCR is not always reliable for ARG detecting

Two rounds of HT-gqPCR were performed to screen and detect the change of
ARGs in the microbial communities after amoxicillin exposure. The second
round’s result showed inconsistent quality, which resulted in only ARG

expression data available. HT-qPCR as a high sensitivity method developed in
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recent years and gained popularity in environmental ARG studies, but the
reliability of this method has never been discussed. After intense research
through the literature involved HT-qPCR methods, we found that two major
primer sets used in current ARG studies were validated by Zhu et al. (2013) and
Stedtfeld et al. (2018). The detection limit and potentially over estimating the
ARGs was tested and discussed by Stedtfeld et al. (2018), whilst it was not
mentioned by Zhu et al. (2013). But our issue of various results and poor quality
in the 16S rRNA gene between two rounds are never discussed. Hence, we
suggest that the HT-qPCR for ARG detection must be used with caution.

6.1.6 Higher antibiotic concentration or/and longer exposure time
triggers more ARG expressions

Higher amoxicillin concentration associated with higher ARG expression was
found after ARGs in the microbial community detected using HT-qPCR. However,
similar to the microbial community composition results our experiment and data
is not enough to conclude that amoxicillin exposure is the sole reason for
increased ARG expression, longer exposure time may also trigger ARG
expression. Also, as only beta-lactam antibiotic amoxicillin was used in our
study, ARGs conferring other antibiotic classes were seen with higher expression
after amoxicillin exposure. Due to data quality, it is unknown what the absolute
abundance of those expressed ARGs was. Whilst many antibiotic exposure studies
only test the ARG paired to the antibiotic used in the study, our study provides
an insight into the co-selection of ARGs. However, it is also unknown how this
influences and changes ARGs in long term. In human gut studies, co-selection of
ARGs are observed but those ARGs often disappeared later on, but enriched ARG
due to prolonged exposure are normally long lasting (Fishbein et al., 2023). It is
worth studying further the long-term impacts of ARGs after acute exposure,
especially in those decentralised WWTPs, and the role they play in disseminating
AMR genes to the environment. As a start, the ARG across our constructed

wetlands could be quantified and characterised using our suite of DNA samples.

6.2 Future work

e QOur study demonstrated small-scale constructed wetland system is

capable of treating high strength wastewater from single household.
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Whilst the effluent may not always meet the discharge standard,
additional treatment unit or change of operation is needed to
improvement the treatment. Also, as a household system operated by the
users, it is important to listen to user’s feedback before making the
change. This constructed wetland system is not one solution for all, the
application of this system will depend on the need of the user, current

sanitation, the goal of wastewater treatment and land available etc.

e In our short-term study, E. coli was removed after treatment, although
Legionella species were not removed from the biomass and were detected
in the effluent. Total biomass in treated wastewater was largely reduced
in the first three months’ operation. However, the long-term performance
of potential pathogen removal still needs to be tested. Meanwhile, the
potential risk of ARG carrier pathogens within the system and their risk

associated with reclaimed water needs to be investigated.

e |t isinteresting to see that the microbial communities in two household
systems were different but they achieved comparable pollutant removal.
Also, we have noticed that microbial communities were still changing
when pollutants removal reached a relatively stable state. It would be
worth looking into the microbes who contributed to pollutants removal,
particularly during the time that microbial communities were still
changing but pollutants removal were already stable. With a better
understanding of the functional microbes in both systems, it may be

possible to improve treatment efficiency even further.

¢ A method to detect antimicrobial resistance via OD could potentially be
developed based on the length of lag phase when microbial community
are exposed to antibiotics. Our lab-based ARG study did not find any
connection between growth rate and ARG expression, but the length of
the lag phase and ARG expression both increased with increasing
amoxicillin concentrations. Although ARG abundance was unknown, the
increased ARG expressions indicating higher potential of spreading multi
drug resistance after a single antibiotic. OD is less sensitive method in

detecting cell concentrations compared to FCM, but it can be automated
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to run multi assays and low in cost, which makes it suitable for routine
monitoring. Despite the lag phase measured by OD is the growth time of
microbe required to reach the lowest detection limit of OD, which
represents the ability of growth under the presence of antibiotic. The
change of time required to be detected by OD would correlate with the

resistance when expose to the same antibiotic concentration.

e Long-term impact of microbial communities and ARGs after acute
antibiotic exposure in small-scale constructed wetland treating domestic
wastewater. Our batch experiment is not enough to conclude if acute
antibiotic is the only reason for higher ARG expressions, as the longer
exposure time may also affect ARG expression. Whilst acute antibiotic
exposure is one of the most common routes of antibiotic entering
domestic wastewater as the large percentage of antibiotic would still be
intact in human excrete. Long-term fate of ARGs within constructed
wetland and associated risk with irrigation in the garden will be necessary

in assessing the ARG spreading risk in constructed wetland.
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7 Appendix
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7.1 Chapter 2 — Appendix

Primers
Total bacteria
(165 rRNA)
Escherichia coli
Pseudomonas
aeruginosa
Legionella spp.

Legionella
pneumophila
Legionella
pneumophila
serogroup 1

100.08

102.65

101.35

105.82

104.44

105.82

Table 7-1 qPCR standard curve parameter for all primers.

Efficiency (%) Slope

-3.32

-3.26

-3.29

-3.19

-3.22

-3.19

Intercept

38.51

36.6

37.08

37.90

37.00

37.68

RZ

0.99

1.00

0.99

1.00

1.00

1.00

NTC

33.68

NA

NA

NA

NA

NA

183
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7.2 Chapter 3 - Appendix
Table 7-2 Faecal coliform (CFU/100ml) of WS1 and WS2 measured in long-term performance monitoring.

Sample month Aug 2020 Sep 2020 Oct 2020 Nov 2020 Feb 2021 Mar 2021 Apr 2021
Sample date 27/08/20 29/09/20 24/10/20 24/11/20 24/02/21 08/03/21 15/03/21 22/03/21 12/04/21
ws1 INF 75 £63.6 385+21.2 550 +0 515 +63.6 2500 £1153.3 5600 +0 3900 £1555.6 4050 +495.0 2733 £1167.6

CwW1 53.3+15.3 10 +0 80+14.1 150 +14.1 177 +20.6
CW2 66.7 +47.3 851354 255 +219.2 255+91.9 103 +17.8
EFF 30 £28.3 45 1+21.2 180 +113.1 330 +84.9 40 +28.3 55+35.4 65+7.1 140 +0
ws2 INF 850 +28.3 255 +35.4 550 +0 545 +106.1 633.3 £57.7 2400 +264.6
CW1 33.3+23.1 110 +56.6
Ccw2 105 +49.5 245 +7.1
EFF 35+21.2 40 +28.3 160 +0 60 +0
Table 7-3 Total Suspended Solids (TSS) (g/L) of WS1 and WS2 measured in long-term performance monitoring.
Sample month | Jul 2020 Aug 2020 Sep 2020 Nov 2020 Feb 2021 Mar 2021 Apr 2021
Sample date 27/07/20 27/08/20 29/09/20 24/11/20 24/02/21 08/03/21 15/03/21 22/03/21 29/03/21 05/04/21 12/04/21 19/04/21
ws1 INF 100.0+0 @ 540.0+0 370.0+0 @ 220.0%0 210.0 £0 120.0+0 = 133.3+18.9 130.0+28.3 245.0163.6 344.4 +0 212.5+£17.7
cwi1 285.0 0 59.0 £12.7 60.0 0 31.7+7.1 104.4 +15.6 80.0 0
cw2 37.510 24.0 2.8 8.6 10 16.3+8.8 38.7 1.8 28.0+11.3
EFF 120.0 0 5.0+0 5.0 0 60.0 0 35.0+0 43.3194 4312 3.910.8 36.215.3 32.1+20.6
ws2 INF 580.0+0 390.0+0 1670.0+0 480.0+0 260.0 0 115.0+7.1 365.0+35.4 280.0+14.1 156.2161.9 260.0156.6 210.0 £28.3
cwi1 116.7 +23.6 283 +2.4 153.3 0 128.7 +21.7 160.0 +0 145.2 +16.8 77.315.6
cw2 40.0 +0 25.1+12.9 22.4£12.8 15.0+0 19.5+6.4 17.6 £12.8
EFF 130.0 +0 46.7 +0 50.0 +0 3.0+0 35.0+0 73.310 30.0 £10.1 28.7 5.3 46.7 +23.6 38.3+11.8
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Table 7-4 Total organic carbon (TOC) (mg/L) of WS1 and WS2 measured in long-term performance monitoring.

Sample month
Sample date
Wws1 INF
CW1
cw2
EFF
WS2 INF
cwi
cw2
EFF

Feb 2021
24/02/21
90.7 £3.8
38.9+1.2
15.2 +0.8
21.1+0.9
177.6 £1.3
40.2 +3.8
18.2+1.4
32.1+0.1

Mar 2021

08/03/21 15/03/21 22/03/21 29/03/21
95.2 +6.1 75.2£2.5 71.7 £6.2 31.6+0

9.4+1.5 9.1+3.1 14.8 +0

10.1 +0 4.8 +0

5.7#4.6 6.3 1.7 5.1+2.8
183.3+4.9 264.1 +6.9 231.1+4.7 202.3 ¥11.2
79.2+1.7 140.4 +17.1 98.2 +4.0 68.3 6.0
15.9 £+0.9 14.8 £4.0 11.3£6.6

39.7 0.5 17.9 £11.8

Table 7-5 Total carbon (TC) (mg/L) of WS1 and WS2 measured in long-term performance monitoring.

Sample month

Sample date

ws1 INF
Ccwi1
Cw2

EFF

Ws2 INF
CW1
cw2

EFF

Feb 2021
24/02/21
102.6 2.0
52.0+3.9
27.0+1.1
30.5+0.1
133.1+0.8
57.9+3.3
27.2+9.6
42.8 +3.8

Mar 2021

08/03/21 15/03/21 22/03/21 29/03/21
173.94.7 168.4 +7.8 185.9+2.9 145.4 +81.1
107.2 +2.9 98.6 +0.4 104.1 £10.9 181.5 +10.1
79.3 6.3 61.7+12.4 91.145.2 138.2+7.2
81.2 +8.5 70.4 2.7 72.90.7 118.8 +0.7
250.1 +8.3 324.9 £5.7 294.4 +0.7 276.2 £5.7
145.2 +12.3 213.8 £25.2 168.5 +9.0 155.8 +15.7

44.2 0.2 60.7 £3.6 65.8 +5.8 67.4+2.4

79.335 83.9+12.3 83.8+1.0

05/04/21
10.5+0

3.00

217.8+7.9
45.6 £10.7
12.1

05/04/21
182.8 +29.1
137.1+3.9
87.549.1

78.6 £12.0
320.7 £4.0
152.3 £9.5
60.4 £16.2
96.0 £7.3

185
Apr 2021
12/04/21 19/04/21
128.7 £2.8
Apr 2021
12/04/21 19/04/21
266.6 £2.5
192.1+1.6 174.8 £6.9
161.0 £19.2 178.9 +46.9
159.5 £24.5 136.4 £4.6
217.8 £2.8
114.7 £2.8
100.6 £10.3

116.3 £3.9
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Table 7-6 Total nitrogen (TN) (mg/L) of WS1 and WS2 measured in long-term performance monitoring.

Sample month

Sample date

ws1

Ws2

Table 7-7 Temperature (°C) of WS1 and WS2 measured in long-term performance monitoring.

Sample month

Sample date

Ws1

WS2

INF
cwi
Cw2
EFF
INF
cwi1
Cw2
EFF

INF
cwi1
Ccw2
EFF
INF
cwi
cw2
EFF

Feb 2021

24/02/21
179.6 +4.0
175.8 £1.9
166.5 £3.2
176.8 £0.2
184.6 1.8
186.8 7.9
163.5+15.5
167.2 5.9

Feb 2021
24/02/21
14.25
12.94
14.31
14.81
17.44
16.19
16.12

08/03/21
178.3 £6.2
172.9 0.1
1559 +1.6
173.5+4.5
240.8 +0.4
180.4 £1.3
161.0£1.7

08/03/21
16.57
14.41
18.19
16.40
16.34
17.58
19.38

Mar 2021
15/03/21 22/03/21
189.3 +5.8 173.7 £3.8
179.9 +8.5 121.9+1.0
155.7 +0.4 90.5 6.5
168.1+2.0 104.1 +8.3
219.2+3.4 160.2 6.7
195.1+2.3 112.5 4.5
136.2 3.2 86.7 £1.5
179.9 +3.5 103.9 4.9

Mar 2021
15/03/21 22/03/21
18.12 15.75
13.94 13.19
15.75 15.00
16.06 16.19
16.25 15.13
17.44 15.81

29/03/21
123.2+4.7
117.0+1.2

88.0 2.7

88.8+1.1
149.0 2.1
114.8 7.3

90.5+1.3
107.3 3.5

29/03/21
19.94
14.69
16.56
16.81
16.75
17.81
17.44
16.44

05/04/21
132.5+4.2
120.6 £0.1
106.2 £5.9
92.1+2.3
161.9+2.3
109.1 +0.4
109.4 +1.8
100.5 +11.8

05/04/21
18.37
14.81
16.69
16.94
17.00
19.37
18.75
15.88

Apr 2021
12/04/21

174.8 1.5
167.9+2.4
162.0 +0.3
139.1+2.3
119.5 +0
119.5+2.2
130.8 £3.0

Apr 2021
12/04/21
18.50
15.38
16.44
16.75

186

19/04/21
192.5+0.7
161.6 0.8
149.6 £12.2
150.2 +4.0

19/04/21
19.37
15.69
16.75
16.94

17.44
16.62
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Table 7-8 pH of WS1 and WS2 measured in long-term performance monitoring.

Sample month

Sample date

ws1

Ws2

Table 7-9 Dissolved oxygen (DO) (mg/L) of WS1 and WS2 measured in long-term performance monitoring.

Sample month

Sample date

Ws1

WS2

INF
cwi
Cw2
EFF
INF
cwi1
Cw2
EFF

INF
cwi1
Ccw2
EFF
INF
cwi
cw2
EFF

Feb 2021
24/02/21
7.15
7.01
6.27
7.64
6.67

Feb 2021
24/02/21
1.84
3.66

2.22

08/03/21

7.19
6.74
5.13
7.35
6.93
7.05

7.85

08/03/21

1.88
3.33
2.83
1.37

1.11
3.82

15/03/21

7.33
7.37
7.42
7.84
6.71
6.86
7.50
7.45

15/03/21

2.22
3.67

2.22

22/03/21

7.46
7.30
7.16
7.19
7.01
7.20
7.22
7.34

22/03/21

2.22
3.68

2.22

29/03/21

6.95
7.30
7.55
8.40
7.15
7.36
7.53
7.85

29/03/21

2.22
3.70

2.06

0.13
2.93

05/04/21

6.94
7.37
7.75
7.81
7.18
7.34
7.65
7.92

05/04/21

4.67
5.55
2.31

0.01

Apr 2021
12/04/21

7.33
8.86
8.93
7.12

Apr 2021
12/04/21

4.66
3.33
2.22

187

19/04/21

7.36
9.73
8.36
7.13

19/04/21

4.87
2.22
2.23



Appendix

Table 7-10 Oxidation reduction potential (ORP) (mV) of WS1 and WS2 measured in long-term performance monitoring.

Sample month Feb 2021 Mar 2021
Sample date 24/02/21 08/03/21 15/03/21 22/03/21
ws1 INF -444.83 -458.39 -404.81 -431.97
cwi -466.27 -479.94 -467.54 -531.57
cw2 -433.64 123.94 -176.09 77.89
EFF -475.11 -525.51 -452.35 -464.85
Ws2 INF -963.46 -1474.00 -1405.15 -1438.76
cwi -190.75 -463.82 -435.91 -398.41
cw2 150.65 -134.85
EFF -498.76

Table 7-11 List of richness and Pielou's evenness of every sample with sample details.

Sample Month Sample Date System Sample Location Sample type
Jun_2020 02_Jul_2020 Ws1 INF W
Jun_2020 02_Jul_2020 Ws1 EFF W
Jun_2020 02_Jul_2020 WS2 INF W
Jul_2020 27_Jul_2020 Ws1 INF W
Jul_2020 27_Jul_2020 Ws1 EFF W
Jul_2020 27_Jul_2020 WS2 INF W
Jul_2020 27 _Jul_2020 WS2 EFF W

Aug_2020 27_Aug_2020 WS1 INF

29/03/21
-440.80
-537.19
-258.48

-464.4

-319.82

24.28
-361.93

Replicate
R1
R1
R1

R1
R1

R1
R1

R1

05/04/21
-437.35
-518.02
-258.59
-461.27

162.17
287.33

Richness
110.87
164.60

507.59

754.13
324.25

744.79
722.05

471.31

188

Apr 2021

12/04/21 19/04/21

-437.45 -417.03

-540.38 -569.28
17.71 -218.52

-452.67 -454.34

Pielou's evenness
0.19
0.59
0.67

0.73
0.56

0.69
0.67

0.62
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Aug_2020

Aug_2020
Aug_2020

Sep_2020
Sep_2020

Sep_2020
Sep_2020
Sep_2020

Oct_2020
Oct_2020
Oct_2020
Oct_2020
Oct_2020
Oct_2020
Oct_2020
Oct_2020
Oct_2020
Oct_2020

Oct_2020
Oct_2020
Oct_2020
Oct_2020

27_Aug_2020

27 _Aug_ 2020
27 Aug_ 2020

29 Sep_2020
29 Sep_2020

29 Sep_2020
29 Sep_2020
29 Sep_2020

24_Oct_2020
24_Oct_2020
24_Oct_2020
24_Oct_2020
24_Oct_2020
24_Oct_2020
24_Oct_2020
24_Oct_2020
24_Oct_2020
24_Oct_2020

24_Oct_2020
24_Oct_2020
24_Oct_2020
24_Oct_2020

WS1

WS2
WS2

WS1
WS1

WS2
WS2
WS2

WS1
WS1
WS1
WS1
WS1
WS2
WS1
WS1
WS1
WS1

WS2
WS2
WS2
WS2

EFF

INF
EFF

INF
EFF

INF
INF
EFF

INF
INF
cwi
cwi
cw2
cwi
cw2
cw2
EFF
EFF

INF

INF
cwi
CW2

g = g =

=N

T E2Tvwwzswszss=

2wz s

R2

R1
R2

R1
R1

R1
R2
R1

R1
R2
R1
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Table 7-12 PERMANOVA results of beta diversity analysis with all samples from both systems.

PERMANOVA

Parameters

System

(WS1 vs WS2)
Location

(Inf, CW1, CW2, Eff)
Type

(Water vs sediment)

Month

RZ

0.08

0.12

0.01

0.12

Bray-Curtis
P

0.001
0.001

0.003

0.001

RZ

oxk 0.07

ok 0.09

*x 0.01

oxk 0.09

1088.24
1136.45

891.56
944.22
841.98
894.28
829.10
844.65

UniFrac

P

0.001

0.001

0.001

0.001

0.79
0.76
0.67
0.66
0.64
0.65
0.65
0.67

%k k

%k k

%k k

* %k %
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Table 7-13 PERMANOVA results of beta diversity analysis with all samples from single system.

Samples PERMANOVA Bray-Curtis dissimilarity Unweighted UniFrac

Parameters R2 ) R2 P
Location 0.17 0.001 0.14 0.001

ws1 Type 0.02 0.001 0.02 0.001
Month 0.27 0.001 0.20 0.001
Location 0.16 0.001 0.14 0.001

ws2 Type 0.01 0.088 0.01 0.007
Month 0.24 0.001 0.19 0.001
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Table 7-14 PERMANOVA results of beta diversity analysis with samples within each system.

Samples

ws1
Influent and effluent

Ws2
Influent and effluent

ws1
Water overall

Ws2
Water overall

ws1
Wetlands

WS2
Wetlands

PERMANOVA

Parameters

Location
Month
Location
Month
Location
Month
Location
Month
Location
Type
Month
Location
Type
Month

Bray-Curtis dissimilarity

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.079
0.001

0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.005
0.001
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7.3 Chapter 4 - Appendix

0.6
0.5
LB
0.4
Amoxicillin 2mg/L
8 Amoxicillin 2mg/L + microbe
£o03
- LB+ obe
a microbe
o Amoxicillin 0.5mg/L + LB + microbe
0.2 Amoxicillin 1.0mg/L + LB + microbe
Amoxicillin 2.0mg/L + LB + microbe
0.1 = Amoxicillin 4.0mg/L + LB + microbe
-
0
M 1 & © % A0 A A N AD 10 1 L

Time (h)

Figure 7-1 Community growth curve measured by OD via plate reader at amoxicillin
concentration of 0, 0.5, 1.0, 2.0 and 4.0mg/L for 24h. Negative controls of culture media (LB),
2mg/L amoxicillin, microbe with 2mg/L amoxicillin were included. Each line represents the
change of OD value from single well, all conditions were run triplicated.

0.6
0.5
LB
0.4
Amoxicillin 0.5mg/L
§ Amoxicillin 0.5mg/L + microbe
=)
=03 LB + microbe
[=]
o Amoxicillin 0.5mg/L + LB + microbe
0.2 Amoxicillin 1.0mg/L + LB + microbe
Amoxicillin 2.0mg/L + LB + microbe
A oxicillin 4.0mg/L + LB + microbe
0.1
0
Q 1 o © % N\ AL M 40 N 10 17 L]

Time (h)

Figure 7-2 Community growth curve measured by OD via plate reader at amoxicillin
concentration of 0, 0.5, 1.0, 2.0 and 4.0 mg/L for 24h. Negative controls of culture media
(LB), 0.5 mg/L amoxicillin, microbe with 0.5 mg/L amoxicillin were included. Each line
represents the change of OD value from single well, all conditions were run triplicated.



Appendix 201

0.6
0.5
LB
0.4 LB + microbe
S Amoxicillin 1.5mg/L + LB + microbe
(=
L o3 Amoxicillin 2.5mg/L + LB + microbe
g Amoxicillin 3.0mg/L + LB + microbe
= Amoxicillin 5.0mg/L + LB + microbe
0.2
e Amioxicillin 6.0mg/L + LB + microbe
e Amoxicillin 7.0mg/L + LB + microbe
0.1 =
0
Q 1 [ © ? A0 Al b 40 b 10 17 &

Time (h)

Figure 7-3 Community growth curve measured by OD via plate reader at amoxicillin
concentration of 0, 1.5, 2.5, 3.0, 5.0, 6.0 and 7.0 mg/L for 24h. Negative control of culture
media (LB) was included. Each line represents the change of OD value from single well, all
conditions were run triplicated.

1.4
1.2
1.0
LB
LB + microbe
o 0.8
§ Amouxicillin 8.0mg/L + LB + microbe
E' 06 Amoxicillin 10.0mg/L + LB + microbe
o0 Amonxicillin 12.0mg/L + LB + microbe
— Amoxicillin 16.0mg/L + LB + microbe
0.4
= Amoxicillin 24.0mg/L + LB + microbe
/ — Amoxicillin 32.0mg/L + LB + microbe
0.2
0.0
o o ? AL N 19 B 1% %3 2o '\ i o

Time (h)

Figure 7-4 Community growth curve measured by OD via plate reader at amoxicillin
concentration of 0, 8.0, 10.0, 12.0, 16.0, 24.0 and 32.0 mg/L for 48h. Negative control of
culture media (LB) was included. Each line represents the change of OD value from single
well, all conditions were run triplicated.
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0.6
0.5
0.4 LB
= LB + microbe
(=]
L 03 Amoxicillin 3.0mg/L + LB + microbe
(a]
(o] Amoxicillin 3.5mg/L + LB + microbe
= Amio¥icillin 4.0mg/L + LB + microbe
0.2 nanme
= Amoxicillin 4.5mg/L + LB + microbe
—— Amaxicillin 5.0mg/L + LB + microbe
0.1
w— Amoxicillin 5.5mg/L + LB + microbe
0
o 1 B -] 1] A0 AL Al AL A% 20 20 b

Time (H)

Figure 7-5 Community growth curve measured by OD via plate reader at amoxicillin
concentration of 0, 3.0, 3.5, 4.0, 4.5, 5.0 and 5.5 mg/L for 24h. Negative control of culture
media (LB) was included. Each line represents the change of OD value from single well, all
conditions were run triplicated.

a)| oD 1 b) | Tcc_1 c) | 1cc_1
d) | op_2 e) | TCC2 f) | 1cc_2
g) | op_3 h) | TCC_3 i) | 1cc_3

Figure 7-6 Growth curve of microbial communities with 3.0 mg/L amoxicillin measured with
OD, TCC and ICC. a), b), ¢); d), e), f); and g), h), i) were measured from replicate 1; 2; and 3,
respectively. a), d) and g) are growth curve measured through OD; b), ) and h) are growth
curve measured through TCC; c), f) and i) are growth curve measured through ICC.
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a) | op 1

d)| op_2

TCC 1

TCC 2

TCcC 3

203

c) | icca
f) | 1cc_2
i)| 1cc_3 .

Figure 7-7 Growth curve of microbial communities with 4.5 mg/L amoxicillin measured with
OD, TCC and ICC. a), b), c); d), e), f); and g), h), i) were measured from replicate 1; 2; and 3,
respectively. a), d) and g) are growth curve measured through OD; b), €) and h) are growth

curve measured through TCC; c), f) and i) are growth curve measured through ICC.
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ICC_1

ICC_2

IcC_3

Figure 7-8 Growth curve of microbial communities with 8.0 mg/L amoxicillin measured with
OD, TCC and ICC. a), b), ¢); d), e), f); and g), h), i) were measured from replicate 1; 2; and 3,
respectively. a), d) and g) are growth curve measured through OD; b), e) and h) are growth

curve measured through TCC; ¢), f) and i) are growth curve measured through ICC.
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7.4 Chapter 5 - Appendix

Table 7-15 List of 216 primer sets and gene targets used in first round's (pooled sample) HT-qPCR.

Assay Gene Target antibiotics (major) Forward Primer Reverse Primer

AY1l 16S rRNA 16S rRNA GGGTTGCGCTCGTTGC ATGGYTGTCGTCAGCTCGTG
AY392 aac(3)-id_ie Aminoglycoside AGATAGTTATGCCCGCAACAAG ACGCGCTGCGCCTATA

AY388 aac3-1Va Aminoglycoside CCAACACGACGCTGCATC GCTGTCGCCACAATGTCG

AY408 aadA10 Aminoglycoside ACAGGCACTCAACGTCATCG CGCGGAGAACTCTGCTTTGA
AY15 aadA9_1 Aminoglycoside CGCGGCAAGCCTATCTTG CAAATCAGCGACCGCAGACT
AY414 ant4-ib Aminoglycoside GATGGCCGCTGACACATG TCAACATTGCGCCATAGTGG
AY430 ampC_cefa Beta Lactam CAGGATCTGATGTGGGAGAACTA TCGGGAACCATTTGTTGGC
AY117 ampC/blaDHA Beta Lactam TGGCCGCAGCAGAAAGA CCGTTTTATGCACCCAGGAA
AY443 beta_B2 Beta Lactam GTAACGCCTACTGGAAGTCCA CAGCTTCTCCTTGAGAATGCAG
AY441 beta_ccra Beta Lactam CACTGGCACGGCGATTGTA CGGCAGCCAAACCACGATA
AY442 bllacc Beta Lactam TGTTATCCGTGATTACCTGTCTGG CTCAGCGAGCCAACTTCAAATA
AY113 bla-L1 Beta Lactam CACCGGGTTACCAGCTGAAG GCGAAGCTGCGCTTGTAGTC
AY338 blal Beta Lactam GCAAGTTGAAGCGAAAGAAAAGA TACCAGTATCAATCGCATATACACCTAA
AY336 blaACC Beta Lactam CACACAGCTGATGGCTTATCTAAAA AATAAACGCGATGGGTTCCA
AY444 blaACT Beta Lactam AAGCCGCTCAAGCTGGA GCCATATCCTGCACGTTGG
AY454 blaADC-nonmobile Beta Lactam GGTATGGCTGTGGGTGTTATTCA AGGCAAGGTTACCACTTGTATACG
AY445 blaB Beta Lactam CGTGCCGGAGGTCTTGAATA GGGATAGTAAACCTGAAACTCGGA
AY453 blaBEL-nonmobile Beta Lactam ATGTCCATGGCACAGACTGTG CCTGTCTTGTCACCCGTTACC
AY446 blaCARB Beta Lactam TGATTTGAGGGATACGACAACTCC CTGTAATACTCCGAGCACCAA
AY339 blaCMY_2 Beta Lactam AAAGCCTCAT GGGTGCATAAA ATAGCTTTTGTTTGCCAGCATCA
AY432 blaCTX-M Beta Lactam CGTACCGAGCCGACGTTAA CAACCCAGGAAGCAGGCA
AY134 blaCTX-M_5 Beta Lactam GCGATAACGTGGCGATGAAT GTCGAGACGGAACGTTTCGT
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AY147
AY433
AY125
AY447
AY448
AY449
AY450
AY440
AY451
AY452
AY101
AY152
AY102
AY601
AY435
AY108
AY436
AY103
AYA437
AY109
AY107
AY126
AY438
AY431
AY439
AY127
AY105

blaCTX-M_8
blaFOX
blaGES
blaGOB
blaHERA
blalMI
blaIND
blakPC
blaLEN
blaMIR

blaMOX/blaCMY

blaNDM
blaOCH
blaOXA48
blaOXA51
blaOXY
blaOXY1
blaPAO
blaPER
blaPSE
blaROB
blaSFO
blaSHV11
blaSME
blaTEM
blaTLA
blaVEB

Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam

Beta Lactam

CGTCACGCTGTTGTTAGGAA
CCTACGGCTATTCGAAGGAAGATAAG
GCAATGTGCTCAACGTTCAAG
CTTGGGCTTGAATGCTCAGGTA
GGGCAACCGCATTCTGAC
ACATCTACACCTGCAGCAGTAG
CGCCTGTTAAACCCAACCTGTA
GCCGCCAATTTGTTGCTGAA
TGTTCGCCTGTGTGTTATCTCC
CGGTCTGCCGTTACAGGTG
CTATGTCAATGTGCCGAAGCA
GGCCACACCAGTGACAATATCA
GGCGACTTGCGCCGTAT
TGTTTTTGGTGGCATCGAT
CGACCGAGTATGTACCTGCTTC
CGTTCAGGCGGCAGGTT
AAAGGTGACCGCATTCGC
CGCCGTACAACCGGTGAT
GCAAATGAAGCGCAGATGC
TTGTGACCTATTCCCCTGTAATAGAA
GCAAAGGCATGACGATTGC
CCGCCGCCATCCAGTA
TTGACCGCTGGGAAACGG
GAGGAAGACTTTGATGGGAGGATTG
CGCCGCATACACTATTCTCAG
ACACTTTGCCATTGCTGTTTATGT
CCCGATGCAAAGCGTTATG

206

CGCTCATCAGCACGATAAAG
CCGGATTGGCCTGGAAGC
GTGCCTGAGTCAATTCTTTCAAAG
TGTATGGTCGTAGTGAGCCTGA
GCATCTCCCACTTTATCGTCAC
AATCGCTTGGTACGCTAGCA
CGCTCTGTCATCATGAGAGTGG
GCCGGTCGTGTTTCCCTTT
GCAGCACTTTAAAGGTGCTCAC
AAAGACCCGCGTCGTCATG
GGCTTGTCCTCTTTCGAATAGC
CAGGCAGCCACCAAAAGC
TTTTCTGCTCGGCCATGAG
GTAAMRATGCTTGGTTCGC
TCAAGTCCAATACGACGAGCTA
GCCGCGATATAAGATTTGAGAATT
CCAGCGTCAGCTTGCG
GAAGTAATGCGGTTCTCCTTTCA
GACCACAGTACCAGCTGGTA
TGCGAAGCACGCATCATC
CGCGCTGTTGTCGCTAAA
GGGCCGCCAAGATGCT
TCCGGTCTTATCGGCGATAAAC
CGCTATATTGCAATGCAGCAGAAG
GCTTCATTCAGCTCCGGTTC
TGCAAATTTCGGCAATAATCTTT
GAAAGATTCCCTTTATCTATCTCAGACAA
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AY129
AY128
AY115
AY97

AY114
AY111
AY434
AY133
AY132
AY131
AY138
AY293
AY289
AY294
AY500
AY207
AY199
AY201
AY355
AY202
AY483
AY490
AY484
AY491
AY487
AY234
AY206

blaVIM
blaz
cepA
cfiA
cfxA
cphA_1
imiR_2
mecA
pbp
pbp5
penA
intl1_1
intl1_2
intl2_2
intl3
acrA_1
acrB_1
acrF
acrR_1
adeA
adel
arsA
bexA/norM
cadC
cefa_gacelta
cfr

cmr

Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Integrons
Integrons
Integrons
Integrons
MDR

MDR

MDR

MDR

MDR

MDR

MDR

MDR

MDR

MDR

MDR

MDR

GCACTTCTCGCGGAGATTG

GGAGATAAAGTAACAAATCCAGTTAGATATGA

AGTTGCGCAGAACAGTCCTCTT
GCAGCGTTGCTGGACACA
TCATTCCTCGTTCAAGTTTTCAGA
GCGAGCTGCACAAGCTGAT
AGCCGGACTAGAGCTTCATG

GGTTACGGACAAGGTGAAATACTGAT

CCGGTGCCATTGGTTTAGA

GGCGAACTTCTAATTAATCCTATCCA
AGACGGTAACGTATAACTTTTTGAAAGA

CGAACGAGTGGCGGAGGGTG
CGAAGTCGAGGCATTTCTGTC
TGCTTTTCCCACCCTTACC
CAGGTGCTGGGCATGGA
GGTCTATCACCCTACGCGCTATC
AGTCGGTGTTCGCCGTTAAC
GCGGCCAGGCACAAAA
GCGCTGGAGACACGACAAC
CAGTTCGAGCGCCTATTTCTG
CAGTCTGGTTTGCAGTAACCA
CAGGTCAGCCGCATCAACC
TCGGGCATCCCGTTTATGATC
CGCTCTGTGTCAGGATGAAGAG
TAGTTGGCGAAGTAATCGCAAC
GCAAAATTCAGAGCAAGTTACGAA
CGGCATCGTCAGTGGAATT

CGACGGTGATGCGTACGTT
TGCTTAATTTTCCATTTGCGATAAG
TCGTATCTTGCCCGTCGATAAT
GTTCGGGATAAACGTGGTGACT
TGCAGCACCAAGAGGAGATGT
CGGCCCAGTCGCTCTTC
GGCAGAACTCATCATCTGCAAA

TGTCTTTTAATAAGTGAGGTGCGTTAATA

AAAATAGCCGCCCCAAGATT
CGCCGATGACATTCTTCTTATCTT
GCGTGTAGCCGGCAATG
TACCCGAGAGCTTGGCACCCA
GCCTTCCAGAAAACCGAGGA
GACGGCTACCCTCTGTTATCTC
CCTGGGCAGCATCACCA
GCGCGCACGAACATACC
CAAGGAAACGAACGCAATACC
TACGCTCTTCCCACGGTTTC
GCCTTGCTGCGAGAACAAA
CGCCCTGACCGACCAAT
CACTCCTACAACAACAGGCAA
GCCTGAAACACGGCAATTTCTTC
GTAGGCTGCGCATAATACCCA
CTTTCTTATGTGCTAGGGCGATCA
TGCGATGCCATAACCGATTATG
AAAATGACTCCCAACCTGCTTTAT
CGGTTCCGAAAAAGATGGAA

207
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AY492
AY493
AY219
AY208
AY360
AY350
AY485
AY211
AY212
AY486
AY227
AY215
AY240
AY228
AY222
AY224
AY482
AY494
AY495
AY42

AY488
AY489
AY497
AY498
AY499
AY353
AY226

COpA
czcA
emrB/gacA_1
emrD_1
marR_3
mdsA
mdtA
mdtE
mdtG_1
mdtH
mepA
mexA
mexB
mexE
mtrE
oprD
0ogxA
pbrT
pcoA
pmrA
gacA/B
gacF/H
sugk
tcrB
terW
tolC 2
ttgA

MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR
MDR

TGCACCTGACVGGSCAYAT
GCCTTGTTCATCGGCGAAC
CTTTTCTCTAACCGTACATTATCTACGATAAA
CTCAGCAGTATGGTGGTAAGCATT
GCTGTTGATGACATTGCTCACA
CGGAGTCCATCGACCATTTG
ACAAGCCCAGGGCCAAC
CGTCGGCGCACTCGTT
TGGCACAAAATATCTGGCAGTT
ATGCTGGCTGTACAAGTGATG
ATCGGTCGCTCTTCGTTCAC
AGGACAACGCTATGCAACGAA
CTGGAGATCGACGACGAGAAG
GGTCAGCACCGACAAGGTCTAC
CGATGTGTCGTTTTGGAAGGT
ATGAAGTGGAGCGCCATTG
GAGTCAACCTACCTCCACTATCA
GATGCGCACTGGGCTTG
TGGCGTATGGAGTTTCAATGC
TTTGCAGGTTTTGTTCCTAATGC
AAGGGCCACTGCATTAGCTG
CTGAAGTCTAGCCATGGATTCACTAG
CTTAGTTATTGCTGGTCTGCTGGA
GTGCCGGAACTCAAGTAGCA
TCAAAGAGCTACGCGAGTCATA
CAGGCAGAGAACCTGATGCA
ACGCCAATGCCAAACGATT

208

GVACTTCRCGGAACATRCC
GGCAATGTCGCCTTCGTTC
AGAACGTAGCGACTGATAAAATGCT
ACCAGGCGCCGAAGAAC
CGGCGTACTGGTGAAGCTAAC
ATCGTCGGCAAGGAGAATCA
CCTTAATGGTGCCTTCGGTTTC
TCCAGACGTTGTACGGTAACCA
TTGTGTGGCGATAAGAGCATTAG
CACTCCAGCGGGCGATA
ATAAATAGGATCGAGCTGCTGGAT
CCGGAAAGGGCCGAAAT
GAAATCGTTGACGTAGCTGGAA
AGCTCGACGTACTTGAGGAACAC
CCTGCACCATGATTCCTCAATA
GGCCACGGCGAACTGA
GCTGCGAGTTATCCAGCAG
TCGGAATATGCGGAAATGCG
GAATAATGCCGTGCCAGTGAA
GCAGAGCCTGATTTCTCCTTTG
CCAGTCCAATCATGCCTGCA
CAAGCAATAGCTGCCACAAGC
GCATCGGGTTAGCGGACTC
GCACCGACTGCTGGACTTAA
CCTTCCCTGTGGACTCACC
CGCAATTCCGGGTTGCT
GTCACGGCGCAGCTTGA
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AY501
AY502
AY503
AY504
AY505
AY317
AY316
AY318
AY319
AY320
AY313
AY314
AY506
AY310
AY508
AY509
AY510
AY511
AY512
AY513
AY514
AY515
AY516
AY298
AY517
AY311
AY519

cro
EAE_05855
IncHI2-smr0018
Incll_repll
IncN_korA
IncN_oriT
IncN_rep
IncP_oriT
IncQ_oriT
IncW_trwAB
IS1111
1S1133
1S1247_1
1S1247_2
1S200_1
1S200_2
IS21-1SAs29
IS256
1S26_1

IS3
IS5/151182
1S6/257
1S6100
1S613

1S630
ISAba3
ISCR1

MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE

AGATGTTATCGACCACTTCGGA
CCCATCACCGCTGAACTGG
ATAATGATTCACCGGGGTAG
CGAAAGCCGGACGGCAGAA
GGAACGTTTGTAYCTTGTATTG
TTGGGCTTCATAGTACCC
AGTTCACCACCTACTCGCTCCG
CAGCCTCGCAGAGCAGGAT
TTCGCGCTCGTTGTTCTTCGAGC
AGCGTATGAAGCCCGTGAAGGG
GTCTTAAGGTGGGCTGCGTG
GCAGCGTCGGGTTGGA
CGGCCGTCACTGACCAA
TGGATCGACCGGTTCCAT
CCAAATACCGAAGACAAGCGTTC
GCACACCCGATGGAACTGTAAA
GGTCCGTCAGGCACAAGTC
CTTGCGCATCATTGGATGATGG
ATGGATGAAACCTACGTGAAGGTC
CGGTCTGAGCTTCGGGAA
TTCTCGAAGAATCGCCATGGC
ATATCGTGCCATTGATGCAGAG
CGCACCGGCTTGATCAGTA
AGGTTCGGACTCAATGCAACA
CCGCCACCAGTGTGATGG
TCAGAGGCAGCGGTATACGA
ATGGTTTCATGCGGGTT

CCGCTTGGCGATAAGCG
TGGGCGCTGCCATCTAAAC
CTTCAGGCTATCGTTTCG
TCGTCGTTCCGCCAAGTTCGT
ACTCACTATCTTCTGTTGATTG
GTGTGATAGCGTGATTTATGC
CAAGTTCTTCTGTTGGGATTCCG
CAGCCGGGCAGGATAGGTGAAGT
GCCGTTAGGCCAGTTTCTCG
AAAGATAAGCGGCAGGACAATAACG
CCCCGAATCTCATTGATCAGC
ACGCGTTCGAACAACTGTAATG
TCGGCAGGTTGGTGACG
GCTGACCGAGCTGTCCATGT
CCAAACTGCTCGTAAAGCATCAG
TCGGCGGGATCTCCAGAAG
GGGATCGTATCGGCAAGCC
AAGAACGGCTCCAATTAAGCGA
CGGTACTTAATCTGTCGGTGTTCA
AGAACTGTCACTCCGGTCTG
GCTTTGGATCGCTCCAATCGA
ACCATTGCTACCTTCGTTGAAG
CTGCCACGCTCAATACCGA
TTCAGCACATACCGCCTTGAT
TTGGCGCTGACTGGATGC

GGTTGATTCAGTTAAAGTACGTAAAACTTT

CTGAGGGTGTGAGCGAG

209
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AY520
AY312
AY309
AY521
AY307
AY324
AY321
AY523
AY315
AY524
AY299
AY300
AY301
AY302
AY303
AY304
AY305
AY297
AY526
AY527
AY306
AY530
AY531
AY90

AY545
AYa4

AY57

ISEcpl
ISEfm1
ISPps
IncF_FIC
orf37-1S26
pAKD1
pAMBL
Tn3

Tn5
Tn5403
tnpA_1
tnpA_2
tnpA_3
tnpA_4
tnpA_5
tnpA_6
tnpA_7
Tp614
traN
trbC
trfA
erm34
erm35
ermA/ermTR
ermC_2
ermD/K

ermT_1

MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MGE
MLSB
MLSB
MLSB
MLSB
MLSB
MLSB

CATGCTCTGCGGTCACTTC
AGGTGTCCATGACGTGAAAGTG
CACACTGCAAAAACGCATCCT
GTGAACTGGCAGATGAGGAAGG
GCCGGGTTGTGCAAATAGAC
GGTAAGATTACCGATAAACT
CAGGCTCTTAATGTGATA
GCTGAGGTGTTCAGCTACATCC
TCAGAGGCAGCGGTATACGA
AAGCGAATGGCGCGAAC
GCCGCACTGTCGATTTTTATC
CCGATCACGGAAAGCTCAAG
GGGCGGGTCGATTGAAA
CATCATCGGACGGACAGAATT

GAAACCGATGCTACAATATCCAATTT
TGCAGATGGTTTAACCTTGGATATTT

AATTGATGCGGACGGCTTAA
GGAAATCAACGGCATCCAGTT
GCTTGGCGGTCAGCAATT
CGGYATWCCGSCSACRCTGCG
ACGAAGAAATGGTTGTCCTGTTC
AAAGCGGTTTACAAGCGTTTCG
CCTTCAGTCAGAACCGGCAA

ACATTTTACCAAGGAACTTGTGGAA

CCCTTGAATTAGTACAGAGGTG
GAGCCGCAAGCCCCTTT

GTTCACTAGCACTATTTTTAATGACAGAAGT

GACGCACCTTCTTGATGACC
TCCTTTGTCCCCTAGGATATTGG
TGTCTTTGGCGTCACAGTTCTC
TTCTCCTCGTCGCCAAACTAGAT
TGGCAATCTGTCGCTGCTG
GTTCGTGAAGAAGATGTA
TTATGCTCAATACTCGTG
GCTGAGGTAGTCACAGGCATTC
GGTTGATTCAGTTAAAGTACGTAAAACTTT
CGCGCAGGGTAAACTGC
GCGGGATCTGCCACTTCTT
GGCTCGCATGACTTCGAATC
GTGGGCGGGATCTGCTT
GTCGGAGATGTGGGTGTAGAAAGT
CAGCACCGTTTGCAGTGTAAG
TCGGTTCATCAAACTGCTTCAC
TCACCAAACTGTTTATGGAGTCGTT
CATCCATGCGCTTTTGTCTCT
TTAGGAATAACAATCGCTACACCTTTA
GCCACCTGYSBGCAGTCMCC
CGTCAGCTTGCGGTACTTCTC
GGGTGCTCTAGGGTTGTTTAGTG
GCTGATTTGACAGTTGGTGGTG
GTGGCATGACATAAACCTTCATCA
GCAAACTCGTATTCCACGA
GTGTTTCATTTGACGCGGAGTAA
GAAGGGTGTCTTTTTAATACAATTAACGA

210
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AY68
AY53
AY536
AY537
AY538
AY61
AY66
AY58
AY91
AY73
AY77
AY541
AY71
AY555
AY35
AY33
AY96
AY462
AY247
AY361
AY245
AY365
AY241
AY250
AY249
AY570
AY568

ermX_1
ImrA_1
InuB

InuC

mefA
mphB
msrA_1
msrC_1
oleC

pncA
vatE_2
vga(A)LC_1
vgaA 1
cat
cmlA_2
yidY/mdtL
gnrB
qnrVC1_VC3_VC6
folA_1
folP_2
sull 2
sul2_2
suld

tet32
tet36_1
tet38
tet39

MLSB

MLSB

MLSB

MLSB

MLSB

MLSB

MLSB

MLSB

MLSB

MLSB

MLSB

MLSB

MLSB
Phenicol
Phenicol
Phenicol
Quinolone
Quinolone
Sulfonamide
Sulfonamide
Sulfonamide
Sulfonamide
Sulfonamide
Tetracycline
Tetracycline
Tetracycline

Tetracycline

GCTCAGTGGTCCCCATGGT
TTCAGATGCAATGGCGTTTG
GGATCGTTTACCAAAGGAGAAGG
GGGTGTAGATGCTCTTCTTGGA
TAATTATCGCAGCAGCTGGTTC
CGCAGCGCTTGATCTTGTAG
CTGCTAACACAAGTACGATTCCAAAT
TCAGACCGGATCGGTTGTC
CCCGGAGTCGATGTTCGA
GCAATCGAGGCGGTGTTC
GACCGTCCTACCAGGCGTAA
GTGAAGATGTCTCGGGTACAATTG
CGAGTATTGTGGAAAGCAGCTAGTT
ATCGGCCAGACTGGATATCGA
TAGGAAGCATCGGAACGTTGAT
GCAGTTGCATATCGCCTTCTC
GCGACGTTCAGTGGTTCAGA
CTCACATCAGGACTTGCAAGAA
CGAGCAGTTCCTGCCAAAG
CAGGCTCGTAAATTGATAGCAGAAG
GCCGATGAGATCAGACGTATTG
TCATCTGCCAAACTCGTCGTTA
TCAACGTCACTCCAGACAGC
CCATTACTTCGGACAACGGTAGA
AGAATACTCAGCAGAGGTCAGTTCCT
AAGCGACATTAGCCGGTTTAG
TATAGCGGGTCCGGTAATAGGTG

ATCCCCCCGTCAACGTTT

ATAATCGGGAACATAATGAGCATAACTAC

AGCATAGCCTTCGTATCAGGAA
CTTTACCCGAAAGAGTTTCTACCG
GTTCCCAAACGGAGTATAAGAGTG
TTACTGCATCCATACGCTGCTT

TCAAGTAAAGTTGTCTTACCTACACCATT
CCTATTTTTTGGAGTCTTCTCTCTAATGTT

GCCGAAGACGTACACGAACAG
TTGCCGCAGCCAATTCA
TTGGATTGCCACCGACAATT
GAAATACCAGGATTCCCATGCAC
CCCGTACCGTTAGAGCCGATA
CACAGCTCCAGTTGCAACAAC
CAGACCGAGCACGACTGTTG
CTTCCCGGCAAACAGCAT
GCTGCTCGCCAGTCGAA
ATGAAGCATCTCGAAGATCAGC
CCCAGTCATCCGGTTCATAATC
CTTTCCTTGCGAATCGCTTT
CGCATAGCGCTGGGTTTC
GTCAAAGAACGCCGCAATGT
TGGAAATAACGACGTCCACA
CAATCTCTGTGAGGGCATTTAACA
TGGTAGGTCGATAACCCGAAAAT
CTGCTCGTACTTAAGCCAAGG
CCATAACGATCCTGCCCATAGATAAC
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AY576
AY254
AY255
AY268
AY571
AY273
AY572
AY260
AY573
AY258
AY367
AY574
AY264
AY575
AY274
AY259
AY577
AY325
AY269
AY276
AY263
AY267
AY284
AY580
AY584
AY588
AY590

tet44
tetA_2
tetA/B_1
tetC_2
tetD
tetE
tetG
tetH
tet)
tetK
tetl_2
tetM
tetO_2
tetPA
tetPB_1
tetQ
tetR
tetR_1
tetS
tetT
tetW
tetX
dfrAl_1
dfrA15
dfrA22
dfrA7
dfrAB4

Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Trimethoprim
Trimethoprim
Trimethoprim
Trimethoprim

Trimethoprim

CTCATGTAGATGCAGGAAAGACG
CTCACCAGCCTGACCTCGAT
AGTGCGCTTTGGATGCTGTA
ACTGGTAAGGTAAACGCCATTGTC
AATTGCACTGCCTGCATTGC
TTGGCGCTGTATGCAATGAT
TCGCGTTCCTGCTTGCC
TTTGGGTCATCTTACCAGCATTAA
CAGCGCCCATACGCCATTTA
CAGCAGTCATTGGAAAATTATCTGATTATA
ATGGTTGTAGTTGCGCGCTATAT
GGAGCGATTACAGAATTAGGAAGC
CAACATTAACGGAAAGTTTATTGTATACCA
GGAAACCTTAGTTCAGTGACTTGG
TGGGCGACAGTAGGCTTAGAA
CGCCTCAGAAGTAAGTTCATACACTAAG
CCGTCAATGCGCTGATGAC
CAATCCATCGACAATCAC
TTAAGGACAAACTTTCTGACGACATC
CCATATAGAGGTTCCACCAAATCC
ATGAACATTCCCACCGTTATCTTT
AAATTTGTTACCGACACGGAAGTT
GGAATGGCCCTGATATTCCA
AGGCCGAAAGACTTTCGAGTC
CAGCCGAACACGGCAAAG
GTAATCGGTAGTGGTCCTGA
CGGTTCGCATTCCCATCAAA

GTAACTGCTGCCTGAATTGTGA
CACGTTGTTATAGAAGCCGCATAG
AGCCCCAGTAGCTCCTGTGA
ATGCATAAACCAGCCATTGAGTAAG
GACAGATTGCCAGCAGCAGA
CGACGACCTATGCGATCTGA
CCGCGAGCGACAAACCA
TTGCGCATTATCATCGACAGA
CCTACTTCAGTAGTGTGCCAAGC
CCTTGTACTAACCTACCAAAAATCAAAATA
ATCGCTGGACCGACTCCTT
TCCATATGTCCTGGCGTGTC
TTGACGCTCCAAATTCATTGTATC
CCCATTTAACCACGCACTGAA
TGACCCTACTGAAACATTAGAAATATACCT
TCGTTCATGCGGATATTATCAGAAT
GCCAATCCATCGACAATCACC
GACAATCAGCTACTTCAC
TGTCTCCCATTGTTCTGGTTCA
TGACCCTATTGGTAGTGGTTCTATTG
ATATCGGCGGAGAGCTTATCC
CATAGCTGAAAAAATCCAGGACAGTT
AGTCTTGCGTCCAACCAACAG
TCACCTTCTGGCTCAATGTCG
CGGAGTGCGTGTACGTGA
ATCAGGACCACTACCGATTAC
CGCAGTCATGGGATAAATCTGG

212
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AY595
AY159
AY596
AY161
AY176

vanA
vanB_1
vanC2
vanD
vanRC4

Vancomycin
Vancomycin
Vancomycin
Vancomycin

Vancomycin

GGGCTGTGAGGTCGGTTG
TTGTCGGCGAAGTGGATCA
TGACTGTCGGTGCTTGTGA
CAGAGGAACATAATGTTTCGATAAAATCT
AGTGCTTTGGCTTATCTCGAAAA

Table 7-16 List of 54 primer sets and gene targets used in second round's HT-qPCR.

Assay
AYl
AY117
AY442
AY113
AY338
AY445
AY446
AY125
AY440
AY451
AY109
AY438
AY207
AY199
AY355
AY206
AY219
AY212

Gene

16S rRNA
ampC/blaDHA
bllacc

bla-L1

blal

blaB

blaCARB
blaGES
blakPC
blaLEN
blaPSE
blaSHV11
acrA_1
acrB_1
acrR_1

cmr
emrB/qacA_1
mdtG_1

Target antibiotics (major)

16S rRNA
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
Beta Lactam
MDR

MDR

MDR

MDR

MDR

MDR

Forward Primer
GGGTTGCGCTCGTTGC
TGGCCGCAGCAGAAAGA
TGTTATCCGTGATTACCTGTCTGG
CACCGGGTTACCAGCTGAAG
GCAAGTTGAAGCGAAAGAAAAGA
CGTGCCGGAGGTCTTGAATA
TGATTTGAGGGATACGACAACTCC
GCAATGTGCTCAACGTTCAAG
GCCGCCAATTTGTTGCTGAA
TGTTCGCCTGTGTGTTATCTCC
TTGTGACCTATTCCCCTGTAATAGAA
TTGACCGCTGGGAAACGG
GGTCTATCACCCTACGCGCTATC
AGTCGGTGTTCGCCGTTAAC
GCGCTGGAGACACGACAAC
CGGCATCGTCAGTGGAATT
CTTTTCTCTAACCGTACATTATCTACGATAAA
TGGCACAAAATATCTGGCAGTT
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TTCAGTACAATGCGGCCGTTA
AGCCTTTTTCCGGCTCGTT
GATAGAGCAGCTGAGCTTGTTC
GCCGGATTTTGTGATTCCAA
TCCGGCAGCATCACATCTAA

Reverse Primer
ATGGYTGTCGTCAGCTCGTG
CCGTTTTATGCACCCAGGAA
CTCAGCGAGCCAACTTCAAATA
GCGAAGCTGCGCTTGTAGTC
TACCAGTATCAATCGCATATACACCTAA
GGGATAGTAAACCTGAAACTCGGA
CTGTAATACTCCGAGCACCAA
GTGCCTGAGTCAATTCTTTCAAAG
GCCGGTCGTGTTTCCCTTT
GCAGCACTTTAAAGGTGCTCAC
TGCGAAGCACGCATCATC
TCCGGTCTTATCGGCGATAAAC
GCGCGCACGAACATACC
CAAGGAAACGAACGCAATACC
GCCTTGCTGCGAGAACAAA
CGGTTCCGAAAAAGATGGAA
AGAACGTAGCGACTGATAAAATGCT
TTGTGTGGCGATAAGAGCATTAG
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AY228
AY222
AY495
AY499
AY503
AY504
AY317
AY509
AY512
AY298
AY311
AY315
AY299
AY305
AY306
AY531
AY53

AY536
AY66

AY58

AY33

AY247
AY361
AY241
AY250
AY249
AY568

mexE
mtrE

pcoA
terW
IncHI2-smr0018
Incll_repll
IncN_oriT
1S200_2
1S26_1
1S613
ISAba3
Tn5
tnpA_1
tnpA_7
trfA
erm35
ImrA_1
InuB
msrA_1
msrC_1
yidY/mdtL
folA_1
folP_2
sul4

tet32
tet36_1
tet39

MDR

MDR

MDR

MDR

MGE

MGE

MGE

MGE

MGE

MGE

MGE

MGE

MGE

MGE

MGE

MLSB

MLSB

MLSB

MLSB

MLSB
Phenicol
Sulfonamide
Sulfonamide
Sulfonamide
Tetracycline
Tetracycline

Tetracycline

GGTCAGCACCGACAAGGTCTAC
CGATGTGTCGTTTTGGAAGGT
TGGCGTATGGAGTTTCAATGC
TCAAAGAGCTACGCGAGTCATA
ATAATGATTCACCGGGGTAG
CGAAAGCCGGACGGCAGAA
TTGGGCTTCATAGTACCC
GCACACCCGATGGAACTGTAAA
ATGGATGAAACCTACGTGAAGGTC
AGGTTCGGACTCAATGCAACA
TCAGAGGCAGCGGTATACGA
TCAGAGGCAGCGGTATACGA
GCCGCACTGTCGATTTTTATC
AATTGATGCGGACGGCTTAA
ACGAAGAAATGGTTGTCCTGTTC
CCTTCAGTCAGAACCGGCAA
TTCAGATGCAATGGCGTTTG
GGATCGTTTACCAAAGGAGAAGG
CTGCTAACACAAGTACGATTCCAAAT
TCAGACCGGATCGGTTGTC
GCAGTTGCATATCGCCTTCTC
CGAGCAGTTCCTGCCAAAG
CAGGCTCGTAAATTGATAGCAGAAG
TCAACGTCACTCCAGACAGC
CCATTACTTCGGACAACGGTAGA
AGAATACTCAGCAGAGGTCAGTTCCT
TATAGCGGGTCCGGTAATAGGTG

AGCTCGACGTACTTGAGGAACAC
CCTGCACCATGATTCCTCAATA
GAATAATGCCGTGCCAGTGAA
CCTTCCCTGTGGACTCACC
CTTCAGGCTATCGTTTCG
TCGTCGTTCCGCCAAGTTCGT
GTGTGATAGCGTGATTTATGC
TCGGCGGGATCTCCAGAAG
CGGTACTTAATCTGTCGGTGTTCA
TTCAGCACATACCGCCTTGAT

GGTTGATTCAGTTAAAGTACGTAAAACTTT
GGTTGATTCAGTTAAAGTACGTAAAACTTT

GCGGGATCTGCCACTTCTT
TCACCAAACTGTTTATGGAGTCGTT
CGTCAGCTTGCGGTACTTCTC
GCTGATTTGACAGTTGGTGGTG

ATAATCGGGAACATAATGAGCATAACTAC

AGCATAGCCTTCGTATCAGGAA

TCAAGTAAAGTTGTCTTACCTACACCATT
CCTATTTTTTGGAGTCTTCTCTCTAATGTT

CTTCCCGGCAAACAGCAT
CCCAGTCATCCGGTTCATAATC
CTTTCCTTGCGAATCGCTTT
TGGAAATAACGACGTCCACA
CAATCTCTGTGAGGGCATTTAACA
TGGTAGGTCGATAACCCGAAAAT
CCATAACGATCCTGCCCATAGATAAC
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AY273
AY574
AY274
AY325
AY276
AY284
AY590
AY161
AY176

tetE
tetM
tetPB_1
tetR_1
tetT
dfrAl1_1
dfrAB4
vanD
vanRC4

Tetracycline
Tetracycline
Tetracycline
Tetracycline
Tetracycline
Trimethoprim
Trimethoprim
Vancomycin

Vancomycin
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TTGGCGCTGTATGCAATGAT CGACGACCTATGCGATCTGA
GGAGCGATTACAGAATTAGGAAGC TCCATATGTCCTGGCGTGTC
TGGGCGACAGTAGGCTTAGAA TGACCCTACTGAAACATTAGAAATATACCT
CAATCCATCGACAATCAC GACAATCAGCTACTTCAC
CCATATAGAGGTTCCACCAAATCC TGACCCTATTGGTAGTGGTTCTATTG
GGAATGGCCCTGATATTCCA AGTCTTGCGTCCAACCAACAG
CGGTTCGCATTCCCATCAAA CGCAGTCATGGGATAAATCTGG
CAGAGGAACATAATGTTTCGATAAAATCT GCCGGATTTTGTGATTCCAA
AGTGCTTTGGCTTATCTCGAAAA TCCGGCAGCATCACATCTAA

Table 7-17 PERMANOVA results of Bray-Curtis beta diversity analysis with all samples. Asterisk represents P value, where “***” p<0.001, “**” 0.001 < p <

0.01, “*” 0.01< p < 0.05.
‘ Parameters

Condition

(TO, T-end control, T-end amoxicillin)

Amoxicillin concentration

Sample type

(DNA vs cDNA)

R? P
0.20 0.001 Rk
0.08 0.004 *x
0.05 0.012 *
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