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Dissertation Summary

Background and aims
Aeroallergens contribute to the global burden of non-communicable diseases, causing allergic

conditions such as rhinitis, conjunctivitis, and asthma. Pollen is the second most important
contributor, and despite cross-reactivity between allergens, patients often experience distinct
sensitivity patterns to different species. The occurrence of allergenic species varies with
geography, seasonality, and their flowering periods are influenced by meteorological factors
and climate. The South African Pollen Network (SAPNET) monitors aerospora in different
biomes of the country, providing weekly reports on the prevalent species and their
concentrations, raising awareness among allergy sufferers and healthcare providers. Grass
pollen is one of the most abundant contributors to airborne allergies. However, current
SAPNET methods of analysing pollen, using light microscopy, can only identify grasses up to
the family level and ragweed (Ambrosia spp.) pollen to the genus level. This project aimed to
introduce DNA metabarcoding techniques to classify and identify grass and ragweed species

contributing to pollen allergies in various South African biomes.

Methods
Samples were selected from weeks with the highest grass pollen counts between October 2022-

April 2023 and included samples from sites where Ambrosia pollen was identified (Durban and
Potchefstroom). DNA was isolated from environmental pollen samples using the NucleoMag
bead beating method, optimised to obtain a larger quantity of double-stranded DNA (dsDNA)
and further purified with an additional OneStep PCR inhibitor removal step to improve purity.
DNA metabarcoding analysis was performed using two taxonomic markers: ribulose-1,5-
bisphosphate carboxylase (rbcL) and internal transcribed spacer 2 (ITS2), amplified with
universal primer pairs in a two-step polymerase chain reaction (PCR) library preparation for
Next Generation Sequencing (NGS) with MiSeq Illumina V2 systems. The sequence reads
generated were assessed for quality, pre-processed, and assigned to taxa using two
bioinformatics pipelines. The first followed the method for analysing metabarcoding dual-
index data described by Sickel ef al. (2015), while the second was adapted from the National
Botanic Garden of Wales Plant Illumina pipeline developed by Ford and Jones (2021).

Results and Discussion
The DNA extraction protocol was optimised by altering the bead beating method using the

samples from weeks with high grass pollen concentrations. From the improved method of
extraction, we were able to obtain sufficient DNA yield with an average of 21.88 ng/uL.

Additional purification improved the dsDNA A280/260 purity ratio to within the ideal range



for 73% of the samples, though it introduced salts that decreased the A230/260 ratio below the
optimal range. Amplification of rbcL and ITS2 barcodes initially produced amplicons of 579
bp and 542 bp, respectively. However, to limit sequencing costs, an alternative set of ITS2
primers producing amplicons were explored. A total of 25 samples progressed to NGS: Cape
Town (7), Kimberley (6), Bloemfontein (3), Johannesburg (3), Durban (3), and Potchefstroom
(2), and six ITS2 samples were excluded during quality check due to short amplicon lengths
below 100 bp.

The three taxonomic classification tools; UTAX, RDP, and BLAST were used to assign taxa,
with a 50-read cutoff applied as the minimum read count, with confidence scores of >80% for
UTAX and >0.8 for RDP. For BLAST classifications, only sequences with 99 - 100% identity
was considered, using thresholds of >80% query coverage and an E-value of <1.00x10~,
UTAX classified rbcL and ITS2 sequences identified 233 unique Poaceae species, including
Lolium perenne (ryegrass), which was one of the 17 species identified by both barcodes. RDP
classifications resulted in 48 Poaceae species, with Poa annua (annual bluegrass) and Cynodon
dactylon (Bermuda grass) being two of the three species classified by both barcodes. BLAST
classifications produced the largest biodiversity, identifying 307 unique Poaceae species with
19 species common to both barcodes including Cynodon dactylon and Lolium perenne.
Additionally, Paspalum notatum (Bahia grass), Phleum pratense (Timothy grass), Phragmites
australis (common reed) and Stenotaphrum secundatum (buffalo grass). Two ragweed species,
Ambrosia artemisiifolia and A. trifida were positively identified from rbcL sequences with

classifications using the three tools.

Conclusions
This pilot study successfully used pollen metabarcoding to identify known allergenic grasses

in several South African regions, including Bermuda, rye, Timothy, common reed and annual
bluegrass in Cape Town; Bermuda, rye, and annual bluegrass in Kimberley; Bahia and
Bermuda grass in Johannesburg; weeping love and Bermuda grass in Bloemfontein; and
Ambrosia artemisiifolia and A. trifida in Durban. The short length of DNA libraries limited
sequence read length, which significantly influenced the classification of operational
taxonomic units (OTUs). The low confidence in taxa assignments from UTAX classifications
and the identification of species via BLAST that are not recorded in South Africa raised
concerns regarding the reliability of UTAX as a taxonomic classification tool and the NCBI
based reference databases, which are primarily developed based on Northern Hemisphere plant

data and may misclassify endemic species. Future research should address these limitations



and include a larger number of SAPNET samples to better map the seasonality and distribution

of Poaceae species across South African biomes.

Keywords: aeroallergens, pollen allergies, grass pollen, ragweed pollen, metabarcoding, Next-
generation sequencing, DNA extraction, taxonomic classification, barcodes, taxa assignment,

pollen monitoring, South African Pollen Network, rbcL, ITS2



Chapter 1

Introduction: Monitoring airborne pollen in South Africa

1.1. Pollen monitoring and sampling
Pollen monitoring in South Africa was pioneered by David Ordman, whose research spanning

between 1945 to 1970, laid the foundation for aerobiology in the country. Ordman's studies
systematically examined airborne pollen, identifying grasses as significant contributors to
pollen allergies [2], [3], [4]. This early work highlighted the impact of grass pollen on

respiratory health and established a basis for monitoring allergenic pollen.

For the longest time pollen monitoring in South Africa was conducted in few sites including
Cape Town and Pretoria, with Cape Town having the longest pollen data dating from
monitoring in the early 1970s and Pretoria since 1987 [5], [6]. However, with the establishment
of the South African Pollen Network (SAPNET), multiple pollen monitoring stations have been
deployed in major cities in diverse geographic regions — biomes, launching various sites of data
collection across the country as shown by Esterhuizen et al. [7]. These stations currently use
Burkard Hirst volumetric samplers to capture airborne pollen with their locations strategically
selected based on factors like population density, pollen exposure risk, and biodiversity to
ensure representative sampling of regional pollen loads [8]. SAPNET stations play a critical
role in data collection, recording the concentrations and seasonal patterns of various pollen
types across South Africa’s different biomes. The continuous data generated by SAPNET has
provided valuable insights into the allergenic pollen prevalent in each region and has enabled

the development of pollen calendars, which track the seasonality of pollen types [7], [8].

1.2. Grasses in South Africa
Grasses, belonging to the Poaceae family have over 11 000 species distributed worldwide

across diverse habitats. South Africa hosts approximately 10% of the total grass species,
consisting of 967 indigenous, 329 endemic and 115 naturalized species contributing to the
region's biodiversity [9], [10], [11]. Grasses are ubiquitous in many environments, from fields
and lawn where species like Kikuyu grass and buffalo grass are common, to essential crops
like maize and rice, which are staples in our diets[5], [12]. Poaceae species are classified as

either annual, biennial, or perennial based on their flowering cycles and because they are
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primarily wind-pollinated, they produce copious amounts of pollen that can be carried long
distances through the air, impacting allergy sufferers [13]. During the flowering seasons of
grass species, airborne pollen often triggers allergenic responses, contributing to respiratory
diseases affecting about 20 million South Africans [8]. Although the seasonal patterns of
individual grass species in South Africa are known, it remains unclear which specific species
are most dominant at which point of the grass pollen season. Identifying the dominant species
in each region throughout the flowering season is essential for pinpointing which grasses are

primarily responsible for triggering allergies at different times [14], [15].

1.3. Distribution of grasses in South African biomes
Grasses classified into two main groups, C3 and Cs, based on their distinct photosynthetic

pathways for carbon dioxide (CO-) assimilation which largely influences their adaptation to
environmental conditions. In South Africa, the distribution, growth, and flowering of these
grasses are primarily shaped by climatic and topographical factors, including latitude, altitude,
and seasonal rainfall patterns, which vary across the country’s diverse biomes. While C3 grasses
are well known to typically thrive in cooler and wetter climates in the Southern regions of the
country, they can also be found in high lying areas of the country. C4 grasses are more efficient
in warmer and drier environments and are therefore predominantly in abundance in Northern

areas and the Indian Ocean coastal belt [1], [2].

Common examples of C; grasses include the common wild oat grass, quaking grass, perennial
ryegrass, hare’s tail grass, common reed and annual blue grass - grasses that are commonly
found in the Cape fold and coastal areas of the Western Cape, and in the highveld interior

regions in Gauteng and Free State, as illustrated in Figure 1.1 [10].

Grasses grouped as Cs grasses are mostly found in warmer tropical and subtropical climates
with higher rainfall and are found in lower altitudes regions of South Africa. Examples of these
grasses include Bermuda grass, common thatching grass, weeping love grass, Bahia grass,
Kikuyu grass, Johnson grass and buffalo grass. They are dominantly found in low veld regions
of Mpumalanga and Limpopo, along the coastal region of KwaZulu-Natal, and in bushveld
regions [16] and in the Grassland, Savanna, Fynbos, Nama-Karoo and Indian Coastal Belt

biomes of our country - illustrated in Figure 1.2 [10].

As the severity of grass pollen allergies often varies with the flowering season of each species,
researchers have hypothesised that climate change may be driving an increase in allergen

content in certain species [17], [18]. Rising temperatures, changes in rainfall patterns, and

11



elevated CO: levels associated with climate change can influence both the timing and intensity
of pollen production. Warmer temperatures may lead to longer flowering seasons, allowing
some grasses to produce pollen for extended periods, while increased CO: levels boost pollen
production and potentially increase the allergenicity of pollen grains [18], [19]. These changes
may result in higher concentrations of airborne pollen, extended allergy seasons, and more

intense allergic responses [17], [20].

1.4. Grass species behind allergies in South African biomes
The prevalence and severity of grass pollen allergies in South Africa vary geographically due

to the diversity of grass species across the country's unique biomes. South Africa's regions
support a rich variety of grass species, because of distinct climatic conditions and weather
patterns which then impacts vegetation distribution and contribute to the country's biodiversity
[21]. Different grass species dominate in different regions, leading to variations in allergenic
pollen exposure across the biomes. For instance, allergenic pollen from Cynodon dactylon
(Bermuda grass) is commonly observed in the northern regions, particularly in the Savanna
and Grassland biomes, where warmer climates prevail. In contrast, species like Lolium perenne
(perennial ryegrass) are more common in the Fynbos and Coastal biomes, which experience

cooler temperatures [7].

SAPNET pollen data collected between 2019 - 2021 showed that four monitoring sites;
Bloemfontein, Cape Town, Johannesburg, and Kimberley recorded the highest annual pollen
indices for Poaceae (grasses), indicating a significant presence of grass pollen in regions

encompassing the Fynbos, Grassland, Savanna, and Nama-Karoo biomes [7].

To support allergy awareness and management, we compiled a list of airborne allergenic
grasses monitored in South Africa, available on The Real Pollen Count website
(www.pollencount.co.za). This list includes both indigenous and naturalized species studied by
Ordman, Potter, and Berman, and non-native species with confirmed presence in the Botanical
Database of Southern Africa (BODATSA) maintained by SANBI [3], [5], [22]. Additionally,
all species on this list are included in South African local Skin Prick Test (SPT) panels for
allergy testing. Using information from the "Identification Guide to Grasses of Southern
Africa" [11], we outlined each species' flowering period during the grass pollen season, as
shown in Table 1.1. Furthermore, we mapped the distribution of these species from their
regions of origin to their regions of occurrence in South Africa and grouped them based on
their photosynthetic pathways, with Cs grasses illustrated in Figure 1.1 and C4 grasses in Figure
1.2.

12



Table 1.1. Grass species in Southern Africa monitored and associated with airborne pollen

allergies with the corresponding flowering periods during grass pollen season and their regions

of origin and distribution areas [11].

Species Common Flowering period Ecological distribution
name Start End
Avena fatua Common wild  September November  Naturalised from Europe
oat grass
Briza maxima  Big quaking July December  Naturalised from
grass Mediterranean region
Briza minor Little quaking  September December  Naturalised in warm
grass temperate regions from the
Mediterranean region
Cynodon Bermuda grass September May Worldwide in tropical and
dactylon warm temperate regions
Eragrostis Weeping love  August June Native to East Africa,
curvula grass introduced throughout the
tropics
Hyparrhenia Common September June Distributed across Africa to
hirta thatching grass the Mediterranean and
Pakistan
Lagurus Hare's tail October November  Naturalised from
ovatus grass Mediterranean
Lolium Perennial November April Naturalised from Europe,
perenne ryegrass introduced globally
Paspalum Bahia grass November April Native to tropical Africa
notatum and America; naturalised
from South America
Pennisetum Kikuyu grass ~ August April Naturalised from east
clandestinum African highlands,
introduced worldwide
Phragmites Common reed December June Cosmopolitan
australis
Poa annua Annual blue January December  Naturalised from Europe,
grass Mediterranean region and
eastwards to India and
Central Asia; introduced
worldwide
Sorghum Johnson grass  December May Naturalised from southern
halepense Eurasia and India,
widespread in warm areas
naturalised globally
Stenotaphrum  Buffalo grass ~ October May Native to Indian Ocean
secundatum shores of Africa to Sri

Lanka with introductions
inland in Zimbabwe and
East Africa
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Figure 1.1. The regions of distribution of Cs grasses associated with pollen allergies in across the country. Avena fatua, Briza maxima /B. minor and Lagurus ovatus occurring
mainly in the coastal area of the Western Cape while Lolium perenne, Phragmites australis and Poa annua are widely spread across largely contributing to grass pollen allergies
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Figure 1.2. Distribution of C4 grasses across the country; Cynodon dactylon, Eragrostis curvula and Hyparrhenia hirta are widely distributed while Paspslum notatum and

Sorghum halepense mainly found in the Northern areas and Stenotaphrum secundatum found in the coastal belt [10].
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1.5. Grass pollen allergenicity
Grass pollen allergens are divided into eleven distinct groups based on their immunological

traits, with Group 1 and Group 5 being the most responsible for triggering allergic reactions in
approximately 95% of grass pollen allergy sufferers [23]. However, only pollen of C3 grasses
and not C4 grasses have been found to contain the group 5 allergen [24], [25]. Cross-reactivity
among grass pollen allergens is common, meaning people allergic to one grass species

commonly react to others, complicating diagnosis and treatment [13], [23], [24], [26].

However, there are peoples whose serum IgE is not cross-reactive with sensitisation to only
one species e.g., Bermuda and not rye, or vice versa. Upon compiling the data for
Immunoglobulin E (IgE) sensitisation test using Allergy Explorer test from 319 patients tested
in our local allergy clinic at University of Cape Town, as shown in Figure 1.3, it was noted that

there is high prevalence of grass pollen sensitisation but also different patterns of sensitisation.

40
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Figure 1.3. Summary of seasonal grass Pollen IgE levels from 319 patients tested in Allergy clinic in Cape Town.

Several management and treatment options available for grass pollen allergies including
allergen avoidance strategies such as keeping windows closed during high pollen seasons.
Additionally, pharmacotherapy with antihistamines and corticosteroids, and allergen-specific
immunotherapy (AIT) are also used for treatment. However, even with the above-mentioned

strategies there is a need to provide a more detailed understanding of the grass pollen seasons
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across different regions of South Africa. This will allow patients with specific sensitisation

patterns to tailor these therapeutic approaches, potentially improving their quality of life [26].

Furthermore, while some patients may show sensitisation to grass pollen (IgE positive) without
significant clinical symptoms, the decision to initiate the often-complex AIT relies heavily on
a clear history of clinically significant allergic symptoms aligned with IgE sensitisation
patterns. A targeted, region-specific pollen calendar could therefore enhance both diagnosis
and management, helping clinicians and patients determine the necessity and timing of

immunotherapy more precisely [22], [27].

1.6. Challenges in grass pollen identification
SAPNET’s pollen monitoring stations use light microscopy for pollen analysis, a technique

that has limitations in distinguishing between different grass species within the Poaceae family
[15]. Poaceae pollen grains are typically spheroidal to sub-oblate and are morphologically
similar across species, which complicates species-level identification when using conventional
light microscopy [28]. Phenological studies on Poaceae pollen indicate that key characteristics
necessary for distinguishing subfamilies or genera only become discernible at magnifications

above 600-1000x, generally requiring oil immersion microscopy [29], [30].

Pollen grain sizes within Poaceae range from approximately 20 um to over 100 um, with
variations observed both between and within species. This size variation, however, has been
found to be insufficient as a sole criterion for species identification [12]. Figure 1.4(A) shows
an example of Poaceae pollen captured at the Cape Town station and visualised, illustrating

two pollen grains collected at different times.

-

(.’ A. Poaceae pollen B. Ambrosia pollen

5
g

Figure 1.4. Grass and ragweed pollen captured in SAPNET spore traps and visualized under a light microscope.
(A) Poaceae pollen grain collected from the Cape Town station: (left) unstained Poaceae pollen and (right) stained
Poaceae pollen, both observed at 400x magnification. (B) Stained Ambrosia (ragweed) pollen collected from the

Durban station, observed at 160x magnification.
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The variation in colour between the pollen grains is due to the visualisation agent - fuchsin
used as a dye during slide preparation to enhance visibility. While the pollen grains can be
identified as belonging to the Poaceae family, distinguishing the exact species or attaining any
discriminating characteristic beyond family level remains a challenge. This difficulty in
species-level identification also applies to other allergenic taxa, such as ragweed (Ambrosia

spp.), which are known to trigger respiratory allergies.

1.7. Ragweed species
Ragweed (Ambrosia spp.) consists of over 40 species, with Ambrosia artemisiifolia and A.

trifida being the most common and widespread. South Africa is one of the countries outside
North America and Europe where ragweed plants have been reported as illustrated in the global

distribution map in Figure 1.5 as shared by Chen et al. 2018 [31].

Figure 1.5. Worldwide distribution of ragweed pollen with the countries of reported occurrence marked in red.

Illustration from Chen K. et al. 2018 [31].

Ambrosia pollen has been observed in pollen at Durban since the early weeks of the
establishment of SAPNET in 2019, and recently it has been identified at other SAPNET sites
as well. Captured and visualised Ambrosia pollen from Durban station is shown in Figure
1.4(B). Most recently, Ambrosia pollen grains were identified at the Potchefstroom site in the

North West province during extreme windy period from 03 — 16 April 2023. Although the
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pollen was confirmed to be of the Ambrosia genus based the specific morphology of spikes on
the surface of the pollen grains, it could not be identified to the species level upon analysis with

light microscope.

The pollen from various species of Ambrosia can be differentiated by examining the surface
texture and size of pollen, and the distance between the spikes which can be observed using
Scanning Electron Microscopy (SEM) [32]. However, we found SEM pollen analysis to be
challenging when analysing environmental pollen samples, due to the nature of current

collection of pollen on a coated sticky tape of Burkard Hirst volumetric spore straps.

The inability to identify Ambrosia pollen to species level at SAPNET poses a significant threat
to patients with pollen allergies in South Africa as even low concentrations such as 10 pollen
grains per cubic meter (pg/m?), can trigger allergic reactions [33], [34]. Furthermore, gaps in
the records of the South African National Biodiversity Institute (SANBI) ‘Red list of South
African Plants’ detailing the distribution of Ambrosia species in the country complicates
effective diagnosis and treatment strategies, making it challenging for allergists to accurately
identify the specific species responsible for allergic reactions [3], [4], [5]. Addressing these
challenges is essential, as unidentified pollen sources continue to impact public health. In
response to the growing need within the healthcare sector and the goal of improving quality of
life for allergy sufferers, establishing a reliable method for identifying grass and ragweed pollen

species in South Africa is a pressing priority [35].

1.8. Allergenicity of invasive ragweed species (4mbrosia spp.)
Invasive species of ragweed (Admbrosia spp.) have garnered increasing attention due to their

potent allergenic properties and adverse effects on human health. These plants, originally native
to North America, have spread to various regions worldwide, posing a significant threat to
allergy sufferers due to their highly allergic nature [31], [34]. Several species of ragweed,
especially Ambrosia artemisiifolia (common ragweed) and Ambrosia trifida (giant ragweed),
have become invasive in regions far from their native habitats [36]. Human activities, including
transportation and trade, have facilitated the spread of ragweed seeds, leading to their
establishment in Europe, Asia, and other continents as illustrated in Figure 1.5 from the
worldwide distribution of ragweed described by Chen et al. 2018 [31]. Climate change and
altered environmental conditions are also contributing to further promote the spread of invasive

ragweed species. Increased temperatures, extended growing seasons, and elevated carbon
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dioxide levels have the potential to enhance the allergenicity and invasive potential of ragweed
[33], [36], [37]. While the presence in South Africa is not as extensive, the potential for these
plants to become more widespread poses a significant threat due to the nature of abundant

release of their pollen [36], [38].

Ragweed pollen along with grass pollen is a leading cause of allergic rhinitis (hay fever) in
many regions [39], [40]. Exposure to ragweed pollen can result in exacerbation of asthma in
susceptible individuals and can significantly impact an individual's quality of life, leading to
reduced productivity, missed work or school days, and a decreased sense of well-being during

peak pollen seasons [31], [40], [41].

The detection of Ambrosia species in SAPNET spore traps have raised a call for alert, because
if this is a result of climate change events it means that these invasive species have begun to

establish themselves, raising the need to accurately identify the pollen.
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Chapter 2

Literature Review: The need for pollen DNA metabarcoding in South Africa

2.1. Introduction
Pollen DNA metabarcoding emerged as a method enabling aerobiologists and environmental

scientists to monitor flowering patterns and geographical distributions of plant species
throughout South Africa. DNA based approaches of pollen analysis deliver broader
identifications which surpass the conventional methods, and over the years these techniques
have enabled better large-scale analysis [42]. These methods of analysis have been established

and are widely used by different pollen monitoring stations in the Northern Hemisphere.

Pollen metabarcoding became prominent with the development of universal primer pairs
capable of amplifying taxonomic gene regions ‘barcodes’ across multiple species samples [43],
[44]. Unlike animals, plants do not have a standard DNA barcode, leading to the extensive
studies on several barcode candidates including chloroplast DNA regions (e.g., rbcL, matK,
trnL) and nuclear ribosomal DNA Internal transcribed spacers (e.g., ITS, ITS1, ITS2) [45],
[46]. The adaptation of this DNA-based method has found wide application in pollen analysis
and has aided in investigating plant-pollinator interactions, mapping of flora diversity, and the

monitoring of airborne allergenic pollen [47], [48], [49], [50], [51].

2.2. Airborne pollen DNA metabarcoding
Metabarcoding is dedicated to achieving precise and meaningful outcomes characterised by a

high degree of reproducibility. Researchers are actively improving the methodology's
efficiency and continually refining its analytical capabilities [50]. However, the handling and
processing of environmental samples pose limitations. These challenges include the risk of
introducing contaminants, the potential for cross-contamination, and the susceptibility of DNA

to degradation and fragmentation during extraction processes [52], [53].

The application of metabarcoding lies in the inherent biases associated with PCR amplification.
Specifically, the preferential amplification of certain regions across diverse plant groups [54].
Universal barcode primers designed for species-level resolution often exhibit limitations in
their applicability and this often becomes evident when attempting to differentiate between
closely related species in downstream analyses [55]. There are ways that have been developed

over the years to help in improving the major steps of the methodology.
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The experimental studies on the application of pollen DNA metabarcoding have shown that the
method relies on four key components: i) DNA extracted with high integrity for subsequent
sequencing; i1) The choice of a barcode; iii) Barcode library reference databases iv) Sequencing

and bioinformatic analytic methodologies [56].

2.2.1. Extracting DNA from environmental pollen
Different pollen collection methods have been shown to have an impact on the DNA extraction

process, influencing both the extraction method applied and the amount of DNA obtained.
While most studies on pollen metabarcoding for taxonomic identification have focused
primarily on honey pollen material [53], [56], [57], several pollen monitoring groups have
adopted this method for aerobiological samples due to its complex nature and requirement of
small amount of material [58]. When using environmental pollen monitoring samples where
total biological material is frequently low, the selection and optimisation of extraction methods
that are efficient to maximise extract pollen DNA quantity are critical. The method should
effectively disrupt the tough outer layer of the pollen grains while preserving the integrity of
the DNA. Techniques such as pulverizing, bead beating, cell lysing with proteinases or devices

have been explored and adopted as the first step of cell lysis in the extraction method [53], [56].

The extraction and purification of DNA from pollen have mostly relied on commercial kits
based on either silica gel spin column technology or magnetic bead technology. While the
comparability of the two methods remains uncertain, a study by Leontidou in 2018 reported
that the magnetic bead-based DNA extraction yielded a greater quantity of DNA [53]. We
evaluated the various techniques that have been used to extract DNA from airborne pollen
samples to weigh the efficiency of their method retrieving DNA with high quality and quantity

from airborne pollen as shown in Table 2.1.

Table 2.1. Various techniques that have been explored for extracting DNA from environmental

pollen samples, pros and cons of the application of each method.

DNA extraction Method Advantages Disadvantages

technique

Mechanical disruption High energy High DNA yield and  Requires specialised
with steel beads — agitation with effective for equipment
Nucleomag kit [53], [59] beads mechanically

disrupting the walls
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DNeasy Plant mini kit Liquid nitrogen Improved DNA yield Requires liquid
ggi [ 6g01]a ss/steel - beads freezing and with frozen samples  nitrogen and
bead beating and enhances lysis freezing step adds
efficiency complexity
Qiagen Qiacube system  Silica column-  Relatively fast Lower DNA yield
[53], [61] based DNA automated method with PCR inhibitors
extraction impurities
Magnetic beads-based Magnetic Higher DNA quality =~ Requires multiple
DNA extraction — beads-based and yield and less wash steps and may
Nucleomag kit [53], [62] DNA extraction prone to result to sample loss
contamination

Although extracting high quantity DNA is desirable the quality is mostly important as it directly
impacts amplification and processing of DNA libraries for sequencing. Therefore, it is
important to choose an extraction method that not only maximises the yield but also ensures

high quality DNA for downstream processing.

2.2.2. DNA barcode selection
The second key component of metabarcoding is the selection of a barcode. This is more

complex in plants since they lack a universally established barcode unlike animals, which
commonly use the mitochondrial Cytochrome ¢ Oxidase Subunit I gene (COI) as a maternally
inherited standard barcode for broad species identifications [63]. This is due to the differences
in their reproduction system as well as the widely dispersed taxonomic information within plant
genomes, found in both chloroplast and nuclear ribosomal DNA regions [56]. The Consortium
for the Barcode of Life (CBOL) Plant Working Group has proposed various taxonomic gene
sequences for barcoding plant material, with a primary emphasis on plastid genome sequences

such as rbcL and matK, which have been extensively explored as barcodes [46], [64].

When metabarcoding different plant groups, the use of a combination of barcodes is usually
needed to address and account for genetic variability [65], [66], [67]. This offers several key
advantages including: 1) resolution enhancement, as different barcodes may vary in their ability
to different between closely related species [68] and ii) accounting for intraspecific variation,
considering that individuals of the same genera may exhibit slight genetic differences, as seen

in the case of Ambrosia spp. [43], [69]. Therefore, careful considerations are essential when
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selecting barcode combinations for each study, with a focus on the unique benefits and

discriminatory capabilities offered by each barcode [45].

Among the plant barcodes commonly used in metabarcoding for species differentiation, psbA-
trnH has been found to offer high inter-specific divergence and reliable amplification across
diverse plant taxa but is limited by lower species-level identification accuracy [65]. matK has
been found to show significant sequence variation in certain plant groups, but its low inter-
specific divergence and limited barcoding gap reduce its effectiveness in distinguishing closely
related species [70]. Similarly, »bcL provides consistent amplification and low intra-specific
variation, making it suitable for broader taxonomic resolution, though it struggles with closely
related species [55]. The ITS DNA Internal transcribed spacer was found to show higher inter-
specific divergence in some taxa but is limited by low amplification efficiency in diverse plant
groups [71]. ITS2 has been found to excel with its combination of high inter- and intra-specific
divergence, making it ideal for species-level identification but encounters amplification

challenges in certain plants [72].

For species taxonomic identification of grasses, an ideal barcode combination is one that offers
a balance in high resolution at the species level with reliable amplification across various grass
taxa and based on the studies that have investigated species within Poaceae through
metabarcoding pollen, the best combination includes ITS2 due to its high inter-specific
divergence and reliable species-level resolution and rbcL for broader taxonomic coverage as it
amplifies consistently [73], [74], [75]. This selection aligns with the needs of grass species

identification, where closely related species often require precise differentiation.

2.2.3. DNA barcode reference databases
The third critical component necessary for species identification from DNA is the availability

of a reliable reference database to match the sequences of the plant barcodes. Reference
databases enable accurate taxonomic identification and comparison of sequence data which is
critical for biodiversity assessment. Plant DNA reference databases have been developed over
the years; however, their reliability vary with the source of the reference sequences. For
example, reference databases based on the International Nucleotide Sequences Database
Collaboration (INSDC), which includes GenBank, the European Nucleotide Archive (ENA),
and the DNA Data Bank of Japan (DDBJ), have been associated with inconsistencies in data
quality [76]. One of the main concerns with these repositories is that they often allow sequence
submissions without requiring links to voucher specimens or raw sequence data. This lack of

quality control can lead to the inclusion of sequences with incorrect species identifications or
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low-quality data, ultimately reducing the reliability of the database for accurate species

identification [77].

The most used standardised reference databases for rbcL and ITS2 barcodes have been
developed based on nucleotide information from the Barcode of Life Database (BOLD), which

offers higher quality sequences due to its stricter quality control measures [60], [78].

Some of the widely used reference databases in metabarcoding of plants include the work of
Sickel for ITS2 sequences and Bell for rbcL sequences which both require to be integrated into
the bioinformatic pipeline as developed by Sickel [78], [79]. These databases are limited for
use within their standardised pipeline. Dubois further built on this work, creating independent
references databases based on ITS2 and rbcL NCBI sequences for use and application across
other pipelines [80].

2.2.4. Bioinformatics pipeline for analysis of sequenced DNA library
The final important element is a bioinformatic pipeline which facilitates the handling and

interpretation of the large amounts of sequence data generated in DNA metabarcoding
experiments. Several bioinformatics pipelines have been published and found application in
the analysis of pollen metabarcoding. These include the Quantitative Insights into Microbial
Ecology (QIIME) pipeline that is highly complex and not user friendly to non-
bioinformaticians [60], [80]. DADAZ2 is another pipeline compatible for use in metabarcoding
data and its strict model offers high accuracy but is associated with high loss of sequences
which often impacts biodiversity assessment [74], [81]. The Ribosomal Database Project
(RDP) has also found application in plant metabarcoding, especially after the establishment of
ITS2 as a plant barcode. RDP is a tool that is fast and efficient, but its database is primarily
focused on microbial sequences, limiting its effectiveness in plant metabarcoding analysis [72],
[82]. USEARCH is another tool which particularly clusters sequences into Operational
Taxonomic Units (OTUs). While USEARCH has been found to be efficient in metabarcoding,
its reliance on fixed clustering thresholds can oversimplify biodiversity by merging distinct

species into a single unit, potentially masking species-level differences [78], [83].

2.2. Conclusion and future prospects
Because of our country’s unique biodiversity content, a thorough identification approach of the

airborne monitored pollen allergen is a necessity to map out and identify all the species present
precisely. Metabarcoding presents as such a tool that will enable for the precise species level

detection and identification of contributors to pollen allergies that are otherwise difficult to be
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identified currently in SAPENT stations. This study was carried on a fraction of SAPNET sites
as is a pilot study aimed at developing standardised method that will enable for application of
DNA metabarcoding. Its success could potentially lead to its application in most pollen
monitoring sites in South Africa enabling us to diversify and identify these species from the

various biomes.

2.3. Study aim
The main aim of the study was to identify allergenic pollen of grasses the Poaceae family and

the ragweed species of the Ambrosia genus. The pollen obtained from the environmental pollen

monitoring samples were used for DNA metabarcoding analysis.

2.4. Study objectives
e The isolation of double stranded DNA with high quality and sufficient quantity from

environmental pollen samples obtained from the monitored areas rich in grass pollen
and sites with Ambrosia pollen.

e Amplification of taxonomic gene regions (barcodes) with standard universal primers
from DNA extracted from different pollen present in the environmental sample.

¢ Constructing a comprehensive local refence database of the grass species of the Poaceae
family and ragweed species of the Ambrosia that are found in the local regions, by

means of comparisons of the obtained sequences with the verified barcode sequences.

2.5. Research questions
e To what extent does DNA metabarcoding accurately identify the most prevalent

allergenic pollen species within the Poaceae family during high pollen seasons in
monitored areas of South Africa?

e To what degree does the quality and quantity of DNA extracted from airborne pollen
samples impact the success rate of metabarcoding identification for specific allergenic
species?

e (Can DNA metabarcoding effectively detect and confirm the presence of Ambrosia
allergenic species pollen in selected regions of South Africa?

e How reliable is DNA metabarcoding in differentiating between different species of

grass and ragweed pollen in complex environmental samples?

26



e What are the seasonal flowering patterns of allergenic grass pollen, and how do these
patterns vary throughout the seasons in correlation with weather patterns and pollen
emission periods?

e Can the gaps in the local reference database of grass and ragweed pollen be addressed
to improve future identification and monitoring of these allergens through DNA

metabarcoding?

2.6. Scope and structure of thesis
The main purpose of this study was to introduce a DNA-based analytical approach to classify

and identify pollen from allergenic grasses within the Poaceae family, and Ambrosia species to
overcome the challenges imposed by the light microscope current method of analysis. This was

achieved through the following stages:

2.6.1. Site selection criteria
The study was conducted through analysis of pollen sampled from spore traps placed in six

South African cities monitored by SAPNET, that is: Bloemfontein, Cape Town, Durban,
Johannesburg, Kimberley and Potchefstroom. The selection of pollen sampling locations for
this study was guided by pollen calendars developed using data spanning from 2019 to 2021
[6]. Specifically, these calendars indicated that Bloemfontein, Cape Town, Johannesburg, and
Kimberley had the highest annual pollen concentrations of Poaceae pollen during the seasons
of data collection. The primary objective was to gain a precise understanding which species

were present in different regions of the country during peak grass pollen periods.

To investigate the species of ragweed pollen, we looked at the observation of pollen data from

Durban and Potchefstroom sites where Ambrosia pollen was identified by light microscopy.

2.6.2. Sampling pollen for DNA analysis
Pollen samples that were used for this study were sampled using Hirst type volumetric spore

traps placed at least 3m above the ground. The instrument operates on the principle of
impaction and volumetric collection. These traps use a clock driven rotating drum that supports
a collection Melenix tape coated with a suitable adhesive to capture airborne particles,
including pollen grains. The device continuously aspirates air at the flow rate of 10
litres/minute through an orifice or sampling inlet for air over a period of seven days. At the end

of the sampling period the tape collected was longitudinally sectioned to reserve half of the
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collected matter while using the other half for microscopic identifications and counting to allow

for the quantitative measurement of pollen concentrations.

2.6.3. DNA analysis method overview
Accurate molecular identification of various allergenic grass and ragweed pollen was achieved

by exploiting distinctions in their DNA sequences of taxonomic markers. To differentiate
between multiple species of airborne pollen particles, often mixed with other airborne particles,
we employed metabarcoding. This approach relied on two crucial taxonomic markers: ribulose

bisphosphate carboxylase (rbcL) and the Internal transcribed spacer 2 (ITS2).

Our methodology involved extracting the DNA from pollen samples collected weekly from the
air and subsequently, amplifying and sequencing the taxonomic sequences of the species
present in the mixture. The sensitivity of these markers is paramount for the successful
identification of all species because by amplifying multiple copies of a species' taxonomic
sequences, even those present in low quantities can be accurately identified. The species
sequences generated are aligned with corresponding sequences of the species found in the
genomic reference database to enable for identifications of the species found in each of the

various regions. The overall flow of this work is illustrated in Figure 2.1.
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Figure 2.1. Workflow of the DNA metabarcoding methodology. Created with BioRender.com.

2.6.4. Expected outcomes and potential impact of study
This research can be applied to improve public health such as allergen monitoring and

management, contributing to early warning systems, aiding in allergy diagnostics,

environmental health and the monitoring of allergenic invasive species. Monitoring of grass
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and ragweed pollen using DNA metabarcoding can provide valuable information to allergy
sufferers and healthcare professionals. Allergen forecasting systems can be developed, similar
to weather forecasts, to alert individuals with pollen allergies about high pollen count periods,

allowing them to take proactive measures to manage their symptoms.

DNA metabarcoding can enable the early detection of invasive or highly allergenic pollen
species, helping authorities implement timely measures to control their spread and mitigate
allergen exposure and can improve the accuracy of allergy diagnostics by identifying specific
pollen sources responsible for allergic reactions in patients. Healthcare providers can use this
information to develop personalized allergy management plans and recommend targeted
allergen immunotherapy. The findings from this study have the potential to contribute to future
research and it may contribute to a deeper understanding of the seasonal distribution of grass
and ragweed pollen. It can aid in identifying trends and correlations between pollen exposure
and disease exacerbations, helping researchers and clinicians develop more effective

treatments.

Understanding the distribution and dynamics of grass and ragweed pollen through DNA
metabarcoding can contribute to assessments of the impact of climate change on allergen
exposure. Additionally, it would broaden our understanding of the impact of urbanisation and
inform land-use planning to reduce the prevalence of allergenic plants in urban environments.
Monitoring the presence and spread of invasive ragweed species through DNA metabarcoding
is important for preventing the expansion of allergenic plants into new areas. Integrating the
findings of grass and ragweed pollen DNA metabarcoding research into public health strategies
requires collaboration among scientists, healthcare professionals, policymakers, and the public
and can lead to more informed decision-making, improved allergy management, and ultimately

better health outcomes for individuals affected by pollen allergies.
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Chapter 3

Pollen DNA extraction experiments

3.1. Pollen sampling and material retrieval for DNA analysis
The pollen samples used in this study were collected from environmental monitoring stations

across South Africa, trapping pollen using 7-day Hirst volumetric spore traps (Burkard, UK)
shown in Figure 3.1(A). At the end of week, each collection tape was halved for analysis with
both microscope and DNA. Esterhuizen et al. (2023) further explains the preparation tape for
microscopy analysis and details the count method for the classification of pollen grains to
identify the allergenic pollens in the weekly sample from each region [7]. The half of the
collection tapes reserved for DNA analysis were stored in sterile boxes and transported to the

laboratory from all collection sites, as illustrated in Figure 3.1(B).

Sample storage method was developed based on methods described by Campbell ef al. (2022)
and Nunez ef al. (2017) as they used similar samples from a Hirst-type trap for DNA-based
analysis [84], [85]. However recent advances in pollen monitoring for DNA barcoding make
use of cyclone automated samplers and that has enabled the direct collection of pollen into
sterile safe lock tubes simplifying the sample preparation process [58], [86], [87]. The future
application of DNA metabarcoding as a method of analysis at SAPNET aims to adopt this

method of sampling with cyclone automated samplers.

A. Hirst-type volumetric spore trap B. Pollen samples preparation for DNA analysis

Figure 3.1. (A) Hirst-type volumetric spore trap, Burkard manufacturing (B) Preparation and transfer of pollen

collected in Melinex tape for DNA analysis.
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Initially, samples were sourced from a library of SAPNET samples collected over the years of
which most were tapes sectioned into seven parts and mounted on microscope slides to mimic
each day’s pollen content in a 7-day week. The process of retrieving the pollen material
involved heating the slides to loosen the cover slips mounted with fuchsin, resuspending the
tape and cover slit in nuclease-free water, and transferring the solution to 50 ml falcon tubes
(Thermo Fisher Scientific (RRID:SCR _008452)). The resuspended tape was centrifuged at
10,000 rpm for 10 minutes and the supernatant discarded leaving a volume of less than 1 ml.
The pollen-containing retained solution was transferred to a 1.5 ml nuclease-free Eppendorf
tube for DNA analysis. Samples processed using this method included those from Ermelo,

Calvinia, Port Elizabeth and Durban.

However, this approach was highly time-consuming, as each DNA sample required a week's
worth of material, necessitating the use of seven microscope slides per sample which was not
feasible for a larger sample size. Additionally, the process was prone to contamination during
various stages of pollen material retrieval. To overcome this, the longitudinal sectioning of the
collection tapes was implemented for samples collected from Kimberley, Bloemfontein,

Johannesburg, Potchefstroom and Durban for the recent 2022/2023 pollen season.

To further increase sample quantity, an additional spore trap was set up in Cape Town dedicated
solely collecting pollen for DNA analysis, providing full tapes of collection for the DNA
extraction. The samples used for DNA extraction were recorded for the site they were obtained
from, and the period of collection. The summary of all the samples that were used and extracted

DNA from is shown in Figure 3.2.
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3.2. Isolating DNA from pollen using bead-based DNA extraction technology by with
NucleoMag microbiome, Macherey Nagel
Bead-based DNA isolation technology primarily looks at lysing the cells with a mechanical

lysis process referred to as bead-beating. The steps that were followed for the extraction can be

briefly explained with the steps in Figure 3.3 following the manufacturer’s protocol.

b) Mechanical cell disruption

+ Enhancer SX

+ Lysis buffer

| WM Bead Tubes (2 mL) Heat @ 70°C

Pelleted material
containing pollen grains

a | Sample homogenisation

Precipitate debris + Add NucleoMag B- Place on magnetic Wash out impurities

contaminants Beads rack and elute

Figure 3.3. Summary of the bead-based DNA extraction process with the NucleoMag Microbiome kit. The key
steps highlighted a) sample homogenisation, b) mechanical cell disruption, ¢) DNA binding, and d) DNA elution,
were optimised for a higher DNA yield (Macherey—Nagel, Diiren, Germany).

In the first step, up to 500 ul solution containing pollen was transferred to 2 ml MN bead tubes
with 0.6 - 0.8mm ceramic beads Type A (Macherey—Nagel, Diiren, Germany), and added lysis
MI1 buffer and enhancer SX solution as per manufacturer’s instruction. The mixture was
heated in a 70°C water bath to homogenise the solution and activate the chemical lysis activity.
Post heating the tubes were placed on a rubber foam adapter on a vortex and vortexed at full
speed to mechanically lyse the grains and after, the lysate was transferred to another Eppendorf

tube.

The basic principle behind this reaction is that the main substance of the lysis buffer, that is,
sodium chloride (NaCl) dissociates to form sodium and chloride ions that help maintain the

ionic strength and osmotic balance of the solution. Since the DNA molecule consists of a highly
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negative phosphate backbone, the sodium ions helped to shield the negative charges preventing
the strands from repelling each other and the presence of this salt also helps to reduce the
solubility of proteins, resulting in their aggregation and precipitation from the solution.
Ethylendinitrilo tetraacetic acid (EDTA), a substance contained in the enhancer SX solvent, is
a chelating agent that binds metal ions, that is, calcium ions i.e., Calcium ions (Ca*") released
by cellular components, is as an inhibitor that prevents them from acting as cofactors for DNA

degrading enzymes (DNases).

The lysate constituting of DNA, cell debris and particulate matter collected along with the
pollen was precipitated with the addition of MIC buffer and the solution incubated on an ice
bath of 2-8°C for 10 minutes. The centrifugation of the mixture pellets the cell debris and

protein bound contaminants leaving behind the supernatant containing DNA.

The supernatant was transferred, and the precipitant discarded. For every 500 ul DNA solution,
8.3% v/v binding buffer (NucleoMag B-beads/MI12) was added. The ethylene glycol diacetate
solvent present in the mixture aids in coating the magnetic B-beads to promote the binding of
DNA. The protocol suggests that the reaction occurs instantaneously as the DNA containing

solution is introduced in the solution of B-beads, but this is the overall rate determining step.

This was followed by several wash steps: first being a wash with MI3, a triethanolamine
containing buffer that helps solubilise all the other insoluble material surrounding the DNA
bound immobilised beads, this was followed by two consecutive wash steps with MI4 bufter
containing guanidine hydrochloride compound that is a chaotropic protein denaturant to ensure

that the DNA bound beads are rid of protein contaminants.

A final wash with 70% ethanol to help aggregate the DNA molecules prior to aid in preventing
degradation in storage. The last step of the reaction is the release of the DNA from the b-beads,
and this was achieved by suspension of the DNA-bead complex in MI5 elution buffer and
stored at -18°C.

The chemical compositions and concentrations of the buffers and solutions that were used in
the extraction reaction are explained in the NucleoMag microbiome manual. The dsDNA yield
that we obtained from this extraction was unsatisfactory and below the required quantity for

subsequent analysis, therefore, this method was optimised.
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3.3. DNA extraction method optimisation
A series of optimisation experiments were conducted using samples with moderate to high

grass pollen concentration ranging from 10 - 87 pollen grains per cubic meter (pg/m?). Each
key step in the DNA extraction process was extended to evaluate the effects of increasing
reaction durations as summarised in Table 3.1. For optimising based on sample
homogenisation, times were lengthened from 5 to 10, and 20 minutes to improve solution
mixing (standard, Reaction 2, and Reaction 8). For optimising focusing on mechanical cell
lysis (bead-beating) times were extended from 10 to 15 and 30 minutes (standard, Reaction 2,
and Reaction 9) to ensure complete cell disruption. DNA binding duration was increased from
5, 10, 20 and 30 minutes to find the optimal binding period of DNA to paramagnetic B-Beads
(standard, Reaction 3, Reaction 10 and Reaction 12). Finally, DNA elution times were extended
from 5 up to 60 minutes (standard, Reaction 4, Reaction 11, Reaction 14 and Reaction 15) to
maximise DNA recovery. These optimisations helped identify the ideal protocol for
maximising DNA yield when extracting DNA using Nucleomag bead-beating method with

paramagnetic beads.

3.4. DNA quantity assessment
A high sensitivity Qubit 3.0 (Invitrogen). fluorometer assay was used to quantify DNA extracts

and measure the yield of extracted double stranded (dsDNA). The Qubit assay is highly
sensitive and can detect from as little as but not less than 0.005 ng dsDNA in a 1 pL solution
[89].

3.5. DNA quality assessment

A spectrophotometer was used to measure the purity of the samples extracted. Ultraviolet (UV)
absorbance technology is used mainly in the detection and reporting of the impurities of the
samples. The purity of the samples was checked using this instrument, which gives the
absorbance purity ratios at 230 and 280 nm of solution against the standard absorption
wavelength of 260 nm for DNA. An indication of a good quality DNA samples is the purity
ratios of A230/260 and A280/260 at a range of 1.8 - 2.2 and 1.7 - 1.9 respectively. A value
obtained outside of this range is an indication of impurities such as organic compounds
resulting from a carryover of carbohydrates, protein contaminants, and residual phenol from
buffers and solutions used in the extraction process [51], [90].

3.6. Sample purity optimisation

Enzyme treatment was incorporated into the sample preparation step of the DNA extraction
process to improve the purity of DNA extracted [91]. The DNA samples obtained were further
purified with a PCR inhibitor removal kit prior to PCR.
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3.6.1. Enzyme treatment with Proteinase K and RNase A
The concept of enzyme treatment, as proposed by Leontidou et al. 2019 [53], was considered

to achieve the purest form of the samples after extraction. In the pursuit of enhancing the purity
of the samples, enzyme treatment was integrated into the optimisation experiments, beginning
at Reaction 10 in Table 3.1. During the sample preparation phase for DNA isolation, the

samples underwent treatment with Proteinase K and Ribonuclease A (RNase A) (Invitrogen).

Proteinase K, a serine protease known for its potent enzymatic capabilities, excels in breaking
down and removing proteins. Lysis reagents contain denaturing agents that effectively unravel
contaminating proteins, making them more susceptible to digestion by Proteinase K. To
implement this process, Proteinase K was introduced into the sample preparation solution at
concentrations ranging from 50 to 1000 pg/mL. Its presence quickly deactivated DNase,

effectively preventing unwanted DNA degradation during the sample homogenisation phase.

RNase A was also added at concentrations ranging from 1 to 100 pg/mL, serving a critical role
in the elimination of ribonucleic acids (RNA) or potential RNA contamination. It should be
noted that the generative nucleus of pollen cells has been suggested to participate in RNA
synthesis, implying that among the cellular components released during lysis, there might be
traces of ribonucleotides. RNase A helped prevent RNA contamination by absorbing or
digesting these ribonucleotides present in the solution ensuring the purity and integrity of the

DNA sample for subsequent analyses.

3.6.2. Purification for PCR inhibitors removal
Following the DNA extraction process, the samples were subjected to an additional purification

step to thoroughly eliminate any potential PCR inhibitors. To achieve this, all samples were
purified using a OneStep PCR Inhibitor Removal Kit (Zymo Research), following the
manufacturer's recommended instructions. This kit uses column matrix filtration technology,
allowing for the efficient removal of various naturally occurring compounds, such as

polyphenols, humic and fulvic acids, and tannins, which are typically found in plant materials.
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3.7. Results

3.7.1. DNA yield optimisation results
The primary objective of the optimisation reactions was to manipulate the reaction times for

each of the key steps to obtain a larger DNA yield. Although this helped us identify the limits
up to which the method could be pushed to attain a high yield from samples of this nature, it
came at a cost of sacrificing or preventing 31% of the total samples from further progressing
to downstream analysis. The effect of the changes that took place is summarised in Table 3.1,
and the trends and effect of changes drawn in Figure 3.4 based on the DNA yield obtained with

each change.

Table 3.1. Reaction conditions manipulated in the optimisation experiments aimed at
evaluating the effect of lengthening the reaction periods on DNA yield from the four major

steps of the bead-based DNA extraction (Nucleomag kit, Macherey-Nagel).

Reaction Sample Mechanical DNA DNA Cumulative dsDNA
homogenisation lysis (min) binding elution processing concentration
(min) (min) (min) (min) (ng/nL)
Standard 5 10 5 5 25 0,830
Individual step optimisation
1 10 10 5 5 35 5,840
2 5 15 5 5 30 3,350
3 5 10 10 5 30 4,120
4 5 10 5 10 30 4,630
Combinatorial steps optimization - change applied to subsequent step
5 10 15 5 5 35 6,570
6 10 15 10 5 40 5,200
7 10 15 10 10 45 17,600
Combinatorial change to subsequent step (double the period)
8 20 15 10 10 55 0,170
9 20 30 10 10 70 <0,005
10 20 30 20 10 80 0,560
11 20 30 20 20 90 0,570
Lengthen DNA binding and elution periods
12 10 15 30 10 65 7,060
13 10 15 30 20 75 12,300
14 10 15 30 30 85 15,200
15 10 15 30 60 115 20,600

The numbers in red are the changes in time applied to each optimisation reaction.
**Indicates the newly established standard reaction conditions to which the subsequent
optimisations were based on.

Increasing homogenisation time initially improved yield but reached a plateau at 10 min, with

yields decreasing at longer durations. Extending lysis time to 15 minutes improved DNA
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dsDNA Concentration (ng/uL)

extraction efficiency, but 30 minutes was damaging. Increasing binding time to 30 minutes
maximised DNA concentration when combined with a moderate homogenisation and lysis
time. Extended elution times consistently improved DNA concentration, with the highest yield
at 60 minutes, and therefore rest of the samples that were extracted for the course of this study

followed this reaction conditions with the processing time approximated at 115 minutes.

Parameter == Binding Elution =0= Homogenization =0« Lysis

15

0

)
0 0 0

20 40 60
Time (minutes)

Figure 3.4. Trends observed in the DNA yield with the optimisation reaction for each of the parameters i.c.,

lengthening of sample homogenisation, mechanical lysis and DNA binding and elution periods investigated.

Created with RStudio [88].

Optimising DNA yield required extending the extraction duration to five times longer than the
manufacturer’s recommended protocol. However, this was not considered a limitation, as the
extended process was properly planned and carried to ensure consistent and thorough

extraction.

3.7.2. Sample purity results
Although there was a slight improvement in the purity of the samples with the addition and

incorporation of RNase A and Proteinase K enzymes during extraction the samples were further
purified post extraction. The purity post extraction was compared with the purification profile
post the additional purification step as shown in Figure 3.5. Following the extractions, only
samples that had low purity based on A260/280 ratio aligned to the optimal range indicative of
better quality. However, only one sample (Cape Town, week 174) had optimal purity that
aligned for A260/230 ratio post extraction, but they all further declined post additional

purification.
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Figure 3.5. Purity ratios of all the samples measured after extraction, and after additional purification, the red
line indicates the ideal purity range the samples expected to fall into. Created with GraphPad Prism version

10.0.0.

3.7.3. Correlation analysis
To determine whether there was correlation between the concentration of DNA obtained from

the sample and the Poaceae/Ambrosia pollen concentration, we ran a correlation analysis using
the concentration values of dsSDNA and grass/ragweed pollen concentrations quantified with

light microscope.

125 R2 = 0,05854
p-value = 0,0328

dsDNA Concentration (ng/pL)

50 100
Poaceae/Ambrosia Pollen Concentration (pg/m3)

Figure 3.6. Correlation analysis performed indicating statistically significant correlation in the dsDNA obtained

with respect to the targeted pollen contained. Created with RStudio.
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The pollen concentration that was used for correlation focused solely on grasses or ragweed
which limited the scope of our analysis since the DNA from several other plants’ pollen in the
samples may also have been extracted. Because the ‘extremely high count’ samples did not
necessarily produce ‘extremely high dsDNA concentration’, there was no positive correlation
when looking at the two variables. There was no clear indication of the influence of the targeted

pollen quantity to the final DNA yield obtained as evident by R? < 95%.

Despite this, correlation analysis (p-value < 0.05) revealed a positive and statistically
significant relationship between grass/ragweed pollen grain concentration (quantified
microscopically) and the dsDNA concentration. Although the R? value indicated that only
5.85% of the variability in dsDNA could be explained by the abundance of pollen, the
statistically significant p-value suggest that this relationship, while modest, is meaningful. This
emphasises the relevance of pollen grain concentration as a possible predictor of the amount of

DNA extracted.

3.7.4. Summary of samples extracted
dsDNA was extracted from 79 environmental pollen samples with varying grass and ragweed

pollen concentrations. Table 3.2 provides detailed information on the extraction sequence and
the identity of each sample, including the monitoring site, collection time point during the
season (week number), and grass/ragweed pollen concentrations. Additionally, the table tracks
the DNA yield and purity for each sample, highlighting the progression from the initial

extractions using the standard protocol to the final samples extracted.

Table 3.2. Summary of pollen samples extracted according to the number of samples obtained
from each site with their corresponding pollen concentration and the interquartile range of the

concentration of DNA extracted.

Mean
Number of Mean dsDNA | Median
Site concentration Max dsDNA
samples (ng/nL) dsDNA
(pg/m®)
Bloemfontein 11 23.82 8.08 4.60 22.00
Calvinia 7 18.00 22.50 28.70 51.20
Cape Town 21 34.43 33.57 32.50 120.00
Durban 12 23.67 20.30 17.40 46.40
Ermelo 3 37.33 9.56 0.83 27.30
Johannesburg 6 51.50 11.31 12.00 18.70
Kimberley 15 30.67 21.27 17.40 61.70
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Port Elizabeth 2 15.50 5.88 5.88 6.57
Potchefstroom 2 46.50 22.10 22.10 25.60

Out of the 79 samples from which DNA was extracted, 6 were from sectioned tapes mounted
on microscope slides, 52 from longitudinally halved tapes, and 21 were full tape samples

obtained from the Cape Town Spore trap that was specifically operated for DNA analysis.

Post extraction, all the samples with a yield less than 1 ng/uL were excluded from further
analysis. From the total of samples with pollen differently sourced, the rate of successful DNA
extraction with adequate DNA was 79% from longitudinally halved tapes, 95% from full tapes,
and 17% from sectioned tapes mounted on microscope slides. A total of 17 samples was

excluded based on A260/280 optimal purity ratio as shown in Figure 3.6.

Because of high sensitivity of the subsequent PCR reactions to the presence of protein
contaminants in DNA samples, priority for assigning optimal purity was based on the A280/260

ratio as a key indicator of ideal purity to ensure the suitability for further processing.

Total sample extracts
n=79
v v v
Source of sample Longitudinally halved tapes Full tapes Sectioned tape mounted on slides
n=>52 n=21 n==o6
v Y Y
Ideal DNA yield Optimal yield Optimal yield Optimal yield Very low yield
(> Ing/uL) n=41 n=20 n=1 n=17
. i v
Ic11e7a l<pur>1t¥ groﬁle Optimal purity Optimal purity - Poor purity
(1L7<n219) n=30 n=15 n=17
Monitoring site Targeted sites .|  Non-targeted sites
investigated n=42 n=3
Cape Town Kimberley Bloemfontein Johannesburg Durban Potchefstroom
n=15 n=7 n=38 n=>5 n=>5 n=2

Figure 3.6. Workflow for sample exclusion following DNA extraction. The 79 sample extracts were obtained
from pollen collected on Melinex tapes, which were either longitudinally halved, left intact (full), or mounted on
slides. Exclusions (Outlined in red) were based on inadequate DNA yield, suboptimal purity, or non-targeted

collection sites.
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3.8. Discussion
The optimisation of the pollen DNA extraction process aimed to improve the bead-based

method using the Nucleomag kit, following the manufacturer's recommended instructions.
Given that this method was found to be most useful when extracting DNA from environmental
pollen samples, this effort focused on improving both the yield and quality of the extracted
DNA. It was essential to refine the method to maximise DNA recovery due to the complexity
of our pollen monitoring samples, which often is collected along with other biological matter

and low quantities of airborne particles.

3.8.1. Double stranded DNA yield optimisation
The strategy that was used to improve the yield, primarily focused on altering the duration of

the key steps. Initially, these steps were individually altered to assess their impact on the final
yield of dsDNA. In the individual step optimisation approach, each step was extended by 5
minutes. The initial optimisation, which featured an extended homogenisation period,
immediately yielded a noteworthy improvement, that was a seven-fold increase in dsDNA
concentration compared to yield of the standard reaction. Similar patterns of increased dsDNA
concentration were observed when lysis, binding, and elution periods were extended. While
the observed increases in the first four reactions did not follow a specific pattern across the
evaluated key steps, they provided valuable insights when comparing with the standard reaction
conditions. These reactions were performed individually with different samples, making it
challenging to draw direct comparisons and determine the optimal conditions. As the achieved
yield was still below 10 ng/uL, further adjustments were made through combinatorial

optimisations.

The combinatorial optimisation approach aimed to incorporate changes introduced in one
reaction to subsequent reactions. The resulting three reactions of this approach (Table 3.1,
reactions 5-7) revealed a synergistic positive impact leading to a remarkable increase in yield
21-fold over the standard reaction. Additional experiments were conducted to further decide

on the best combination of conditions to maximise the yield.

In this second set of combinatorial optimisation reactions, the period lengths were doubled
compared to the "newly established" conditions in Table 3.1, reaction 7. This included a
homogenisation period of 20 minutes, which was the longest duration among all the reactions.
This extended period allowed the pollen material to remain in a higher-temperature
environment within a chemical lysis setting for an extended duration. This prolonged exposure

had a significant impact on the yield, which saw a drastic reduction, falling well below the
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yield achieved in the standard reaction. This effect was particularly pronounced when
mechanical lysis was also increased. Indeed, in addition to the extended application of heat,
the grains underwent an intensified bead-beating process that not only damaged the cell walls

but also disrupted the cell contents, consequently affecting the DNA integrity.

As extending the durations of the first two steps, namely homogenisation and mechanical lysis,
had adverse effects on the yield, these conditions were reverted to the initial periods, where
yields had improved by the additional 5 minutes from the original reactions. The focus then
shifted to evaluating the extension of the binding and elution periods in reactions 12 to 15 (as
outlined in Table 3.1). Each reaction with prolonged binding and elution periods demonstrated
a subsequent increase in DNA yield. When reaction 15 yielded a substantial 20 ng/uL from a
sample with 10 grass pollen grains per cubic meters, the optimisation process was concluded.
Using the conditions of reaction 10, the Standard Operating Procedure (SOP) was subsequently

formulated and used for the extraction of 64 pollen DNA from samples.

3.8.2. Sample purity optimizations
Another important factor that significantly influenced the reactions was the acquisition of

samples with the desired purity profile, a prerequisite for successful PCR reactions. Following
the initial sample extraction under recommended standard conditions, the purity appeared
promising, with ratios falling within the desired range. However, as subsequent reactions were
conducted under altered conditions, the purity ratios declined. This indicated that prolonged
exposure of the pollen samples to these modified chemical environments resulted in an
increased presence of contaminants within the DNA. The most notable condition change that
had a substantial impact was the extended homogenisation period, which caused the A260/280
ratio to double beyond the expected range (i.e., A260/280 > 3.8). The higher concentration of
proteins relative to nucleic acids possibly from the detection of phenols and residual reagents

used during the extraction process suggested protein contamination.

Consequently, as of reaction 10 of the optimisation reactions in Table 3.1, enzyme treatment
became a necessary addition. This involved the incorporation of Proteinase K and RNase A
during the sample homogenisation step, following the recommendations of Hawkins et al.
(2015) and Lowe et al. (2022) [51], [90]. The enzymatic digestion improved the ratios in the
subsequent 68 reactions, resulting in an average A260/280 ratio of 1.49 and an A260/230 ratio
of 1.54. These lower values indicated the presence of contaminants such as guanidine, EDTA,

carbohydrates, lipids, salts, or phenols [92]. Although the improvement was slight it was not
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negligible, therefore enzyme treatment was subsequently integrated into the extraction

protocol.

The notable outliers within the purity ratios for A260/280 ratios in Figure 3.4 post extraction,
originated from samples of the optimisation trials, whereas for the A260/230 ratio the outliers
were a combination of both the samples extracted during the optimisation trials and samples
extracted with optimised protocol. Despite this, the post extraction purification process
successfully eliminated protein contaminants as evident in A260/280 purity. However, this
concurrently introduced of additional salts and chelating agents, such as EDTA from the
reagents that negatively impacted the A260/230 purity which was discernible through the

decline in ratios for all the samples.

The additional purification steps coupled with the extension of DNA extraction durations
extended the overall process of obtaining cleaner DNA samples from environmental pollen
sources. This added time and effort proved to be a valuable investment when considering the

improved yield and improved DNA quality obtained at the end of the overall process.
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Chapter 4

Amplification of taxonomic barcodes

4.1. Introduction
The second objective of this study was to selectively amplify taxonomic DNA regions

(barcodes) from the extracted environmental DNA of pollen. This focused on developing an
effective PCR method to amplify target regions in samples with low DNA yields and aimed to
evaluate the applicability of universal primer sequences for amplifying rbcL and I7S2 barcodes,
specifically for differentiating Poaceae and Ambrosia taxa, to confirm whether the amplified

products correspond to the fragment sizes reported in the literature.

4.2. Polymerase Chain Reactions (PCR)
PCR works by cycling through thermo-specific reactions to amplify a specific DNA region. It

begins with denaturation, where the double-stranded DNA is separated into single strands at
high temperatures around 90°C. The temperature is then lowered to allow primers to anneal to
their complementary sequences on the template. Subsequently, the temperature is raised to
activate DNA polymerase, which synthesizes new DNA strands by incorporating nucleotide
bases (ANTPs). This denaturation, annealing, and extension cycle is repeated 25 - 35 times,
exponentially increasing the target DNA with each cycle. The success of PCR relies on precise
reaction conditions, including optimal primer binding, DNA polymerase activity, and accurate

thermal cycling [7].

Each component has an important role in the reaction; DNA template provides the target
sequence, while dNTPs serve as the building blocks for new strands, primers define the region
to be amplified, and the thermostable enzyme DNA polymerase facilitates the strand synthesis.
A buffer containing essential ions, such as MgCl, or KCI, ensures enzyme activity and
promotes primer annealing. It is important to ensure that there is balance among these
components as improper concentrations can compromise efficiency or amplification
completion. While template DNA and primer concentrations can be adjusted during reaction
setup following standard operating procedures, the choice of DNA polymerase is influenced

by the template concentration and commercial kits available [93].
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4.3. Selected taxonomic barcodes strengths and limitations

4.3.1. The rbcL barcode
The rbcL barcode has played an important role in barcoding as it is one of the early taxonomic

markers to be established and used for phylogenetic construction studies since the early 1990s
[94]. Although the rbcL barcode has been widely used, it has been noted for its lower resolution
in discriminating at the species level, and sometimes even at the genus level [55]. This
limitation is attributed to its selection from a highly conserved region within the gene. The high
conservation makes it difficult to amplify regions that reflect the variability needed to
differentiate closely related species [63]. Therefore, in species identification, especially within
genera with greater variability 7bcL may show lower discriminatory power compared to other
molecular markers or barcodes [55]. Despite that, 7bcL maintains its status as a core barcode
owing to its widespread presence in the plant kingdom and offers high primer universality and
sequence quality [95], [96]. These advantageous characteristics make it a preferred marker for

metabarcoding analyses over the other chloroplast barcodes.

The size of the rbcL DNA sequence barcode may vary from species to species. For instance,
Zahra et al. (2016) reported that the rbcL fragment size ranged between 576-1445 bp while
Brennan et al. (2019) reported the sequences to vary between 702-883 bp [86], [97]. Although
the obtained sequence length may vary across different plant groups, the CBOL Plant Working
Group has advocated for a standardized region known as rbcLa. This region is 650 bp long and
represents a fragment from the 5' end of the rbcL gene, serving as the recommended segment

for consistent use in barcode analysis [45].

4.3.2. The ITS2 barcode
The ITS region, consisting of ITS1 and ITS2 subunits within the nuclear genome, was initially

designated as a core barcode for plants due to its acknowledged high-resolution capabilities in
both inter- and intraspecific discrimination. However, challenges arose, particularly related to
intragenomic variation in ribosomal DNA and technical issues, compromising the reliability of
the ITS barcode. The widely used primer pair, ITS1 and ITS4, originally designed for fungal
amplification by White e al. in 1990, proved non-specific to plants, resulting in non-targeted

amplicons and diminishing the utility of ITS in-plant community barcoding [98].

Recognising the limitations of the standard ITS primers, Chen et al. (2010) proposed plant
specific ITS primers designed to amplify the ITS2 region [46]. This adjustment aimed at
improving plant coverage and reducing co-amplification of fungal material. The ITS2 barcode,

with its high species resolution and discriminatory capabilities, emerged as the equivalent of
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the animal Cytochrome ¢ Oxidase subunit I (COI) barcode for plant barcoding. As a result,

several ITS2 primer sequences have been developed. Table 4.1 looks into primers that have

been used for metabarcoding studies using pollen for diversity investigations including studies

on plant-pollinator interactions, palynology, plant surveys and honey analyses.

Table 4.1. ITS2 primers that have been widely used in plant biodiversity studies.

Primer

Orientation

Sequence (5°—3")

Size (bp)

Papers that have used the primers

ITS-S2F

Forward

ATGCGATACTTGGTGTGAAT

ITS4

Reverse

TCCTCCGCTTATTGATATGC

350-460

Chen (2010), Sickel (2015), Baensch
(2020), Bell (2017), Bell (2019), Biella
(2019), Fahner (2016), Froslev (2017),
Khansaritoreh (2020), Kuzmina (2018),
Lim (2018), Niirnberger (2019), Ortega
(2020), Prosser (2017), Richardson
(2015), Richardson (2015), Richardson
(2019), Sickel(2015), Swenson and
Gemeinholzer (2021), Voulgari-Kokota
(2019), Wilson (2021)

White (1990), Baensch (2020), Bell
(2017), Fahner (2016), Froslev (2017),
Gous (2019), Gous (2021),
Khansaritoreh (2020), Kuzmina (2018),
Lim (2018), Niirnberger (2019), Prosser
(2017), Richardson (2019), Sickel
(2015), Swenson and Gemeinholzer
(2021), Voulgari-Kokota (2019), Wilson
(2021)

BEL-3

Reverse

GACGCTTCTCCAGACTACAA
T

350-490

Chiou (2007), Chen (2010), Bell
(2017), Bell (2019), Kuzmina (2018),
Ortega (2020), Richardson (2015),
Richardson (2015)

ITS-u2_F

Forward

GAAYCATCGARTCTTTGAAC
GC

ITS-p4

Reverse

CCGCTTAKTGATATGCTTAAA

265

Banchi (2020), Cheng (2016)

ITS2F

Forward

AYGACTCTCGGCAACGGATA
TCTTGG

ITS2R

Reverse

CCCAVGCAGRCDTGCCC

370

Coghlan (2020)

ITS3

Forward

GCATCGATGAAGAACGCAGC

White (1990), Gous (2019), Gous
(2021)
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Despite its advantages, ITS2 showed difficulties in identifying species across all plant taxa,
which led to the realisation that its combination with rbcL could offer a more comprehensive
solution [99]. The pairing of rbcL and ITS2 was identified as an excellent combination and is
now acknowledged as the preferred standard barcodes for the precise identification of pollen

species [53], [100].

4.4. PCR method
Two high fidelity polymerases were explored for amplification reactions using the primers

detailed in Table 4.2. In the initial attempts at PCR of samples extracted, a Phusion Hot Start
II High Fidelity Polymerase Master Mix (Thermo Scientific) was used. However, this was later
changed to Q5 Hot Start High Fidelity 2x Master Mix (New England Biolabs) to improve

amplification congruent with the sample concentration requirements.

4.4.1. Amplification with Phusion Hot Start I High Fidelity Polymerase
For each 50 pL reaction mixture, the following components were combined: 25 pL of 2x

Phusion Master Mix (containing 1 unit of Phusion DNA Polymerase, 1.5 mM MgCl,, and 400
uM of each dANTP), 0.5 uM of both forward and reverse primers, a minimum of 10 ng/uL of
DNA template, and nuclease-free water up to the final volume. PCR thermocycling was carried
using the manufacturer’s recommended thermal and cycle conditions and its success evaluated

with agarose gel electrophoresis.

4.4.2. Amplification with Q5 Hot Start High Fidelity 2x Master Mix
The composition of the Q5-based PCR was carried with 1x concentration of the Q5 Master

Mix (including 1 unit of Q5 DNA polymerase, 2.0 mM Magnesium ions (Mg>"), and 400 uM

of each ANTP), 0.5 uM of each primer, nuclease-free water, and at least 1ng/puL of the dsDNA

template in a final reaction volume of 50 pL.

In the preparation of the PCR, all the components were thawed and combined in ice to maintain
the stability of the polymerase, while working under UV light that ensured a sterile
environment to prevent potential contaminants. For each reaction that was run, a negative
control reaction containing all the components except for template DNA was included to ensure
the components were contaminant free. PCR thermocycling was carried using Q5 DNA
polymerase manufacturer’s recommended thermal and cycle conditions and its success
evaluated with agarose gel electrophoresis. The resulting amplicon sizes of the barcodes were

compared against the sizes of the barcodes reported in literature.
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In silico simulations were performed to predict if the amplified sequences correspond with the
expected product sizes for Poaceae grasses, thereby confirming the specificity and
effectiveness of the primer sequences. The primers’ annealing temperatures were optimised to
obtain the amplicons within the specified ranges and later the ITS2 barcode primers changed

to use the primer pair sequences recommended by Prosser and Herbert [96].

Table 4.2. Primer sequences used in PCR 1 for amplification include Illumina adapters

(underlined sequence) and forward sequences include 6N (highlighted bold).

Barcode | Primer Sequence (5’ - 3°) Ta(°C) | Amplicon
name size (bp)
rbeL rbcLaF ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNN | 55 702 - 883
NNNATGTCACCACAAACAGAGACTAAAGC [81, [9]
rbcL506 | GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAG
R GGGACGACCATACTTGTTCA
ITS2 ITS-S2F | ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNN | 50 163 - 311
NNNATGCGATACTTGGTGTGAAT [8]
ITS3R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGA
CGCTTCTCCAGACTACAAT
ITS2 ITS-S2F | ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNN | 53 350 [10],
NNNATGCGATACTTGGTGTGAAT [11]
ITS4(R) | GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTC
CTCCGCTTATTGATATGC

4.3.3. Post-PCR purification and quantification
The amplified PCR products were purified utilising Agencourt AMPure XP beads (BECKMAN

COULTER, Life Sciences). This process involved a bead solution ratio of 64.3% v/v for

optimal binding of the dSDNA. Post-purification, the concentration and quality of the amplified
dsDNA were quantitatively assessed using a Qubit High Sensitivity (HS) DNA Assay and
further analysed for size distribution by running a High Sensitivity D1000 Tape Station Assay.
These methods provided precise quantification and quality assurance of the purified PCR

products before subsequent processing.

4.5. Results

4.5.1. Comparative results of PCR amplification using two polymerase enzymes
Amplification of the targeted regions was run over a Gradient PCR producing amplicons (PCR

products) at varying sizes visualised with agarose gel electrophoresis measuring the band sizes
against the DNA ladder with sizes varying from 100 - 1000 bp. The intensity of the band

visualised in the gel represent the concentration of the amplicons (amplified product).
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PCR was run with both polymerase for both barcodes and repeated with two separate samples
as shown in Figure 4.1. We compared the intensity of the amplicons on agarose gel
electrophoresis to evaluate the efficacy of the polymerases for the amplification of samples of

our yield.

D28 D30 D28 D30

Ladder
Ladder

S
Q
i)
i)
<
—

1.7% agarose

Figure 4.1. PCR reactions performed with Phusion Hot Start IT High Fidelity Polymerase and Q5 Hot Start High
Fidelity Polymerase on samples D28 and D30. Amplicons of the Phusion polymerase are grouped with a blue

outline and Q5 polymerase in red. Primer dimers observed from these PCR were marked with the black outline.

Although both samples used for this amplification run had concentrations above the minimum
required for amplification with Phusion polymerase greater than 10 ng/uL as shown in Table
3.2 in Chapter 3, the Phusion polymerase had difficulties in amplifying the barcodes as
indicated by the low intensified amplicons visualised in Figure 4.1 (bands outlined in blue).
Amplification of the samples with the Q5 polymerase that required at least 1 ng/uL
concentration of the sample showed greater improvement producing amplicons of greater
concentration as indicated by the intensity of their amplicons in Figure 4.1 (bands outlined in

red) with minimal dimers in the reaction products.

Following the optimisation of the polymerases, PCR with Q5 polymerase showed to be highly
efficient and was used for the subsequent reaction for the amplification of 7bcL and ITS2 from
the sample extracts.

4.5.2. Optimisation of annealing temperatures of ITS2 primers
The first few runs of PCR for the amplification of ITS2 barcode yielded PCR products that

were outside the expected length range (i.e., 163 — 311 bp), too high between 500 — 600 bp.
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Because the reactions for the amplification of both barcodes were run with a Gradient PCR
(Figure 4.2), it was suspected that the conditions of rbcL amplification were influencing the
ITS2 barcode amplifications. Therefore, the annealing conditions of the ITS2 were evaluated
to determine the best annealing temperatures of ITS2 primers. A PCR was run with the same
sample and reaction components’ concentration under varying temperature conditions with

annealing temperatures.

The purified samples were quantitatively assessed to determine the concentration of amplified
DNA (Table 4.3). This measurement facilitated the identification of reaction conditions that
maximised the yield of the desired amplicons with minimal by-product formation. The products

of this run were visualised through an agarose gel electrophoresis in Figure 4.2.

Annealing temperatures per lane

1 =50°C
2=153°C
3=56°C
4=59°C
5=62°C
6 =65°C
7=68°C
8§=70°C
9="72°C

Ladder

P
|5}
=
e}
<
—

dimers

Figure 4.2. Agarose gel electrophoresis confirmation of ITS2 barcode amplification from a sample from Durban
monitoring site (D28). This gel image shows the amplified ITS2 barcode sequences with PCR at different
annealing temperatures. The lanes were loaded according to the PCR products from 1-9 according to the order of

increasing annealing temperatures.

Therefore, preferred conditions of annealing had an intensified visually darker band which
from assessing Figure 4.2 are the amplicons of temperatures 53°C, 59°C and 68°C in the order

of increasing intensity.

The evaluation of quantity of amplicons’ dsDNA assessed with Qubit HS Assay shown in Table
4.3 showed that the best annealing temperature was 59°C, and this reaction contained less

dimers in comparison to the amplicons at 53°C and 68°C.
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Table 4.3. PCR products of the varying annealing temperature evaluated for the amplification
of sample D28 with ITS2.

Agarose gel lane Primer annealing dsDNA concentration
temperature (Ta = °C) (ng/uL)

DNA ladder - -

1 50 10,34

2 53 51,28

3 56 12,16

4 59 73,55

5 62 20,21

6 65 18,47

7 68 22,10

8 70 19,38

9 72 <0.005

DNA ladder - -

Following this PCR run, looking at the size of amplicons in Figure 4.3 and their corresponding
concentrations, it was established that the best annealing temperature for amplification of ITS2

region was 59°C.

4.5.3. In-silico simulation of barcode primer sequences
Based on the reactions that were performed (Figure 4.1 and Figure 4.2), the amplicons had

sizes that varied from the sizes reported in literature in Table 4.2. The efficacy of the rbcL and
ITS2 primer sequences for amplification of targeted regions was assessed by performing an in-
silico simulation to determine the expected product lengths when amplifying species of
Poaceae. Because there was a high deviation in sizes of ITS2 amplicons (i.e., between 500 -
600 bp) outside the expected range, another set of primers with a different reverse primer
sequence was considered. The computational analysis used the complete chloroplast genome
sequence of Bermuda grass, Cynodon dactylon (1431 bp), available under Sequence ID
NC 034680.1, to predict the binding and amplification potential of the rbcL primers and the
ITS2 primers were tested using the sequence of Timothy grass, Phleum pratense (556 bp).
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Figure 4.3. Computational simulation showing primer binding sites and amplification outcomes. The figure
illustrates the specific binding positions of primers, assessed through simulation, to evaluate the amplification
specificity and efficiency of primer sequences. The simulation predicts the expected fragment sizes of the PCR

products for the amplification with each primer pairs. Created with SnapGene software (www.snapgene.com).

The computational analysis revealed the positions from which the rbcL and ITS2 primers bind
on the provide species sequences in Figure 4.3, and generating a virtual agarose gel
electrophoresis to show the size of the expected amplicon in Figure 4.4, predicted the primers

would yield the anticipated product length in actual PCR conditions.
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a) rbcL amplified PCR product (rbcLaf and rcbL.506r)

hpr23455739

10 | lanes 0.5 | % agarose

MW: GeneRuler™ 1 kb DNA Ladder

~ 1: Amplified
L

b) ITS2 amplified PCR product (ITS2F and ITS3R)

bDMW234SE?SQ
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c¢) ITS2 amplified PCR product (ITS-S2F and ITS3R)
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Figure 4.4. Comparison of fragment sizes resulting from in-silico (computational simulations) and in-vitro
(laboratory experimental work) analyses using 0.5% and 1% agarose gel electrophoresis, respectively. The
analyses employed primer pairs for amplifying barcodes, initially sourced from literature as suggested by Brennan

and listed in Table 4.2 [8]. Created with SnapGene software (www.snapgene.com).
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When comparing the findings of the computational analysis looking at the predicted product
size length, with experimental amplicons it was apparent that the initial ITS2 primer pairs
produced amplicons around 550 bp correlating to the products of our PCR. The second set of
primers considered for ITS2 produced amplicons around 370 bp, and therefore since this was
the preferred size length aimed for initially, subsequent ITS2 amplification used the ITS-S2F
and ITS3R primer pair.

Because the ITS2 subunit sequence is a part of the nuclear ribosomal DNA that is located
between the 5.8S and 28S rRNA genes with a length that often varies between 200 and 300 bp
among different plant groups, the larger fragment amplified was suggestive of that the ITS2
primer pairs amplification was not specific to only amplify the ITS2 subunit. Yao et al. 2010
revealed that the average length of ITS2 in plants is 256 bp with the shortest going up to 167
bp and the longest up to 367 bp [101], which led to exploring other primer options with a close
size range for the amplification of the targeted species in this study. Given the larger-than-
expected fragment sizes and the practical consideration that sequencing plans for ITS2 barcode
were designed for amplicons below 500 bp, alternative primer options were explored. This
aimed at identifying primer pairs with a size range closely matching the targeted species in this
study from those shown in Table 4.1. Furthermore, the decision to pursue smaller amplicon
sizes was influenced by budget constraints, as sequencing costs are contingent on amplicon

size, and larger fragments would incur higher expenses.

4.5.4. Summary of PCR amplification success for rbcL and ITS2
Following PCR, a total of 39 samples were successfully amplified for the rbcL region from the

targeted monitoring sites. However, significant sample loss occurred during the optimisation
experiments for ITS2 analysis resulting in exclusion of 12 samples which included 47% of
samples from Cape Town, 29% from Kimberley and 40% from Durban. This exclusion is

detailed in the flow diagram in Figure 4.5.
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Targeted sites

n=42
Cape Town Kimberley Bloemfontein Johannesburg Durban Potchefstroom
n= 15 n=7 n=3_8 n=>3 n=>3 n=2

rbeL samples (1)

Optimal concentration 6/7 8/8 4/5 5/5 2/2

14/15 —> 3

n > 20 ng/uL
ITS2 samples (n)

Optimal volume 8/15 517 778 5/5 3/5 22 ‘_b| 12 ‘

Optimal concentration
n>20 ng/uL 8/8 5/5 77 3/5 3/3 22 —p

Figure 4.5. Sequential exclusion and amplification success of rbcL and ITS2 samples from each monitoring site.

Samples successfully amplified with at least 20 ng/uL dsDNA were a total of 39 for rbcL and
28 for ITS2. These were not necessarily complementary pairs of rbcL and ITS2 for each

sample, which then influenced the final selection of samples for DNA library preparations.

4.5.5. Samples selected for subsequent processing and sequencing
The initial plan of selection of samples was to obtain a pair of both rbcL and ITS2 from each

sample. However, from the total samples successfully amplified with optimal concentration,
only 7 were complementary pairs of both barcodes from the same sample from Cape Town,
Kimberley and Durban. To ensure that all the monitoring sites were included, additional
samples with exceptional concentration were selected. The samples selected for each barcode
are listed in Table 4.5 with the corresponding sampling date indicated in Figure 3.2. The

concentration varied between 23-289 ng/uL and amplicon sizes between 169 - 686 bp.

Table 4.5. The final 25 samples selected for sequencing, consisted of the following number of

samples of amplified rbcL and ITS2 barcodes with their corresponding amplicon size and

concentration.
rbeL ITS2
Sample Average fragment size | dsSDNA Average  fragment | dSDNA concentration
(bp) concentration size (bp) (ng/uL)
(ng/uL)

C169 630 121

C176 634 90 455 265

C177 631 173 463 289

C184 634 112 456 214

D165 612 102
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D166 616 103 462 179

K164 639 87

K165 655 68,6 468 173

K166 686 23 469 216

K172 676 32,4 461 191

B186 286 135

B189 526 278

B190 276 148

J179 249 97,9
J181 235 89,6
J190 503 205

P191 169 97,8
P192 197 86,2

The 25 samples selected included 10 samples for rbcL and 15 samples for ITS2, and only
samples from Cape Town, Kimberley and Durban monitoring sites had both rbcL and ITS2.
The number of distributions of selected samples for each monitoring site per barcode is shown

in Table 4.6.

Table 4.6. The number of total samples per barcode for the subsequent analysis and preparation

into DNA libraries for sequencing.

Site rbcL ITS2 Total samples
Cape Town 4 3 7

Kimberley 4 3 7
Johannesburg - 3 3
Bloemfontein - 3 3
Potchefstroom - 2 2

Durban 2 1 3

Total samples 10 15 25

4.6. Discussion
The amplification of taxonomic barcodes is recognised as the most important stage in the

effective implementation of metabarcoding. This is because the taxonomic barcode
amplification generates copies of the DNA sequences containing genetic information from the
DNA extracted which ensures for precise identification of the origin of pollen. Achieving the
optimal method for retrieving these sequences from diverse pollen species’ DNA within a
single sample extract involves evaluating key steps that significantly impact and ensure the

success of the amplification process. However, because of the complexity of environmental
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DNA, it is impossible to definitively confirm that the amplified DNA corresponds to the

targeted species.

The information that is normally relied on for guidance of the success is the size of the
amplicons which is often determined through agarose gel electrophoresis which then makes
accurate identification to rely heavily on the quality and quantity of taxonomic DNA that is
successfully amplified. Several factors influence the amplification process, with notable
contributors being the polymerase's amplification efficiency and the specificity of the PCR
primers. As it was observed from our experiments the Q5 Hot Start High Fidelity polymerase
proved to be more effective in these PCR, amplifying DNA from sample extracts with as little
as 1 ng/uL. DNA concentration in the reaction. This further showed the importance of using a
highly sensitive polymerase for the amplification of DNA sequences from samples with low
dsDNA concentrations. Selecting a polymerase with higher sensitivity also helped to minimise
non-specific amplification (i.e., formation of dimers), thus improving overall reaction

specificity.

The specificity of the primers, in turn, depends on carefully curated conditions, and the base
pair information guides the extent of their amplification across a range of sequences from
various species in each reaction. Prior to carrying out the PCR in the laboratory, there is a need
to carry a computational analysis of the primer sequences to evaluate the properties and
specificity of the primer sequences. Because for studies such as pollen metabarcoding we often
rely on the literature from was done before and the previous findings to navigate the way [53],
[95]. One of the things that costed us our precious samples in this study was jumping straight
into the application of the methodology using primer sequences reported before evaluating their
properties [86]. Initially, the first few reactions followed the suggested annealing temperatures
based on the primer sequences' used by Brennan et a/ (2019) [86]. The PCR results suggested
that the products of ITS2 amplification the fell outside the size range reported.

As we looked into optimising the reaction conditions for the ITS2 primers, it became clear that
the primer pairs did not show optimal annealing at the suggested temperature at 50°C that was
observed in the experiments by Lowe et al. (2022) [90]. Instead, a higher yield of ITS2
amplicons with fewer dimers was obtained at 59°C. While this optimisation was aimed at
improving the efficiency of ITS2 amplification, it also led to an improvement in sensitivity as

it was clearly indicated by the more intense agarose gel band at 59°C with minimal dimers.
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Because the size length of the ITS2 products of PCR was longer than the amplicon sizes
reported length by Lowe et al. (2022) [90], it was clear that the ITS2 primers were not specific
to the ITS2 region. This was further confirmed by the computational analysis of the primers to
predict the size length of their products when amplifying species of Poaceae. Furthermore, the
ITS2 barcode primers were changed into ITS-S2F/ITS3R to produce amplicons within the
initial size range, as the original plan of sequencing mapped for the DNA library preparation

was based on obtaining amplicons less than 400 bp from the first PCR.

Despite samples lost during the ITS2 size length optimisations, we still fell short at successfully
producing enough samples of ITS2 within the desired size range. From the 15 ITS2 samples’
amplicons with sizes that varied between 169 — 686 bp, only 40% had amplicons that were less
than 400 bp. Although all the rbcL samples’ amplicons were also less in size in comparison to
the size range initially targeted, their reduced length was advantageous. They were within an
acceptable size range to enable for species identification as the CBOL Plant Working Group

recommends rbcL fragments between 400 — 600 bp [45].

At the conclusion of the PCR experiments, the importance of conducting in silico analyses to
assess primer specificity before conducting PCR in the laboratory was clearly observed. Such
analyses can help in preventing reagent wastage and improve the SOPs for future application
in pollen metabarcoding experiments. Additionally, given the complexity and low
concentration of DNA in environmental pollen samples, there is still a lot of work to be done
to help better the method. However, of all that is to be considered, selecting a highly sensitive
polymerase capable of efficiently amplifying low-template DNA and highly specific barcode
primers are of utmost importance in the first PCR step of preparing DNA samples for pollen

metabarcoding.
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Chapter 5

DNA Library sequencing and bioinformatic analysis

5.1. Introduction
This chapter focuses on the study's third and overall objective that is, identifying pollen species

from DNA sequence data generated by the MiSeq Illumina system. It outlines the preparation
of a pollen DNA library from rbcL and ITS2 products of the first PCR, sequencing with the
MiSeq system, bioinformatic processing of the sequence data, and taxonomic assignment of

the detected pollen species.

The rbcL and ITS2 selected pollen samples that are products of the first PCR initially went
through comprehensive quality assessment to ensure they are well aligned with the quality
requirements of the MiSeq (300 cycles) V2 sequencing instrument with specifications of
amplicon size greater than 150 bp but less than 500 bp (i.e., 150 bp <amplicon> 500 bp). DNA
library preparation was performed using the Illumina DNA library kit that uses enzymatic
fragmentation to ensure that all DNA products generated for the library conform to the

specified fragment-length criteria.

5.2. Enzymatic fragmentation and DNA library preparation
DNA library preparation was conducted with Illumina DNA Prep, and unique dual indexing

was achieved with the IDT for the [llumina DNA UD Indexes Set A kit (Illumina Technologies).
These regents fragment and tag the amplicon sequences with Illumina adapters and index
sequences in a single reaction, ensuring uniformity and precision in the resulting library. This
enzymatically controlled reaction occurs through a series of sequential steps, with the key steps
being: 1) dsDNA denaturation, 2) enzymatic cleavage, 3) end repair, 4) adapter ligation, 5) size

selection, and 6) amplification [102].

The amplicon’s dsDNA undergoes an initial denaturation process, resulting in the creation of
single-stranded DNA molecules achieved by subjecting the DNA to elevated temperatures.
Subsequently, specific nucleases, recognising predetermined sites on the DNA, facilitate
cleavage of the single-stranded DNA. These enzymes precisely cut DNA at defined locations,
producing fragments of varying lengths. Following enzymatic cleavage, the DNA fragments
undergo end repair to mend any damaged or uneven DNA ends. After this repair, adapter

sequences are ligated to the cleaved DNA fragments. The adapters function as primers for
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subsequent polymerase chain reaction (PCR) amplification and serve as recognition molecules
for the sequencer's flow cell, initiating the sequencing reaction. To ensure the library consists
of fragments within a specific length range, the DNA fragments with ligated adapters undergo
size selection. This step is crucial to meet the sequencing system's requirements and plays an
important role to guarantee the uniformity and precision of the library. The size-selected
fragments are then subjected to amplification to generate multiple copies, ensuring an ample

supply of sequences for the subsequent sequencing process [102].

5.3. Sequencing by synthesis with the MiSeq V2 Illumina instrument
The generation of sequences using the MiSeq (300 cycles) V2 sequencing instrument follows

a systematic workflow. The underlying principle employed by this system is the sequencing by
synthesis approach which allows for the determination of the sequence of DNA fragments by
synthesizing complementary strands in a stepwise fashion and detecting each incorporated
nucleotide. The process of generating sequence reads occurs through a series of sequential steps
that includes: 1) library denaturation and immobilisation, 2) primer hybridisation, 3) bridge
amplification, 4) sequencing by synthesis, 5) detection and imaging, 6) deblocking and 300
cycle repetition and 7) sequence data generation [103], [104].

The first phase of the reaction is set by initially denaturing the DNA library into single-stranded
DNA fragments for immobilisation into the surface of the flow cell. The flow cell contains
short DNA sequences or primers that are complementary to the adapter sequences, get
hybridised to the single-stranded DNA sequences loaded on the flow cell. The flow cell then
undergoes a bridge amplification process where the single-stranded DNA fragments are
converted into double-stranded clusters with each cluster representing a localised and amplified
section of the barcode DNA fragment. The Illumina system then employs reversible terminator
nucleotides which are fluorescently labelled and contain a removable blocking group. With
each cycle, a single nucleotide is introduced to which its signal gets recorded when
incorporated into the growing DNA strand. At the end of each cycle the, the flow cell is imaged
to capture the fluorescence signal generated by the incorporated nucleotide. The identity of
each base incorporated is determined by the signal intensity at that position. Following
imaging, the removable blocking group is cleaved allowing for the next cycle to commence
and the process is repeated for a total of 300 cycles on the MiSeq V2 progressively building
DNA sequences. The fluorescent signals are then translated into base calls, generating a

sequence of nucleotides for each cluster. The raw data generated from the sequencing
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instrument is reported in binary base call format (BCL or .bcl file) which is then subjected to

bioinformatics analysis [104].

5.4. Methodology (I) — DNA library preparation and sequencing
The preparation of the library was completed using the Illumina DNA Prep (Illumina

Technologies) and indexed with the IDT for Illumina DNA UD Indexes Set A kit. The libraries
were equimolarly pooled with concentration of 4 nM for each library sample. Thereafter, the
fragment size distribution was evaluated using the D1000 High Sensitivity Screen Tape Assay
(Agilent Technologies), and concentration of the final pool determined using 1x Qubit dsDNA
High Sensitivity Assay (Thermo Fisher Scientific). The values determined were used to
calculate the final molarity concentration of the pooled library. Results were verified by qPCR
library quantification using the NEB Next Library Quant kit for Illumina (Illumina

Technologies) according to the manufacturer’s instructions.

The final pooled library was denatured using 0.2 N NaOH and further diluted to a final loading
concentration of 10pM. The denatured final library pool was spiked with 10% PhiX, which is
the recommendation made by Illumina. Sequencing was completed on the MiSeq sequencing
system using a MiSeq (300 Cycle) V2 reagent sequencing kit (Illumina Technologies) and the
sequence reads data generated stored in the base call per cycle binary file (BCL file).

5.5. Methodology (II) — Bioinformatics data analysis

5.5.1. Quality assessment of sequence reads
Raw sequence data was demultiplexed using bcl2fastq software separating ii into individual

samples’ sequence data according to their unique indices producing files in FASQ format. The
FASTAQ files contain the sequence information associated with the quality scores of sequences
reads. The raw sequence data was assessed for quality using the FastQC v0.12.1, and the reports
generated combined into one with the MultiQC v1.18 [105], [106]. The sequence data was pre-
processed to remove adapter sequences, merge forward and reverse sequence reads per sample,
filter out low-quality bases, and allow the sequence reads to be classified for taxonomic

assignment.

5.5.2. Adapter trimming and read pairing
Each of the DNA libraries generated two sequence reads from the sequencing of DNA

fragments from both ends. The raw data sequence file when looking at each sample was in the
format sample 001 R1 001.fastq and sample L001 R2 001.fastq, for R1 was the file that

contained forward reads and R2 reverse reads. Qiime2 version 2023.9 employing the

62



join paired ends.py script was used to join the sequence reads within each sample. After the

sequence reads were joined, quality control was performed through trimming and filtering.

Trimmomatic version 0.39 was used to remove adapter sequences. Since taxonomic barcodes
were integrated into adapter sequences at both ends, a script for paired-end reads was executed
with the following command line to trim the adapters:

java -jar trimmomatic-0.39.jar PE input_forward.fq.gz
input_reverse.fq.gz output_forward paired.fq.gz
output_forward_unpaired.fq.gz output_reverse_paired.fq.gz
output_reverse unpaired.fq.gz ILLUMINACLIP: TruSeq3-
PE.fa:2:30:10:2:True LEADING:3 TRAILING:3 MINLEN:36

Where input_forward.fg.gz and input reverse.fq.gz were the forward and reverse sequence

files for a specific sample.

The key steps covered by the instructions were the removal of adapters using the preloaded
adapter sequences within the package, removal of low-quality bases that are below threshold
quality from the start and end of the reads (leading and trailing), and the removal of the reads

that fall below 36 bp in length [107].

5.5.3. Sequence filtering
The reads were filtered to eliminate low quality bases contained within the sequences looking

at the Q20 quality score, that is, a probability of 1% incorrect bases call. Q20 filtering was
performed in Qiime?2 using usearch8.0 software for executing the filtering command line:

usearch8.0 -fastq _filter input.fastq -fastq_ maxee 1.0 -fastq_minlen
100 -fastqout output.q20.fq

Where the input file is the joined reads for a specific sample.

The command line carries key instructions for performing quality filtering on the fastq files,
ensuring that reads with more than 1 error are filtered, discarding sequences shorter than 100
bp in length [108]. Reads were counted directly from the fastq files to determine the sum, mean,
median and standard deviation. The product sequences pre-processed were used to classify and

assign pollen taxa.

5.5.4. Universal Taxonomic Assignment eXpert (UTAX) classifications
The UTAX algorithm assigned taxa based on sequence similarity, calculating a score that

reflects K-mer distances to both the top hit and the nearest neighbour at each phylogenetic level
using the 2014 UTAX trained Viridiplantae database and a raw score cut-off of 20 to determine

the confidence of the taxonomic assignment.
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The algorithm used the following usearch8.0 command line to execute the classifications:

usearch8.0 -utax filteredsamplefile. q20.fq -db
viridiplantae_all 2014.utax.udb \ utax_rawscore \ -tt
viridiplantae_all.utax.tax \ -utaxout filename.utax

Aggregate counts of all the reads per taxon were generated to determine the sum, mean, median
and standard deviation of the assigned taxa. The downside of UTAX based classifications is
that the algorithm provides raw scores rather than the bootstrap equivalent confident values
[78].

5.5.5. Ribosomal Database Project (RDP) classifications
The RDP classifier is a naive Bayesian classification algorithm that uses a comparison of K-

mer frequencies to an RDP trained reference database. The RDP algorithm applied a bootstrap
cut-off at 85% as classification threshold [82]. The classifications were executed using a perl
(version 5.36.3) script with the following command line:

perl /code/classify reads.pl --out results <path_to_reads>/*.fastq \
--utax-db utax_trained/viridiplantae all 2014.utax.udb \ --utax-
taxtree utax_trained/viridiplantae_all 2014.utax.tax \ --rdp --rdp-
jar <path_to RDPTools>/classifier.jar\ --rdp-train-propfile
rdp_trained/rRNAClassifier.properties

Where the ‘path_to reads’ is the location of the folder containing the fastq sample files for
classification. The RDP classifier classified sequences based on a 2019 trained Viridiplantae
ITS reference database, providing bootstrap confidence values greater than 0.8 for positive

taxonomic assignments and disqualified taxa assignment with a confidence score lower than

0.8 [82], [109].

5.5.6. Basic Local Alignment Search Tool (BLAST) classifications
Adopting the method of classification from the National Botanic Garden of Wales (NBGW)

plant Illumina Plant Pipeline, the sequences were classified using blast (Nucleotide-Nucleotide
BLAST version 2.12.0+) [110]. The classifications were executed using the following
command line:

blastn -query '/clustered.fasta' -db 'reference_database.fasta' -out
'blast-clustered.csv' - outfmt '10 std score qcovs stitle' -
max_target _seqs 20 -num_threads 16 >& /blast-log-clustered-rbcL-
multis.txt

To prevent spurious BLAST hits, ¥bcL and ITS2 blast formatted reference databases were used

[80]. This classification looks at the top 20 hits for each sequence query and runs the search
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with 16 threads for parallel processing providing the Expectation value (E-value), percentage

identity and bit score associated with each classification.

Although there are no standard thresholds for BLAST classification values, the common
specifications associated with positive classifications is the combination of E-value less than

0.00001, percentage identity greater than 90% and query coverage greater than 80% [110].

5.6. Verification of identified taxa
To verify the accuracy of the results, a comparison was drawn by comparing the species

identified with UTAX, RDP, and BLAST, looking at the positive identifications as specified by
the threshold confidence of identifications set for each algorithm. Local botanical data was
retrieved from the South African National Biodiversity Institute (SANBI) to compare the

species classified with the local Poaceae species in South Africa [111].

5.7. DNA libraries assessment results
This section details the quality evaluations conducted on the samples post PCR 1 and

purification, preceding the DNA library preparation and pooling steps in PCR 2.

The success of library preparation and indexing reactions was confirmed through the
assessment of individual library sizes using the Agilent D1000 HS Tape Station Assay. The
average fragment size of rbcL amplicon samples ranged from 452 bp to 498 bp, while that of
ITS2 amplicon samples varied from 212 bp to 421 bp. The sizes of rbcL and ITS2 libraries

visualised are shown in Figure 5.1 and Figure 5.2 respectively.

rbeL amplicons
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Figure 5.1. DNA libraries of #bcL amplicons sizes visualised on D1000 Screen Tape. The green line indicates

the lowest molecular weight of the ladder while the pink is the maximum size.

65



ITS2 amplicons
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Figure 5.2. ITS2 DNA libraries prepared for sequencing visualised on D1000 Screen Tape.

The average fragment length calculated based on the calibrated concentrations of the DNA
ladder (the lower marker base pairs (green line) and upper marker base pairs (pink line)) are

listed in Table 5.1.

Table 5.1. DNA libraries of rbcL and ITS2 concentrations and average amplicon sizes.

Sample ID Amplicon Library concentration (ng/pl) é;irage fragment size
K164 rbcL 9,88 460
K165 rbcL 7,77 498
K166 rbcL 6,28 467
K172 rbcL 5,82 457
C169 rbcL 3,57 456
C176 rbcL 7,7 452
C177 rbcL 7,75 466
C184 rbcL 10,4 453
D165 rbeL 11,3 463
D166 rbcL 7,94 475
B186 ITS2 16,8 257
B189 ITS2 5,56 421
B190 ITS2 11,9 249
C176 ITS2 26,2 334
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C177 ITS2 29 334
C184 ITS2 30,6 331
D166 ITS2 31 330
J179 ITS2 7,49 216
J181 ITS2 9,93 227
J190 ITS2 4 437
K165 ITS2 12,6 346
K166 ITS2 12,5 351
K172 ITS2 14,3 343
P191 ITS2 3,09 213
P192 ITS2 6,02 212

The DNA libraries from 25 samples revealed the highest concentration of ¥bcL amplicons (11.3
ng/pl) in sample D165 from Durban, while the highest concentration of ITS2 amplicons (30.6
ng/ul) was found in sample C184 from Cape Town. The rbcL amplicons were shorter than the
expected size range of 702 - 883 bp, whereas the ITS2 amplicons fell within the anticipated
size of 311 bp £ 109 bp.

5.8. DNA sequencing results
The bioinformatic analysis of the sequence data was conducted using methods adapted from

two pipelines. UTAX and RDP classifications followed the pipeline by Sickel ef al. 2015, while
BLAST classifications were based on the NBGW pipeline [78], [112].

5.8.1. Sequence read quality assessments
Quality control of raw sequence reads was based on quality reports obtained from the

assessments using FastQC and the summary of the results of all samples generated with
MultiQC. The summary highlights the key important findings such as the reported total
sequences in each sample, their average length and percentage of duplicated reads as shown in

Figure 5.3.

Upon quality assessments of the read lengths, it became evident that a miscommunication with
the sequencing provider had occurred. Although only amplicons exceeding 600 bp were
supposed to be fragmented, all samples were subjected to fragmentation, despite being below
the required read length. Consequently, the resulting reads were shorter, with the longest
average read length being only 147 bp. In 12/25 sample read pairs, the average read length was
147 bp, while 7/25 had an average read length of 118 bp. Six samples (B189, B190, J179, J181,
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P191 and P192) had average read lengths below 100 bp as shown in Figure 5.3. This affected
subsequent analyses, as reads shorter than 100 bp did not meet the filtering criteria, leaving

very few usable sequences from samples with a low average read length.

The quality check detailed in Figure 5.4 shows that the quality per base was consistently good
in most sequences, even with ambiguous bases (Per Base N content). However, the GC Content
per sequence in several samples suggested issues with base composition and GC balance.
Additionally, sequence duplication and overrepresentation were the most concerning,
suggesting anomalies in specific samples. The overall metrics met quality thresholds while
several samples such as J179, P191 and P192 showed deviations, necessitating sequence

filtering.
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Figure 5.3. Quality assessment report showing the total sequences (millions), the average read length and duplication percentages of the reads for complimentary reads (R1

and R2) of the samples.
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Figure 5.4. Status for each FastQC section showing whether results seem entirely normal (green), slightly abnormal (orange) or very unusual (red) in each of the samples.
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5.8.2. Sequence reads filtering
Looking at the Phred scores of the sample sequences and their average read positions, a

noticeable decline in sequencing quality was observed, particularly beyond 100 bp, as shown
in Figure 5.5. Initially, the sequences maintained high-quality scores (above 30, green zone),
but as sequencing progressed, a number of reads fell below the quality threshold of 20. This
decline indicated an increase in sequencing errors over time. Therefore, applying quality
control measures, such as filtering, was crucial to ensure reliable downstream analysis by
retaining only high-quality reads. Post quality control, the sequencing reads demonstrated
significant improvement, as low-quality bases were removed, minimising erroneous base calls

and enhancing the overall sequence quality for most samples.

Quality of the reads after sequencing Quality of the reads after QC

Figure 5.5. Comparison of the average quality of sequence reads per sample (represented by lines) before and
after quality control implementation. The graph shows the decline in sequencing quality across sequence length

and the improvement in quality after filtering low-quality bases.

Upon assessing the filtering efficiency as visualised in the PCA plot shown in Figure 5.6, which
highlighted the distribution of samples based on read quality before and after, it was clear that
out of the 25 samples, 15 showed a good retention rate, maintaining a substantial proportion of
high-quality reads. However, 8 samples experienced significant read loss, with most of their
sequences being filtered out. This reduction in retained reads was consistent with the quality
report, where these samples showed numerous sequences flagged with warnings post-
sequencing. Out of the six sites that were investigated, only Potchefstroom samples did not
contain sequences that could be used in classification for species assignment. The ITS2 two
samples from Potchefstroom were eliminated from further analysis post quality assessment and
filtering. Following this, the sequence reads size variation between rbcL and ITS2 was assessed

to understand the distribution of sequence reads generated [113].
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Figure 5.6. Principal Component Analysis (PCA) plot for the read survival rate and filtering efficiency across multiple samples. PC1 and PC2 capture the variation in read
retention and filtering efficiency. Data points are color-coded according to the Read Retention Rate, representing the proportion of reads that passed the filtering threshold. The

position of each sample on the plot reflects the balance between input reads, dropped reads, and surviving read. Created with RStudio [88].
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5.8.3. Merge output - Amplicon size distribution
Amplicon size distribution curves were used to compare the distribution and abundance of

filtered ITS2 and rbcL amplicons using the amplicon size distribution plot (Figure 5.7).
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Figure 5.7. Amplicon size distribution curve showing the variability in sequences of rbcL and ITS2. The density

indicates the relative frequency corresponding to the amplicon size. Created with RStudio [88].

The rbcL amplicons showed lower abundance and a broader size distribution across the entire
sequences read length, indicating greater sequence diversity. ITS2 amplicons were
significantly more abundant, with peaks up to four times higher than the highest rbcL. The
ITS2 amplicons showed a concentrated distribution of sharp peaks suggesting more uniform
amplification and reflecting the conserved nature of the ITS2 region in certain taxa. The
concentration of amplicon sizes around specific regions supports the hypothesis that the ITS2

barcode exhibits distinct patterns of conservation and variation among taxa [101], [114].
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5.8.4. UTAX Classifications — Poaceae species
Rarefaction curves were used to assess the biodiversity in each sample from taxa obtained with

UTAX classifications of ITS2 and rbcL sequences. The curves represent the sequencing depth

for each sample sequences excluding taxa assigned with 0.1% reads.
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Figure 5.8. Rarefaction curves showing taxa accumulation in each sample from the ITS2 and rbcL sequence

classifications with UTAX. The plots were generated on RStudio using vegan library package 2.6-6.1.
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The operational taxonomic units (OTUs) from UTAX classifications were filtered for
taxonomy of Poaceae, using a minimum cutoff of 50 sequences for taxa assignment. Six genera
of interest were identified from ITS2 classifications: Cynodon, Eragrostis, Lolium, Paspalum,
Poa, and Stenotaphrum. A total of 90 unique Poaceae species assigned with ITS2, 143 with

rbeL sequences.
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Figure 5.9. Stacked bar plot showing the relative abundance of Poaceae genera identified in each sample identified
in the UTAX classification of ITS2 (above) and rbcL (below) sequences. Genera of interest are marked by the
surrounding square box. Created with RStudio [88]. Created with R studio [88].
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5.8.5.

RDP classifications — Poaceae species

The biodiversity of the taxa obtained from the classification of sequences with RDP was also

assessed with the construction of rarefactions curves of the RDP classified OUTs of ITS2 and

rbeL.
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Figure 5.10. Taxa accumulated in each sample from the classification of ITS2 and rbcL sequences with RDP.

Created with RStudio [88].

The RDP classifications of ITS2 and rbcL sequences showed the lowest number of unique taxa

identified. For ITS2 sequences, the taxa accumulation plateaued at fewer than 80 unique taxa,
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while for rbcL sequences, it plateaued below 60 as shown in Figure 5.10. When comparing to
UTAX, the number of taxa identified with RDP was significantly lower. In ITS2 sequence
classifications, Cynodon, Eragrostis, Lolium, Paspalum and Poa were identified and the same
observed in rbcL sequences except for Eragrostis as illustrated in Figure 5.11 for genera

identified in each sample. For ITS2, 37 unique Poaceae species were identified and only 11

Ed &

from rbcL sequences.
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Figure 5.11. Stacked bar plot showing the relative abundance of Poaceae genera identified in each sample for

both ITS2 and rbcL sequences classified using the RDP. Genera of interest are marked by the surrounding

square box Created with R studio [88].
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5.8.6. BLAST classifications — Poaceae species
The classification of sequences using BLAST followed the method described by Jones et al.

(2021), although there were no specific guidelines for the expected output of the classification
structure [112] . From the BLAST results, we extracted the aggregate counts of sequences used
for taxa assignment, excluding taxa with fewer than 50 counts, and filtered for Poaceae. The
genera identified in each sample are shown in Figure 5.12. Among the assigned taxa, Cynodon,
Eragrostis, Lolium and Paspalum were identified from the ITS2 sequences. Additional to these
Hyparrhenia, Pennisetum and Stenotaphrum were identified with rbcL sequences. A total of

134 unique species were identified from ITS2 sequences, and 173 with rbcL sequences.
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Figure 5.12. Stacked bar plot showing the relative abundance of Poaceae genera identified in each sample for
ITS2 (top) and rbcL (bottom) marker, classified using the BLAST. Genera of interest are marked by the
surrounding square box. Created with RStudio [88].
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5.8.7. Ambrosia species classifications
When classifying the sequences of rbcL and ITS2 for the identification of Ambrosia species, it

was only the rbcL sequences that returned positive identification across the three classification
tools. Several species were identified with Ambrosia artemisiifolia identified with UTAX and
BLAST classifications, and Ambrosia trifida consistently identified across the three

classification tools as shown in Figure 5.13.
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Figure 5.13. Stacked bar plots showing the relative abundance of the Ambrosia species identified in each of the

rbcL samples from positive classifications with UTAX, RDP and BLAST. Created with RStudio [88].

Ambrosia species of interest, A. artemisifolia and A. trifida were identified from samples from
Cape Town (C176, C184,) and Durban (D165, D166). Broader diversity was observed with
UTAX classification with distinct relativity between A. artemisifolia and A. trifida. The RDP
tool encountered some challenges when classifying some sequences, grouping them as
unclassified ‘NA’. This was a clear indication that it lacked sufficient resolution to assign some
sequences confidently. The broader diversity of the Ambrosia species identified with BLAST
reflected on the higher resolution of the tool which is likely due to its dependence on extensive
reference databases. However, the increased diversity in the classifications with BLAST
impacts direct comparisons across samples and therefore raises the possibility of over-

classification.

The only sample that consistently showed positive identifications of the Ambrosia species of
interest was from Durban, which corresponds with the findings of microscopically analysed

pollen from the Durban monitoring site [115].
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5.8.8. Summary of classification results

The names of the unique Poaceae species identified by each classification tool were extracted

and matched to find the commonly identified species for rbcL and ITS2 classifications.

ITS2 rbeLL
RDP RDP
116 148
BLAST BLAST
Classification/barcode | ITS2 rbecL
UTAX + RDP + Melinis  repens, Triticum aestivum, | Paspalum dilatatum, Cynodon dactylon, Lolium
BLAST Eragrostis curvula, Lolium multiflorum, | perenne
Secale cereale, Triticum turgidum
UTAX + RDP Pleioblastus chino, Lolium canariense, Themeda triandra, Poa annua, Ehrharta
Setaria incrassate, Pseudostachyum calycina, Setaria viridis
polymorphum, Urochloa subulifolia,
Eragrostis gummiflua, Panicum
stapfianum, Themeda triandra, Chloris
pectinate, Digitaria velutina, Eragrostis
lehmanniana, Eragrostis superba,
Fingerhuthia africana, Holcus lanatus
Moorochloa  eruciformis,  Panicum
schinzii, Panicum sumatrense, Paspalum
vaginatum, Schmidtia kalahariensis,
Schmidtia pappophoroides, Sporobolus
africanus, Sporobolus ioclados, Triticum
petropavlovskyi, Urochloa oligotricha
UTAX + BLAST Elymus stipifolius, Paspalum dilatatum, | Paspalum thunbergia, Phleum pratense,
Cenchrus americanus, Lolium rigidum, Thysanolaena latifolia, Cenchrus compressus,
Lolium perenne, Pseudoroegneria Eragrostis tenuifolia, Echinochloa crus-galli,
strigose, Eragrostis pectinacean, Lolium multiflorum, Hordeum brevisubulatum,
Cenchrus purpureus, Cynodon Tripsacum dactyloides, Cenchrus clandestinus,
incompletes, Eragrostis minor, Eragrostis ferruginea, Stenotaphrum
Eragrostis pilosa secundatum, Zea mays, Cenchrus longisetus,
Eragrostis cilianensis, Dimeria
manongarivensis, Lolium temulentum,
Paspalum conjugatum, Eragrostis japonica,
Centotheca lappacea, Eragrostis pilosa
RDP + BLAST Cynodon dactylon Imperata cylindrica

Figure 5.14. Comparison of the unique Poaceae species classified using UTAX, RDP, and BLAST to identify the

taxa commonly identified by the tools in the classification of ITS2 and rbcL sequences. The Venn diagram shows

the overlapping species identified across the tools, while the table lists the species that were commonly identified

by two or more classification methods for both ITS2 and rbcL sequences. Venn diagram created with Venny

version 1.0 [116].
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Cynodon dactylon and Lolium perenne were commonly identified across all three classification
tools using rbcL, while Phleum pratense and Stenotaphrum secundatum were identified with
both UTAX and BLAST. Additionally, Cynodon dactylon was identified using UTAX and RDP.
For ITS2 sequences, Lolium perenne was identified with both UTAX and BLAST, while
Cynodon dactylon was identified using RDP and BLAST. It is important to note that there were
more common species identified with UTAX and BLAST from rbcL sequences, whereas there
were more commonalities observed between UTAX and RDP from ITS2 sequences, as shown

in Figure 5.13.

Based on the SANBI data for Poaceae species in South Africa, the ratio of species confirmed
in South Africa to the species identified with metabarcoding ratios were as follows: For rbcL
sequences UTAX identified 52/143 species, RDP identified 11/11, and BLAST identified
61/173. For ITS2 sequences, UTAX identified 38/90 species, RDP identified 27/37, and
BLAST identified 45/134. RDP was more precise in its identifications despite having fewer
overall identifications, it was better at identifying South African species. UTAX, meanwhile,
identified more species as compared with RDP but with less regional relevance. BLAST
identified the most species overall, but many were likely not relevant to South Africa,
indicating the most recently developed ITS2 and rbcL reference database used were broad but

less targeted at our local species.

5.8.9. Validation of the accuracy of the matched and identified species
The performance of these taxonomic classification tools was evaluated across two barcode

sequences of rbcL and I'TS2. Each tool applied different criteria for positive identification, with
UTAX using a raw score threshold of 80, RDP requiring a confidence score of 0.8 or higher,
and BLAST relying on an E-value of <1.00e-5 and the value for each taxa assignment per

sample recorded in Table 5.2.

Table 5.2. Classification tools performance scores as a measure of positive assignment used to
assign taxa to targeted species at each monitoring site for the rbcL and ITS2 sequences

analysed.
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UTAX RDP BLAST
Classification tool | Raw score > 80 S:;Elfgcg E-value <1.00e-5
Threshold for positive matches -
Monitoring Period
Targeted species Site Collected | SampleID | rbcL ITS2 rbcL | 1TS2 | rbcl ITS2
06-Nov-
Cape Town 22 C169 S14 | 50.0 1.0
25-Dec-
Cape Town 22 C176 S17 | 504 1.0
25-Dec-
Cape Town 22 C176 S18 56.2 1.0 5.64e-56
01-Jan-
Cape Town 23 C177 S20 1.0
01-Jan-
Cape Town 23 C177 S21 58.3 1.0 6.03e-56
19-Feb-
Cape Town 23 C184 S24 57.4 1.0 4.02e-53
02-Oct-
Kimberley 22 K164 S1 50.0 1.0
09-Oct-
Kimberley 22 K165 S5 50.0 1.0
09-Oct-
Kimberley 22 K165 S16 60.3 1.0
Cynodon dactylon 16-0ck.
Kimberley 22 K166 S8 50.8 1.0
16-Oct-
Kimberley 22 K166 S19 63.6 1.0
27-Nov-
Kimberley 22 K172 S11 | 50.0 1.0
27-Nov-
Kimberley 22 K172 S22 61.0 1.0
26-Mar-
Bloemfontein | 23 B189 S12 53.2 6.13e-56
09-Oct-
Durban 22 D165 S2 50.0 1.0 2.65e-105
16-Oct-
Durban 22 D166 S3 58.0 2.78e-105
16-Oct-
Durban 22 D166 S6 50.0 1.0
02-Apr-
Johannesburg | 23 J190 S13 56.1 5.26e-68
Eragrostis curvula 01-Jan-
Cape Town 23 C177 S21 54.7 1.0
09-Oct-
Kimberley 22 K165 S16 62.0
16-Oct-
Kimberley 22 K166 S19 1.0 3.18e-86
27-Nov-
Kimberley 22 K172 S22 61.4 1.0 4.12 e-104
26-Mar-
Bloemfontein | 23 B189 S12 50.0 1.0 3.12e-62
16-Oct-
Durban 22 D166 S3 50.0 1.0
02-Apr-
Johannesburg | 23 J190 S13 54.1 1.0 1.69 e-78
06-Nov-
Cape Town 22 C169S14 | 49.2 1.0 8.16e-12
25-Dec-
Cape Town 22 C176 S17 1.0
25-Dec-
Cape Town 22 C176 S18 51.9 4.35e-109
01-Jan-
Cape Town 23 C177 S20 1.0
01-Jan-
Cape Town 23 C177 S21 52.7 1.77e-128
Lolium perenne 19-Feb-
Cape Town 23 C184 S23 1.0
16-Oct-
Kimberley 22 K166 S8 1.0
16-Oct-
Kimberley 22 K166 S19 51.3
27-Nov-
Kimberley 22 K172 S11 1.0
09-Oct-
Durban 22 D165 S2 1.0 4.77e-128
16-Oct-
Durban 22 D166 S6 1.0
Poa annua 06-Nov-
Cape Town 22 C169 S14 | 57.1 0.99
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09-Oct-
Kimberley 22 K165 S16 48.2
16-Oct-
Kimberley 22 K166 S8 1.0
16-Oct-
Kimberley 22 K166 S19 50.3 1.0
25-Dec-
Cape Town 22 C176 S17 | 44.2
09-Oct-
Stenotaphrum secundatum | 1y, 0 22 DI65S2 | 445 2.16e-126
16-Oct-
Durban 22 D166 S6 44.7
Paspalum notatum 02-Apr-
Johannesburg | 23 J190 S13 50.0 4.93e-101
25-Dec-
Phragmites australis Cape Town 22 C176 S18 62.0 5.05e-58
19-Feb-
Cape Town 23 C184 S23 50.0 6.43e-113
Phleum pratense 06-Nov-
Cape Town 22 C169S14 | 50.0 4.75e-71
09-Oct-
Lo Durban 22 D165 S2 453
Hyparrhenia hirta 16-00L
Durban 22 D166 S6 49.0 2.72e-105
09-Oct- 52.1 0.99 1.08e-134
Ambrosia artemisiifolia Durban 22 D165 52
’ 16-Oct-
Durban 22 D166 S6 52.0 1.0
25-Dec-
Cape Town 22 C176 S17 | 58.2
19-Feb-
Cape Town 23 C184 S23 | 42.0
09-Oct-
44.5 0.97 1.08e-134
Ambrosia trifida Durban 22 D165 S2
: 16-Oct-
Durban 22 D166 S6 44.6 0.98
25-Dec-
Cape Town 22 C176 S17 | 55.0 1.0
19-Feb-
Cape Town 23 C184 823 | 42.1

For Cynodon dactylon (Bermuda grass), the rbcL barcode yielded consistent UTAX
identifications across 15 samples which included samples from Cape Town collected between
October 2022 (C169) and February 2023 (C184), Kimberley between September 2022 (K164)
and November 2022 (K172), Durban in October 2022 (D165/D166), Bloemfontein (B189) and
Johannesburg (J190) in March and April 2023 respectively. However, none of the raw scores
met the required threshold of 80, suggesting limited accuracy for this tool. RDP produced more
reliable results, with I'TS2 sequences consistently identifying Bermuda grass with a confidence
score of 1.0 across all samples, and BLAST further confirmed these matches with extremely
low E-values (e.g., 5.64x107%). This indicated that ITS2 sequences were more effective for the
identification of Bermuda grass than rbcL when classifying the sequences using BLAST and

RDP.
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UTAX also failed to reach the threshold for positive identification of Lolium perenne (ryegrass)
when classifying rbcL sequences. However, with ITS2, RDP successfully identified the species
in several samples with a perfect confidence score of 1.0, while BLAST produced very low E-
values that further validated the identifications. Therefore, ryegrass was reliably identified with
ITS2 sequences using both RDP and BLAST. The identification of Poa annua followed a
similar trend, however, ITS2 proved more effective, as RDP identified the species with high
confidence in multiple samples, while BLAST did not return significant results. This highlights
the effectivity of RDP for classifying ITS2-based sequences for the identification of Poa annua.

With Stenotaphrum secundatum (buffalo grass), neither UTAX nor RDP produced positive
identifications, but BLAST returned significant results for ITS2 sequences, with E-values as
low as 2.16x107'%°, suggesting that BLAST was the most sensitive tool for detecting buffalo
grass in ITS2 sequences, even when other tools fail to provide matches. The identification of
Phleum pratense was similarly successful with BLAST, which produced highly significant
matches using rbcL (e.g., C169 S14: 4.75x107"). However, neither UTAX nor RDP yielded
positive identifications for this species, indicating that BLAST may be better suited for
identifying Phleum pratense in these samples. Hyparrhenia hirta identifications also followed
this pattern, with UTAX returning low scores that did not meet the threshold for positive
identification, while BLAST successfully identified the species with significant E-values
(D166 S6: 2.72x10719), This further showed BLAST’s sensitivity in detecting species that
other tools may miss. Ambrosia artemisiifolia and Ambrosia trifida species were classified with
UTAX from sequences of rbcL but identified with raw scores that were below threshold of
positive identification. However, they were successfully identified using RDP from ITS2
sequences with confidence scores above 0.95, while BLAST returned extremely low E-values,

confirming they were positive identifications from rbcL sequences.

5.8.10. Statistical evaluation of sequence reads processing
A total of 13 389 871 sequences were generated by the sequencer, with 33% belonging to the

rbecl samples, 53% to ITS2, and the remainder from the ‘undetermined’ sample which

consisted of both rbeL or ITS2 reads.

The total number of sequences reads, their statistical measures (sum, mean, standard deviation
(SD), and median), and their distribution across different barcodes (rbcL and ITS2) and
undetermined sequences were calculated and detailed in Table 5.3. The data divided into raw
sequences (generated by the sequencer), filtering output (sequences that remained after

filtering) and classified sequences statistical metrics 1s summarised in Table 5.3.
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Table 5.3. Summary of the total sequence reads number across the major stages of analysis.

Sequence reads Sum Mean SD Median
Raw
All sequences 13389871 514995 285377 448022
rbeL 4467934 (33%) 446793 76582 438346
ITS2 7074562 (53%) 471637 97566 451520
undetermined 1847375 (14%)
Filtering output
All sequences 2592290 99704 54563 110146
rbeL 1378131 (53%) 137813 23549 141439
ITS2 1068609 (41%) 71241 53891 70936
undetermined 145550 (6%)
Classified
UTAX classified
UTAX —rbcL | 2253073 90123 47998 97923
UTAX - ITS2 | 2517597 96831 54269 105291
RDP classified
RDP — rbcL 2411618 96465 53530 106596
RDP - ITS2 2558635 98409 54379 107528

Atotal of 2 517 597 ITS2 sequences classified with UTAX yielded 90 unique Poaceae species,
while 2 253 073 rbcL sequences classified yielded 143 Poaceae species, along with 3 Ambrosia
species. Despite a higher number of ITS2 sequences compared to rbcL sequences, the rbclL
marker identified more Poaceae species and were the only sequences that identified Ambrosia,
suggesting that rbcL sequences may provide more taxonomic resolution or broader species
coverage in this context. RDP classifications identified fewer Poaceae species overall, however
Ambrosia species could be identified from rbcL sequences. From 2 558 635 ITS2 sequences
classified, only 37 Poaceae species were identified along and from 2 411 618 rbcL sequences
classified only 11 Poaceae species with 1 Ambrosia species were classified. The lower species
count in RDP may be attributed to the tool's design, as it was primarily developed for
classifying rRNA sequences, which includes ITS2 [78]. This focus on rRNA sequences may
introduce a bias, limiting its ability to classify non-rRNA sequences such as those from rbcL.
From BLAST classifications, more Poaceae species including species of Ambrosia were
identified from rbcL sequences compared to ITS2 sequences, supporting the earlier

observations that rbcL sequences provide broader taxonomy in comparison to ITS2.
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5.9. Discussion
Metabarcoding for species identification relies on the quality of sequencing or sequenced

products which are determined by the preparation measures. Although the fragmentation of the
sequence amplicons did not completely hinder the identification of species from ITS2
sequences it was clear that it limited its capabilities in detecting more diversity from the

samples.

When comparing the species identified with the three classifications tools, rbcL sequences
consistently yielded a higher diversity and consistently identified species of interest across the
three classification tools. All the samples of Cape Town (7), Kimberley (7) and Durban (3) had
Poaceae species identified. However, from the Bloemfontein (3) and Johannesburg (3) samples
that were analysed, only one sample from each had Poaceae species identified from ITS2
sequences. Despite rbcL barcode’s broader species detection, the ITS2 barcode consistently
outperformed rbcL in identifying the species of interest such as species of Cynodon, Lolium,
Poa and Ambrosia. This was a clear indication of the complementary role between the two
barcodes, with rbcL offering broader species coverage and ITS2 excelling in finer taxonomic

distinctions for certain genera.

The classification approach was a comparative analysis looking at three taxonomic
classification tools: UTAX, RDP, and BLAST. Each tool relied on barcode reference databases
built from NCBI-deposited Viridiplantae sequences. The UTAX and RDP reference databases
were curated in 2016 for rbcL sequences and 2020 for ITS2 sequences [78], [79], [82], whereas
the reference databases used in BLAST classifications were developed more recently, in 2021
[80]. RDP and BLAST were the most reliable of the classification tools explored in this study,
with RDP providing confident identifications and BLAST correlating with the very low E-
values. BLAST consistently outperformed both UTAX and RDP in species identification,
particularly for rbcL sequences. This stresses out the need for more comprehensive and up-to-
date reference databases, like the rbcL and ITS2 reference databases developed by Dubois et
al 2022 [80] that were used in BLAST classifications in every metabarcoding analysis as it
yielded a significantly broader biodiversity, whether this is from the power of the BLAST
classification tool, it remains unclear. Additionally, because BLAST identified the most number
of species but most not present in South Africa, it suggests that BLAST assignment in this
database lacks specificity. Another contributing factor the inability to map the species detected

with BLAST in South African biodiversity is the incomplete records of the SANBI.
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The metabarcoding identification success was relatively high in identifying grasses, including
Cynodon dactylon (Bermuda grass), Eragrostis curvula (weeping love grass), Lolium perenne
(perennial ryegrass), Poa annua (annual bluegrass), Stenotaphrum secundatum (buffalo grass),
and Paspalum notatum (Bahia grass), with multiple species detected across different regions at
their flowering period. Cynodon dactylon was successfully identified in all five monitoring
sites (Cape Town, Kimberley, Bloemfontein, Johannesburg, Durban), showcasing its wide
distribution and the reliability of the metabarcoding approach for its detection. Eragrostis
curvula was detected in Kimberley, Bloemfontein, Durban, and Johannesburg, further
indicating the metabarcoding’s efficiency and ability to identify widely spread species across
diverse geographic areas. Lolium perenne was found in Cape Town, Kimberley, and Durban,
regions where its presence has been confirmed. Poa annua was identified in Cape Town and
Kimberley, reflecting its presence in these specific locations. Stenotaphrum secundatum was
detected in Cape Town and Durban, highlighting its distribution in these regions. Paspalum
notatum was identified exclusively in Johannesburg, demonstrating the ability of the

metabarcoding method to pinpoint species at specific sites.

Additionally, the metabarcoding method proved particularly effective in identifying allergenic
species, such as Ambrosia artemisiifolia (common ragweed) and Ambrosia trifida (giant
ragweed), which are known contributors to seasonal pollen allergies. Both species were
successfully detected in Durban, a region where its pollen has been suggested to be found since

the established of SAPNET.

However, there were challenges with identifying certain species which are important
contributors to grass pollen allergies. Species such as Avena fatua, Briza maxima, Briza minor,
Lagurus ovatus, Pennisetum clandestinum, and Sorghum halepense were not identified. This
could be attributed to limitations in current reference databases or the quality of DNA recovered

from environmental samples.
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Chapter 6

Conclusion, limitations and future work

6.1. Conclusion
With this pilot study, we were able to establish a method of extracting DNA of sufficient

quantity and quality which consequently allowed for the amplification of barcode markers that
were used to successfully identify the species of grasses and ragweed in South Africa using
Next-generation sequencing. Site-specific pollen identification success varied across the five
selected sites of pollen monitoring (Bloemfontein, Cape Town, Durban, Johannesburg and
Kimberley) with Cape Town and Durban showing particularly high identification rates of many
of the target species. While a higher DNA quantity and quality are generally expected to
improve the number of taxa identified, our findings suggest that there is no correlation between
a yield and purity of samples with the taxa identified since Durban did not have samples of
greater yield or higher purity. Cape Town identified five of the targeted species, while Durban
showed broad species diversity, with several grass species as well as both Ambrosia species

detected.

Kimberley and Johannesburg also showed solid identification success, with Kimberley
detecting four species, including Poa annua and Eragrostis curvula, and Johannesburg
identifying Cynodon dactylon and Paspalum notatum. Bloemfontein presented a more limited
outcome, with only Eragrostis curvula identified. While we saw it was necessary to optimise
the DNA extraction method for a greater yield, our results indicate that aiming for a greater
quantity exceeding the required concentration for PCR does not necessarily improve species
detection. However, maintaining a higher initial DNA allows for aliquoting to ensure for
consistency across reactions and helps to prevent sample loss. Preserving aliquots should be
standard practise to avoid irreversible sample loss especially since pollen availability varies by
season at each monitoring site. This approach could aid in improving the reliability and
reproducibility of the sequencing results, ensuring that samples can be reanalysed should the

need arise.
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In addition to allergenic grass species, the study also successfully identified Ambrosia
artemisiifolia (common ragweed) and Ambrosia trifida (giant ragweed), both of which are
significant contributors to pollen allergies in many regions. The reliable detection of these
species across different samples further highlights the potential of metabarcoding in pollen
monitoring as it relates with pollen allergies, where identifying airborne allergens in each area

is important for both public health awareness and medical interventions.

However, Phleum pratense and Ambrosia psilostachya a species not known to occur in our
southern regions were positively identified from ITS2 and rbcL sequence classifications using
BLAST. This raised concerns about potential sequence mismatches leading to incorrect taxa
assignments, or the possibility of false identification from the ITS2 reference databases that
were used. But if that were the case, how could we be certain that the positively targeted

identified species were correct matches or accurately assigned taxa.

Although the study was a success, we also encountered challenges such as unidentified species
and site-specific variation, which showed areas that both methodology and reference databases
bioinformatical analysis could be improved. Our results confirm the value of metabarcoding as
a tool for environmental monitoring, species identification, and allergy research, with

promising applications for future studies in diverse regions and biomes.

6.2. Limitations
The study only covered six regions and a relatively small number of samples (n = 25).

Potchefstroom was excluded from analysis due to quality filtering, further reducing the sample
diversity. This limited geographic and sample coverage may affect the generalisability of the
results to other regions. The samples were collected during specific periods within the Poaceae
pollen season and not may not reflect the full range of species that could be identified
throughout the year, potentially limiting the understanding of seasonal variation in airborne

pollen diversity.

The wrong method used for the preparation of the DNA library for sequencing led to
fragmentation of the amplicons, the reassembling of the reads may have influenced the results
obtained. Although not yet confirmed, there is high likelihood that chimeras of the amplicons

could have been created largely reducing the confidences of correct taxonomic assignment.
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6.3. Future work
To address the limitations identified and improve the reliability of species identification in

future studies, several points of action can be applied for the improvement of metabarcoding

pollen analysis, and these include the following:

Prioritising improved communication with sequencing providers to ensure proper handling
of samples, specifically in avoiding fragmentation and producing longer reads. This would
help minimise the loss of sequences due to ‘shorter-than-expected’ reads and enable deeper
and more accurate analysis.

Using up to date reference databases for UTAX and RDP taxonomic classifications.
Updating these databases for rbcL and ITS2 barcodes, will be essential for better
classification accuracy. Collaboration with global initiatives to incorporate newly
discovered species and frequent updates to reference databases will help ensure that tools
like RDP and UTAX remain relevant and reliable for species classification and applicability
in South Africa.

Expanding the geographic and seasonal scope of sampling would provide a broader
understanding of Poaceae pollen diversity in South Africa. In the future we should also
consider sampling throughout different seasons to improve on the generalisation of the

findings and capture seasonal variations of the species.

Future work should consider larger sampling for broader coverage to improve statistical
power and reliability of results for a more accurate assessment of biodiversity in different

SAPNET biomes and improve the detection of rare or region-specific species.
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