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Abstract
Begonia is one of the most species-rich angiosperm genera, studied for its rapid
species radiation in tropical regions, and high morphological diversity. Typical
populations are isolated and many display characteristics of narrow endemism.
Endemic populations are prone to inbreeding and vulnerable to anthropogenic
disturbance, while being isolated and difficult to access for population size
estimation. For these rare species, herbarium specimens are the most accessible
material available, even though the number of specimens collected for a single
population is few.

We have developed a pipeline to use genomic data recovered from a single
herbarium specimen to estimate the degree of inbreeding and the demographic
history of the population. This pipeline has been designed to process low-coverage
ancient DNA datasets from non-model organisms and assess the inbreeding
coefficient using several genomic homozygosity estimators.

The pipeline integrate several tools to manage ancient DNA (aDNA) damage
patterns, duplicated genes, problematic baits, and to determine homozygosity
patterns in fresh and historical specimens.

The pipeline includes mapDamage, a tool to quantify nucleotides substitution
A to G or C to T in the set of data, and recalibrate the quality score of the
alignment files, minimizing the bias due to aDNA patterns of damages.

Target capture baits matching multiple regions of the genome have been
identified, characterised, and removed from the analysis as well to prevent
subsequent incorrect variant call.

Many paralogous genes are found in Begonia genomes due to an early whole
genome duplication event in the history of the genus. As this can introduce a bias
in the variant calling step of the pipeline, we have implemented a step to detect
baits capturing sequences from paralogous genes in our analysis. Three methods
have been considered for this: deviation of the genotype frequencies expected
in a mapping population, detection of a unexpected level of heterozygosity
(HDplot tool), or segregating multiple contigs aligning to the same bait (pipeline
HybPiper). This analysis used genome skims from a mapping population to test
the approaches. The study showed low overlap between the baits detected as
capturing paralogs between the three methods with only 73 detected in all of
them.

Herbarium historical specimens from a single population are scarce, and at
one time point considered we can expect to find a reduced number of specimens
available for analysis. In a lot of cases, only a unique specimen is available
and represent the whole population. Therefore, rather than using inbreeding
coefficients based on alleles frequencies, we are using Runs of Homozygosity
(ROH) to estimate inbreeding and need only a single sample to be measured. To
be able to measure ROH with Hyb-Seq data, we needed to know what part of
the genome the Begonia baits are capturing with contiguous baits. The length of
genome captured by the bait set has been calculated for the four most complete
Begonia genomes available to determine the length of syntenic regions which can
be captured.
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This was a key point to establish the last part of the pipeline to calculate
the size of ROH. We used PLINK to detect and quantify ROHs from VCF files
produced by variant calling. The estimators derived are the total length of ROH
in the dataset (SROH), the total number of ROH in the dataset (NROH), and
the frequency of ROH for each sample (FROH). The confrontation of the SROH
and NROH scores on a scatter plot provide an estimation of the relative size
of the population, and give clues about an admixture with another population,
a bottleneck event, or consanguinity are provided by this plot. The FROH
estimator is less informative but follows linearly the size of the population
estimated by the NROH/SROH plot. It has been used to study the biogeography
of the specimens and mapped to their phylogenetic reconstruction to investigate
the patterns of homozygosity.

We have analysed two sets of target-capture data with the pipeline, one with
Arabian Begonia, and the second with Begonia from Papua New Guinea.

The first set is composed of 43 specimens of Arabian Begonia specimens from
the Socotran archipelago including the species B. socotrana and B. samhaensis
and with silica-dried and herbarium-dried historical specimens. Examination of
the Hyb-Seq Socotran dataset revealed uneven coverage across the baits. This
capture has been used to show the limitation of the pipeline, as phylogenetic
reconstruction has not been successful beyond species level, and the ROH
estimations were not significant.

The second set of target capture data included 160 samples from the New
Guinea Highlands, from silica-dried and herbarium-dried historical specimens. As
output of the pipeline, 10 specimens showed high homozygosity levels indicating
a bottleneck in their demographic history, 3 outliers were suspected to be inbred,
60 were found to be from a large population or showing introgression, and 87
did not display homozygosity patterns significant enough and were filtered out
by the pipeline. Mapping FROH metrics to the phylogeny shows a group within
section Petermannia with consistently high homozygosity levels. Biogeographical
analysis of the distribution of the samples did not reveal any clear relation between
patterns of homozygosity and geographic location of the populations sampled.
The data analysis has revealed a higher genetic diversity than expected in the
Papua New Guinea Begonia collected and has given clues about the origin of
the homozygosity patterns observed which seem more related to phylogenetic
relationship rather than microevolution at population level.

iv



Lay summary
Begonia is one of the largest group of flowering plant, with more than 2,000
species growing mostly in subtropical and tropical climates. They are usually
studied for their diversification into a large array of species with different mor-
phologies, notably a vast diversity of leaf shapes. Begonia usually display distant
populations with a low number of individuals, and due to poor pollen dispersal,
most populations are isolated from each other. It might be the cause of the high
number of species in the Begonia group and might promote genetic isolation as
well.

Isolation of population increases loss of genetic diversity, which can reduce
fitness of the plants and eventually lead to inbreeding. This is a serious threat
for this group of plants, as it can prevent their adaptation to fast-evolving
environmental changes or other ecological pressure.

As many tropical plants share the same population isolation than Begonia
species and might be under threat, we decided to set up a tool to detect if
a population is inbred, and fragilized at a genetic level by its isolation. This
pipeline is designed to analyse freshly collected plants and historical museum
specimens, mostly herbarium sheets specimens. Using plants genomic records
collected at different date, we can visualize the evolution of their inbreeding level
over time and assess if the population should be prioritized for conservation.

However using herbarium specimens has several constrains. First the DNA
contained in the plant material is scarce and degraded, we had to use a particular
method of extraction and specific tools to analyse the data. Another issue with
herbarium dried historical material is that a very few plants are available for
one population. Often, only one single sample is available for a population at
a given time. Therefore, we selected a method to estimate the inbreeding level
requiring only a single specimen.

The informatics pipeline that has been set up in the frame of this project
has been built around these constrains, and incorporate tools to analyse single
herbarium specimens and estimate their inbreeding level. Two batches of data
have been analysed with the inbreeding detection tools: one of Arabian Begonia,
and another one of Begonia of Papua New Guinea. Preliminary results suggest
that a very low number of our specimens are from consanguineous populations,
and they might not be representative of their populations as there is clues
they are product of self-pollination. Further inquiries should be made on the
Arabian and Papua New Guinea specimens, with re-sampling and a different
sequencing method to validate the results of the present study. Meanwhile, the
analysis pipeline itself is operating well, and will be used on other groups of
tropical herbaceous plants to test their genetic health and help to assess their
conservation status.
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Chapter 1

Introduction to museomics

1.1 Herbaria as plant libraries
Herbaria
Museum collections of plants specimens are maintained in herbaria all across the
world (Fig.1.1). World-wide there are 3,522 active herbaria in 2021, containing
more than 397 millions archived specimens (Thiers, 2022). These plant collections
have been used for decades as reference for taxonomical identification, and more
recently as sampling material for genetic, ecological, and environmental studies.
They are records of global biodiversity encompassing several centuries of patient
plant sampling (Rønsted et al., 2020). This database of natural variation can
be used to answer many research questions related to evolutionary history,
taxonomy, demographic changes, ecology, conservation, climatic changes and
archaeology (Larridon et al., 2020, Nic Lughadha et al., 2019, Brown, 1999, Lang
et al., 2019, Gutaker et al., 2019). The global and historical nature of herbaria
collections provides a unique perceptive on geographic and temporal patterns in
plant diversity which is key to solving large-scale ecological problems, such as
the present ecological crisis. Furthermore, global herbaria collections continue
to grow and provide a record for the future to help solve questions we are not
aware of yet.
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Figure 1.1: Location of herbaria worldwide (NYBG steere herbarium website)

Herbarium specimens
Herbarium specimens themselves are pressed dried plants presented to best
display structures enabling morphological identification of the organism: leaves,
stems, flowers, roots, or fruits (Fig.1.2b). But vouchers can also be represented
by other types of specimens, the woody part of a tree preserved in a Xylarium,
or ethnobiological specimens including plants parts as trade goods (fruit, seeds,
bark), clothes, woven basket, paper (Albani Rocchetti et al., 2021, Salick et al.,
2014).

Although the process of drying plant specimen with sheets of absorbent
paper has remained unchanged since the beginning of plant collecting, drying
specimens in the humid conditions of a tropical collection site is complicated.
The specimens can be moist and become easily contaminated with invasive fungi
or bacteria. Apply heat to speed drying and alcohol soaking and pickling to
prevent fungal growth have been widely used.

Production of good herbarium vouchers that maintain most of their mor-
phological features, particularly those that are used for taxonomic purposes
can present some difficulties, such as succulent plants which are difficult to
dry out, large plants which do not fit into presses, delicate tissues which lose
morphological detail on pressing, and colour/texture which changes on drying.
A variety of methods have been developed to deal with difficult material (Eggli
et al., 1996). Once prepared, the vouchers must also be careful preserved in dark
and dry conditions, and are usually treated to deter insects and fungi by freezing,
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or soaking in alcohol or more dangerous solutions, such as mercury (Fig.1.2b).

(a) (b)

Figure 1.2: Herbarium specimens from RBGE’s Papua New Guinean collection.
(a) Damaged leaves in a B. somervillei specimen from Solomon Island (1932,
RBGE herbarium). The specimen might have been damaged by incorrect
handling, or insects. Residue of insect repellent (mercury or other chemical)
might be found on the specimen or the capsule containing non-mounted plant
material. (b) Partially annotated specimen of B. sect. Petermannia not including
GPS coordinates (1987, RBGE herbarium).

Voucher specimens
The preserved plants are mounted for archiving as voucher specimens, a herbar-
ium specimen representative of a species and usually collected to support a
research project (Culley, 2013).

The information in the specimen itself is of little value without detail on its
origin and identity. All herbarium vouchers are mounted with labels covering
key metadata. The basic label includes the scientific name of the plant species,
its vernacular name, the collector’s name, the date of collection, the locality or
geographical location of sampling, and notes about the habitat and ecological
conditions. However, given different collecting practises, and the historical nature
of collections the information in the label can vary widely (Fig.1.2b).

Extra information is often included on labels, such as phenotypical features,
ecological conditions, distribution of populations in the landscape, and other
information lost during the pressing process, colour, or smell. Some now have
links to silica samples or sequence data (Bridson, 2000).
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The voucher used to define a species is referred to as a type specimen, and
becomes the reference against which all samples are compared for identification.
Herbarium specimens are therefore the key to plant specimen identification. The
type collections in herbaria are international resources that plant scientists all
around the world use for the fundamental task of identifying species (Funk,
2003).

Temporal sampling with herbarium specimens
Records of plants preserved dried and described start as early as the 16th century,
with the specimens collected by Brunfelds and Fuchs in Italy to support their
botanical drawings (Bellorini, 2016). Even though those dried plant specimens
did not survive to this day, other specimens do survive from the 17th century.
The oldest herbarium specimen found yet in RBGE is a Cape Myrtle (Myrsine
africana L.) collected by Alexander Brown, a ship’s surgeon, picked on the Cape
of Good Hope in 1697 (RBGE, 2020, Fig.1.3).

Figure 1.3: Herbarium specimen of Cape Myrtle Myrsine africana L. from 1697
(RBGE herbarium).

Over the next 350 years thousands of people worldwide contributed to
building up today’s herbarium collections. As well as scientists, this included
local naturalists and collectors, herbalists and foresters, administrators, and
commercial collectors, as well as collections made as mementos of travel and
for artistic purposes. The contributions of different people to the generation
of herbarium resources has not always been acknowledged, but the scope and
richness of the collections produced by their effects is now becoming an open
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resource to improve everyone’s life (Nordling, 2022). The very different reasons
behind individual collections provides a patchy and eclectic sampling of any one
species. Early samples may be primarily from close to population centres, trade
routes or popular holiday destinations. There are also many gaps from times
and places where collections was impossible (Fig.1.4), such as during war. Even
with current professional, focussed, collecting trips, a full survey of flora across a
regions is expensive, time consuming and rare. With these caveats, herbarium
collections often offer the best possible overview of variation in a species across
time and space.

Figure 1.4: Location of samples digitised from the RBGE Herbarium collection

Availability of specimens and modern archiving
Access to herbaria specimens was formerly restricted to physical visits, limiting
the consultation of collections to those who could travel and had permissions.
Digitization of the collections has made them accessible to the larger community,
and in most cases fully open access via aggregated portals like JSTOR Global
Plants (Global Plants on JSTOR 2023), the Global Biodiversity Information
Facility (GBIF 2023), iDigBio (iDigBio Home | iDigBio 2023), and more local
initiative as the Reflora Virtual Herbarium (Reflora | Kew 2023) (Rønsted
et al., 2020, Walker et al., 2022). One limitation on the digitisation process
is the increasing number of specimens. The collections were already large
and continue to grow at a rate that could outpace digitisation efforts. However,
automated digitalization processes with Artificial Intelligence (AI) may contribute
to overcoming this issue (Sweeney et al., 2018, Carranza-Rojas et al., 2017).

5



The digitization process include capture of images of the specimens and
images of the herbarium sheet labels. Digitization workflow had previously been
focused mainly on capturing specimens labels information , newer technologies
as deep learning may contribute to specimens identification through the training
of a neural network to extract patterns from a training set (Walker et al., 2022).

1.2 Herbarium specimens pest infestation, bio-
cides, and contamination

Although digitisation opens up the images and the metadata to all, there is still
much value in the physical specimens. Digitisation cannot capture all the detail
which may be needed and advances in analysis may allow us to garner more
information from a specimen than a jpeg can replace. However, keeping the
specimens in good condition is a difficult task.

Physical conservation treatments and humidity levels
Environmental control is one of the key factors for specimen conservation in
herbaria. Dry, cool conditions are essential to prevent the growth of moulds,
but also prevents degradation of biomolecules in the specimens. Conditions
of preservation have been shown to have more impact on the biomolecules
in plant material than the age of the specimen (Forrest et al., 2019, Bakker,
2022). The environmental controls include control of air flow into the herbarium,
temperature and humidity regulation and monitoring, and using desiccant dust
on the herbarium specimens themselves (Hall, 1988).

Animal threats to herbaria specimens
Pests dwelling in herbarium facilities can potentially damage plants, voucher
and other documents and contaminate the plant material (Fig.1.2a). The most
destructive feed directly on the preserved plant material, and include beetles
feeding on cellulose. The tobacco beetle Lasioderma serricorne is the most
common pest in tropical herbaria, while the ’Herbarium’ beetle Stegobium
paniceum fits the same ecological niche and is resilient to drugs and spices toxic
to other species. Xylariums and wooden museum specimens can be damaged by
specialist wood pests such as drywood termites Cyptotermes spp, Kalotermes
spp and Powder-post beetles Lyctus spp.

The generalists: Silverfishes Liepisma saccharina, booklices Liposcelis, spider
beetles Ptinus tectus, and cockroaches Blattela germanica have all been noted as
serious herbarium pests (Hall, 1988, Bridson, 2000).

Deep freezing decontamination
Deep freezing is the best general method of decontamination for herbarium
specimens entering the herbarium (Bridson, 2000). The incubation time needed
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to kill insects and their egg is defined as Operating time, composed of the
Chill-time the time necessary for the samples to reach the adequate temperature,
and the Kill-time the delay needed to effectively kill the pests. The temperature
needed to kill the insects is -18°C with an average of 17 hours for the Chill-
time and between 3 and 9 hours required for the Kill-time, depending of the
species of insect targetted (Hall, 1988). Eggs of several species might survive a
temperature of -18°; for those a temperature of -30°has been recommanded for
decontamination (O’Connor, 1991).

Chemical treatments
Chemical methods to repel herbivores include poisoning the herbarium specimens
themselves, using insect repellents or insecticides in the herbarium facilities to
present invasion, anti-fungal reagents in the case of long exposure to high
humidity, or fumigation of the facilities and regular use of decontamination
cabinets (Bridson, 2000). Whilst protecting the herbaria specimens from pests
and fungi, the chemicals used to coat specimens directly may complicate DNA
extraction and genomic library preparation. Poisons applied on the specimens
as long-term solutions to repel herbivores, commonly included mercuric chloride,
a very toxic reagent used since the 19th century and still in use until the end
of the 20th century (Clark, 1986). Specimens could be dipped (a process called
kyanizing for wood specimens) or painted with the reagent that did not alter
the physical appearance of a specimen. However, it can blacken paper and leave
crystalline deposits like hairs on the specimens. It is corrosive to human skin and
sublimates producing a vapour which can destroy mucous membranes (Hall, 1988,
Briggs et al., 1983, Havermans et al., 2015, Cabassi et al., 2020). A more recent
solution used in herbarium conservation is Lauryl pentachlorophenate (LPCP). It
is assumed as a safer to handle than mercuric chloride, but requires the specimen
to be totally immersed in the solution, which can cause blurring of labels, and is
not as long-lasting contrary asmercuric chloride. The presence of these chemicals
might affect subsequent molecular work, especially the preparation of genomic
libraries preparation as the DNA polymerase α, involved is inhibited by the
action of a mercury salt (mercuric acetate) (Williams et al., 1987).

1.3 Museomics, and biomolecules contained in
herbarium specimens

Conservation of aDNA in herbarium specimens
The conditions of preservation of herbaria specimens allow good preservation
of biomolecules contained in the plant material. DNA, lipids, and proteins
are still available in herbarium specimens and can be used to trace the plant’s
genotype, evolutionary history, and even pathogen infections (Cappellini et al.,
2018, Phillipson, 1982).

7



DNA does degrade in herbarium specimens. The long threads of DNA
breakdown into fragments of hundreds of base pairs, or shorter, and become
contaminated with DNA from bacteria and fungi growing on the decaying plant
material. It also sustains damage comparable to ancient DNA (aDNA) found in
coprolites, archaeological remains, or sediments. It has been estimated that the
DNA from plant material contained in herbarium specimens sustain six times
more degradation than in ancient bones. This is likely due to the drying and
preserving process rather than breakdown during herbarium storage (Weiß et al.,
2016). The molecular and bioinformatic tools and protocols developed for aDNA
analysis are appropriate for use on herbarium specimens as well (Malaspinas,
2016).

Methods of aDNA sampling
Even though the presence of DNA in ancient plant seeds was suggested as early
as 1973 (Hallam et al., 1972), one of the first attempts to isolate genetic material
from dried preserved plant tissue dates from the 80s, with the isolation of rRNA
fragments from Egyptian cress seeds (lepidium sativum L.) recovered from an
archaeological site in Thebes and dating from 1400 years B.C (Rollo, 1985).
This study used RNA radio-marking and hybridization with cress sequences.
The recovery of rRNA is more likely than good DNA for ancient specimens
as its secondary structure and association with protein make is a more stable
than genomic DNA (Livio et al., 1990). This attempt was followed by the
recovery of aDNA fragments from pre-Columbian maize seeds using PCR to
amplify the tiny amount of genetic material recovered (Rollo et al., 1991).
Subsequently, ancient DNA extraction and analysis has been widely applied to
herbarium specimens, first to detect a limited number of genetic markers, and as
the discipline progressed, as genome skims and target capture to recover large
portions of the plant genomes (Fig.1.5).

1.4 Target capture method on Herbarium speci-
mens DNA

Target capture used biotinylated RNA baits to select matching sequences from a
genomic DNA library. The capture sequences are then amplified and sequenced.
The reduction in complexity from a heterogeneous DNA prep to sequences
corresponding to hundreds of loci allows high depth coverage and confident
assembly of consensus sequences. The hybridisation affinity of the bait is usually
enough to capture sequences from a wide range of related species, and bait sets
which capture across extensive lineages have been produced and are now widely
used (Lemmon et al., 2013, Barrett et al., 2016, Brewer et al., 2019).

As this method takes libraries produced from fragments a few hundred base
pairs long as input it can work on both fresh material and the fragmented
DNA extractable from museum material, enabling recovery of useful sequences
even with reduced material available (Villaverde et al., 2018, Kates et al., 2021,
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Michel et al., 2022). It can be used in combination with genome skim derived
chloroplast sequences for phylogenetic reconstruction (Weitemier et al., 2014)
with high-coverage. But as stand-alone it has proved efficient to capture nuclear
sequences from old and degraded DNA sufficient for phylogenetic analysis or
even population genetics (Hart et al., 2016, Kates et al., 2021, Vatanparast et al.,
2018, Brewer et al., 2019, Couvreur et al., 2019, Stull et al., 2020). Analysis
of the factors affecting capture efficiency in helps in design of sampling, and
advances in preparation of libraries from ever-smaller amounts of DNA continue
to make this a feasible approach for even unpromising samples (Brewer et al.,
2019, Hart et al., 2016, Forrest et al., 2019).

Microbiology of herbaria specimens
The total DNA of a herbarium specimen can be seen as more of an environmental
sample than a sample from a single individual. Some of the first studies of
herbarium specimens were focussed not on the the plants but on the pathogens
they carried. Pathogen DNA (or RNA in the the case of some virus) is present
in high copy number in infected material, and this greatly simplifies the analysis
compared to analysis of nuclear DNA of the host plant (Meineke et al., 2019;
Rønsted et al., 2020, Bieker et al., 2020).

The microbiome of herbarium specimens can also provide data on the plant’s
demography and ecological context. Fewer pathogens have been detected in
herbarium specimens compared to silica-dried modern specimens, probably due
to the shorted DNA fragments of historical specimens, which complicate the
identification of pathogens on the specimen (Bieker et al., 2022). One difficulty
with this approach is that pathogens identified in an historical specimens could
originate from the herbarium facilities during storage of the specimen rather
than the original ecological microbiome of the plant (Bieker et al., 2020).

1.5 Ancient DNA analysis and evolutionary his-
tory

The use of herbaria specimens to trace evolutionary, demographic, or domes-
tication events is increasing thanks to technical progress that enables better
investigation of ancient genetic material (Fig.1.5).
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Figure 1.5: Plant museomics publications over time.

Phylogenetic inference versus temporal sampling
Usual methods of investigating evolutionary processes are based on inference from
patterns of genetic variation. Thanks to recent developments in aDNA recovery,
the alleles frequency of historical specimens can be directly estimated and their
evolution over time observed if a time series of specimen is accessible (Gutaker
et al., 2017). This field of research allows reconstruction of the evolutionary
history of extant populations descended from populations sampled as herbarium
specimens. It uses a temporal distribution of samples, which provides information
about the evolutionary history and time scales associated to a plant population
(Zedane et al., 2015). Although limited to the very recent past, and constrained
by the sample bias of herbarium collections, there is still the potential to gather
valuable information from such analyses.

Value of including museum samples in studies
Museomics studies are the only route to studying genetic information from
extinct populations (Paer et al., 2016; Zedane et al., 2015; Humphreys et al.,
2019), and make it much easier to sample populations difficult to collect in the
wild (Zedane et al., 2015), or from rare species (Silva et al., 2017). This allows
genetic studies a much more complete view of variation across a lineage and is
particularly valuable in population studies examining issues of rarity (Gutaker
et al., 2017). Although focussed on recent dates this is ideal for analysis of
domestication, and the impacts of the Anthropocene (Ash et al., 2017, VanAndel
et al., 2022).

Population genetic studies are mostly based on a coalescent reconstruction
of ancestral state from a single point in time. The assumptions of ancient
evolutionary change based on contemporary specimens can be biased, as recent
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events such as gene flow or changes in population size are difficult to separate from
signatures of selection (Dehasque et al., 2020). Museum collections specimens
can provide a better estimation of a diversity within a species or within a
population, as well as showing the progressive selective sweeps resulting from
a domestication process and to quantify them. A series of soft selective sweep
have been detected in Andean beans domestication from 2500 years to 600 years
ago, followed by a sudden loss of diversity in modern cultivar (Trucchi et al.,
2021) Similar signatures of selection have also been detected as well in maize
(Beissinger et al., 2016). Use of only modern cultivars would have missed the
presence of and patterns in earlier variation. With the capacity to include present
and historical samples we can observe the range expansion, different speeds of
radiations, and introgression of invasive plants in a new biome. This has been
done for many years using plant record to track an invasion, but now we can
also examine the evolution of genomic architecture through introgression and
selection during this process. A study on Ambrosia artemisiifolia (common
ragweed) that has been introduced to Europe in the late 19th century, has shown
a signature of introgression from European natives Ambrosia species closely
related along with signature in defence against plants pathogens genes, possibly
granting the invader with an immunity against microbial threats (Bieker et al.,
2022).

1.6 The Begonia genus
With more than 2000 species, Begonia is one of the largest plant genera. The
group has a pan-tropical distribution, being found in Central and South America,
Africa, and Asia, being absent only from Australian tropical forests (Neale et al.,
2006). Phylogenetic studies indicate that the group is originated from the African
continent, counting fewer species but displaying larger morphological diversity
(Forrest, 2000, Plana, 2003).

The Begonia populations are usually small with low pollen dispersal and
restricted gene flow between populations (Matolweni et al., 2000, Hughes et al.,
2002c). It might be one of the factors responsible for the high speciation rate
within the genus and the cause of the high degree of endemism observed in the
typical Begonia population (Hughes et al., 2003, BPG et al., 2022, Brennan
et al., 2012). Begonia evolutionary history, population structure, and endemism
patterns are discussed further in Chapter 3.

Many researches on Begonia have been driven by horticultural interest, as
a lot of species within the genus hybridise readily, with short generation time
and high seeds production (Neale et al., 2006). Notable examples are the
crosses made between Arabian and South American species, yielding the very
successfully Hiemalis and Cheimantha groups of hybrids, nicknamed Winter-
flowering Begonia. The group has been intensely researched as well in reason
of their large array of different morphological shapes (Fan, 2023, Li et al.,
2022). Combination of easy hybridization and very different morphologies makes
Begonia a good candidate for genetic studies supported by segregation genetics
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(Twyford et al., 2014b).
While studies have focused on Begonia high level of speciation or evolutionary

history, the question of genetic isolation and impact of inbreeding depression on
populations is still mostly unexplored. Using the segregation patterns of alleles
observed in a mapping population from South American Begonia (Twyford et al.,
2014b) and Hyb-Seq datasets from Papua New Guinea (Wilson et al., 2020)
and Arabia, we will analyse the genome of individual plants, assess their recent
demographic history, and detect markers of inbreeding depression.

1.7 Aims of this thesis
This thesis aims to build on advances in herbarium genomics to set up a pipeline
allowing estimation of the genetic health of species from single specimen.

In this document we are referring to genetic health as the biological fitness
of a population, maintaining a genetic variation or gene pool sufficient to avoid
inbreeding depression, the detrimental effects of inbreeding.

Often single specimens are all that is available for rare species, and information
on size of populations, range and tolerance are difficult to obtain. By using the
genetic data from that single specimen levels and patterns of heterozygosity can
be obtained which will allow estimation of levels of inbreeding and the likely
resilience of the species to change. We will use this data to answer a question
about how robust many of the 2,000+ Begonia species are.

Hypothesis: Mutational meltdown is a driver of extinction in Begonia.

• Test: Species with smaller ranges, highly endemic species, species now
extinct or rare in the wild are highly homozygous and this homozygosity
appears recent - uniform across chromosomes.

• Aim: Establish a pipeline to call population genetic parameters from
herbarium samples of Begonia.

• Experiment 1: Hybrid capture in mapping population (fresh, silica and
herbarium samples) to confirm reliability of metrics called.

• Experiment 2: Hybrid capture in wild populations and herbarium samples
of B. socotrana and B. samhaensis to confirm metric agree with previous
work using microsatellites.

• Experiment 3: Use of Hybrid capture from a range of species to establish
frequency of different patterns across Begonia species, and determine what
proportion appear at risk.
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2.1 Identification
2.1.1 The evolution of ancient plant DNA analysis across

time
The study of ancient plant remains was historically limited to morphological stud-
ies, palaeontology being the primary field of study of past organisms. However,
since the 1980s, genetic analysis of biological matter within fossils has become
increasingly informative, thanks to the development of new molecular methods
such as polymerase chain reaction (PCR) and a revolution in sequencing methods
that has enabled high-throughput sequencing (HTS). Since the first identification
of aDNA from extinct species in 1984 (Higuchi et al., 1984), it is now possible
to identify many organisms, including plant taxa from only microscopic plant
remnants or even short fragments of DNA bound to a substrate using modern
molecular tools. These new methods allow us to explore their recent evolutionary
history, study the ecology of palaeoenvironments, and understand population
relationships, migration, and domestication processes. While the domain of
palaeogenetics is limited to the study of a few genetic markers, the establish-
ment of new DNA isolation techniques, the generalization of HTS analysis, and
more robust computational methods have enabled the analysis of longer DNA
fragments and in the last couple of decades shifted the domain towards the field
of palaeogenomics with the analysis of full plant genomes (Mitchell et al., 2021).

2.1.2 Ancient plant DNA in historical remains
In the context of palaeogenetics, ancient DNA (aDNA) is DNA from long-
deceased tissues preserved by conditions allowing DNA survival. Despite appro-
priate preservation conditions, aDNA is usually degraded by biotic or abiotic
processes. Though often damaged, it can carry valuable historical information
(Schlumbaum et al., 2008). Ancient DNA from wild plants can be used to
reconstruct the evolutionary and demographic histories of populations to trace
ecological and climatic changes (Hofreiter et al., 2001). Ancient plant DNA from
anthropogenic sources can be used for studying the processes of plant domestica-
tion, generating insights into past plant usage, agricultural techniques, and the
migration patterns of ancient human societies (Kistler et al., 2014; Trucchi et al.,
2021). The sequences used for most plant aDNA studies are derived from the
nuclear and organellar genomes, and are quite often the same markers typically
used for plant identification or studies of evolutionary history.

Markers from plastids, in particular from chloroplast DNA (cpDNA) are
usually favoured as they are markers inherited uniparentally (usually maternally
in angiosperms and paternally in gymnosperms) and therefore represent a single
haplotype transmitted from a single parent to the offspring, and facilitate the
identification of lineages. Furthermore, their relative high copy number facilitate
the recovery of cpDNA of small or damaged specimens (Molecular Ecology,
3rd Edition | Wiley 2020). Genes transfer from the plastome to nuclear and
mitochondrial genomes complicates the analysis as the mutational rate differs
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between in the nucleus and in other organelles (Kistler et al., 2014; Wales et al.,
2016). Compared to chloroplasts markers, mitochondrial markers are considered
less informative, and have rarely been used in plant aDNA due to their relative
low level of copies and to an higher rate of rearrangement (Schlumbaum et al.,
2008, Molecular Ecology, 3rd Edition | Wiley 2020 ). However, they are not the
only target to consider as traces of ancient RNA have also been amplified in cress
seeds by hybridization and later sequenced in maize (Fordyce et al., 2013; Gnirke
et al., 2009; Rollo, 1985). Other targets previously detected include epigenetics
patterns such as methylation in response to pathogen infection, and small plant
RNA (miRNA) as a response to environmental stress (Smith et al., 2017, Smith
et al., 2014) in barley. Bacterial and viral DNA can also be amplified from
ancient plant material (Bieker et al., 2020; Kistler et al., 2014).

2.1.3 Historical and archaeological aDNA challenges
Several difficulties are inherent to working with aDNA from plant specimens:
the complexity and variability of the genome, aDNA damages, and potential
contamination increase downstream analytical difficulties. The combination
of often very low aDNA concentrations with the amplification power of PCR
dramatically increases the probability of amplifying contaminating modern DNA.
Specialised methods and laboratory procedures have been established to reduce
the risk of contamination. These include: the use of positively pressurised clean
laboratory facilities dedicated to aDNA work, the replication of experimental
works in different institutions, and the use of biomarkers for prediction of DNA
survival such as mitochondrial DNA (mtDNA) detection, aDNA damage patterns,
and detection of associated remains (Capo et al., 2021; Cooper, 2000). Another
complication in the analysis of plant DNA is its variability. The presence of
different organelle genomes (plastid and mitochondrial) as well as the interspecific
differences in ploidy level and chromosome size can complicate the alignment
of sequencing reads to a reference sequence (Kapusta et al., 2017; Kistler et al.,
2020). Target capture is one strategy that can be used to reduce this complexity,
even in sequences that are heavily degraded and/or contaminated (Parducci
et al., 2019).

2.1.4 Sources of plant DNA
Macrofossils

Macrofossils are defined as fossils that are observable without magnification,
and in the case of plant-based studies, they are ancient preserved tissues found
in archaeological or sedimentological contexts. aDNA can be extracted from
macroscopic plant remains such as leaves, needles, bud scales, wood, or seeds.
However, individually-based approaches on plant macrofossils are scarce and
most of the studies focusing on plant DNA are based on metabarcoding using
sedimentary DNA (sedaDNA) material (Jaenicke-Despres, 2003; Rollo et al.,
2002; Schwörer et al., 2022). The scarcity of macrofossils in plant studies can
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be explained by the difficulty of aDNA recovery in preserved plants, which can
be due to the low-level of endogenous DNA in plant remains, high amounts
of contaminant microbial DNA, and aDNA specific damages (Eleanor Green
et al., 2017). Regardless of this limitation, macrofossil DNA studies have some
advantages: they can be directly dated without the use of proxies, they represent
local species in contrast to pollen studies where pollen grains could be dispersed
over large distances, and DNA from a single analysis can be authenticated from
its aDNA specific damage patterns (Schwörer et al., 2022).

Charred and desiccated

A very common archaeological plant material is charred remains. One example
is superficially burnt seeds in hearth remains found in ancient settlements.
Molecular identification of even lightly charred remains is however challenging
since the DNA is often very fragmented and contaminated (Palmer et al., 2012).
Target enrichment has not yet been able to overcome this issue (Nistelberger et al.,
2016). Thus, charred plant remains are primarily identified using morphological
analysis. In contrast, dessicated samples are often suitable for molecular analysis.
Dessicated samples are typically found in dry environments such as caves, shelters
formed by rock features (well suited for long-term food storage), or deserts.
Desiccation can limit DNA degradation, and plastid and mitochondrial DNA
from sunflower seeds as old as 3,100 years old has been successfully recovered
(Kistler et al., 2011; Mascher et al., 2016; Swarts et al., 2017; Wales et al., 2019).

Waterlogged

Biological remains preserved under waterlogged anaerobic conditions may also
contain sufficient aDNA for molecular identification. Lakes and marine sediments
can provide sedimentary DNA (sedaDNA) from plant remains and pollen grains
found in different strata of core samples. They can be used to reconstruct past
ecological diversity. Microorganism communities can as well be a source of
aDNA. For example, diatoms are commonly used bioindicators for assessing the
biological composition (trophic state) of a lake since their morphology is highly
sensitive to the surrounding environment (Ibrahim et al., 2021). The taxonomic
diversity of diatoms found in the sediments of glacial and thermokarst lakes
has for instance been linked to lake type and age, environmental changes, and
surrounding vegetation (Huang et al., 2020). Cyanobacteria, which are sensitive
to temperature, can be used as a biomarker for detecting the effects of climate
change by studying their population diversity. The microbial communities of
Lake Constance (Central Europe) for instance, including microbial eukaryotes,
diatoms, and cyanobacteria, have been used as bioindicators for both biotic
and abiotic changes due to warming by studying the phylogenetic distance of
microbial communities, and their geographic and temporal change of diversity
(Monchamp et al., 2019). Waterlogged remains can be found in the context of
archaeological studies. Wells, latrines, ditches, and pits can result in anaerobic
conditions. DNA from grape seeds from the Iron Age have been sequenced
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successfully with Hyb-Seq, and it was shown that the grapes are related to
present-day West European cultivars, which provides evidence that there has
been 900 years of uninterrupted vegetative propagation of the crop (Ramos-
Madrigal et al., 2019). Gourd rinds, squash seeds, and oak wood thousands
of years old have provided high-quality aDNA using target-capture methods,
or using plastid or mitochondrial DNA (Wagner et al., 2018). This has led
to a correction on the view of how gourd domestication happened by showing
that the pre-Columbian bottle gourds originated from Africa and reached Latin
America via the Atlantic by ocean drift (Kistler et al., 2014). Other studies have
shown a link between the Holocene megafauna extinction and the decline of wild
Cucurbita, while domestic lineages thrived because of cultivation (Kistler et al.,
2015).

Mineralized and embedded

Mineralized samples or those embedded in resin or fossilised in amber are
both potential sources for aDNA, though the high probability of contamination,
extreme fragmentation of the material, and non-reproducibility of the results have
led some authors to strongly discourage aDNA analysis from amber-preserved
fossils (Modi et al., 2021). However, partially mineralized remains (subfossils) less
than 10,000 years old can still contain biological material and are potentially a
source of biomolecules including DNA (Wagner et al., 2018). Recently developed
methodologies for specimen extraction from amber that reduces contamination
have enabled the recovery of insect DNA up to 3,900 years old from copal, a
precursor to amber (Peris et al., 2020). This leads to the possibility that these
sample types may be sources for plant aDNA in the future.

Microfossils

Microfossils can be found in any environment, including in humid conditions
and tropical zones where macrofossil preservation is rare. These include pollen,
starch grains, and phytoliths. Plastid aDNA obtained from pollen grains is
very often endogenous, and its amplification has previously established the first
genetic link between extant and fossilised Scots Pine specimens from post glacial
lake sediments in Sweden (Parducci et al., 2005). Phytoliths enable radiocarbon
dating, even though no aDNA has been isolated from them so far (Elbaum et al.,
2009). Yet, they are hypothesised to be a potential source of aDNA (Grass et al.,
2015).

Sedimentary DNA

Sediments found in lakes, temperate caves, permafrost, and ice cores can retain
plant aDNA for thousands, and in some cases, millions of years (Kirkpatrick
et al., 2016). Sedimentary DNA may be used as a proxy for the reconstruction of
the palaeoenvironment, even though other plant structures have been destroyed
(Willerslev, 2003). Metabarcoding to amplify short amplicons of cpDNA is by far
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the most commonly used approach (Capo et al., 2021; Parducci et al., 2017; Rijal
et al., 2021). Shotgun sequencing has only been used sparsely because of the lack
of reference libraries (Slon et al., 2017), but as full genome reference databases are
being built, this method could improve the ability to investigate lake sedaDNA
(Parducci et al., 2019). More recently, shotgun metagenomics was used for
retrieval of whole plant genomes from archaeological settlements and marine
deposits (Parducci et al., 2019; Pedersen et al., 2013; Slon et al., 2017). However,
sedaDNA taphonomy for sedimentary material is still a subject to explore, as
the conditions that lead to its preservation are not yet clear (Kistler et al., 2020).
SedaDNA provides a broad understanding of the past environment, climate, and
ecology of the palaeosol studied. It can also provide insights on the movement and
cultivation of plants by Neolithic populations and their social network in absence
of other archaeological evidence (Brown et al., 2021; Smith et al., 2015). sedaDNA
from lake sediments has been used to reconstruct ancient plant vegetation and
to assess the impact of anthropogenic activities on the palaeoenvironment. For
example, the impact of cattle grazing on deforestation dynamics during the Late
Iron Age and Roman period has been demonstrated by using a metabarcoding
approach on sediment samples from a subalpine lake (Giguet-Covex et al., 2014).
sedaDNA can also be used to study the impact of climatic changes on plant
biodiversity and help prioritise conservation management. A research project
using metabarcoding of lake sediments was able to show that an heterogeneous
mountain landscape served as a refugium for arctic-alpine plants in a warm
climate (Clarke et al., 2019). Another study on Arctic Canada lake sediments
gave clues about the effect of the rise in temperature during the Last Interglacial
period (LIG) on plant population dynamics. Previous attempts to reconstruct the
LIG palaeoclimate with climate modelling based on the simulation of atmosphere,
sea, and ice circulation have yielded inconsistent results (Otto-Bliesner et al.,
2013). Comparison of the model results with sedaDNA vegetation reconstruction
suggests that models underestimated the magnitude of Arctic warming during the
LIG. This discrepancy could be due to the lack of vegetation-related feedback such
as arctic greening in the models, but are observable in sedaDNA records (Crump
et al., 2021). We can improve modelling of future climate change effects on plant
diversity based on these studies that inform how plant richness has evolved in
reaction to previous episodes of climate warming. Several environmental changes
that might have been overlooked such as arctic amplification or arctic greening
can be studied with sedaDNA (Clarke et al., 2019; Crump et al., 2021; Liu et al.,
2021). The impact of sea ice on plant colonisation of Iceland during different
periods of the Holocene suggests that the melting of the ice sheet due to future
warming might limit plant distribution rather than favour it (Alsos et al., 2021).
SedaDNA studies are furthermore more robust than pollen-based methods for
detecting plant richness, and deliver taxa diversity with more resolution (Crump
et al., 2021). As an example, a study based on multiple-sites lake sedaDNA
analysis and pollen records shows the steep increase of plant richness in the
early Holocene in northern Fennoscandia (Rijal et al., 2021). The causes of
this increase are the higher level of available soil nutrients and the lower level
competition just after deglaciation. However, the pollen records did not match
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the sedaDNA findings that taxonomic richness has continued to increase even
after climate stabilisation. These discrepancies are due to problems affecting
pollen records such as overabundance of a few taxa and under-representation of
others (swamping). In contrast, sedaDNA provides higher taxonomic resolution,
lower swamping effect, and represents local plant groups. The same observations
can be done using sedaDNA extracted from permafrost, as presented in a study
encompassing 50,000 years of megafauna diet and arctic vegetation history from
samples collected across the Arctic. While pollen-based reconstruction showed a
majority of graminoids in unglaciated Arctic during the Late Glacial Maximum,
the metabarcoding approach has revealed a forb-dominated vegetation (Willerslev
et al., 2014).

Palaeofaeces

Ancient faeces, though relatively uncommon, are a rich source of biomolecules and
palaeodietary information that can be related to demographic, ecological, and
climatic changes in the locations in which they are found (Eleanor Green et al.,
2017). Genetic identification from plastome barcoding can also provide evidence
missing in classic macroscopic morphological analysis (Poinar, 1998; Gilbert
et al., 2008; Rollo et al., 2002). Recent approaches using shotgun metagenomic
methods provided identification of plants in ancient faeces as well as information
on the gut microbiome, parasitic worms, and the actual identification of the
defecator (Boast et al., 2018; Wood et al., 2016).

2.1.5 Bioinformatic tools and challenges
The analysis of an aDNA dataset is complicated by postmortem DNA degradation
that leads to short fragments, specific nucleotide substitution patterns, and overall
low DNA yields (Briggs et al., 2007). These difficulties will affect subsequent
evolutionary inferences and population genetics studies. Consequently, numerous
tools have been developed to detect and quantify nucleotide substitution, deletion,
and DNA fragmentation. The initial alignment step with a reference genome
during bioinformatic analyses is already affected by aDNA pattern of damages,
which can increase the apparent error rate and lower the alignment accuracy.
Subsequent steps in variant calling of genetic markers can be complicated by
the high mapping error rate and low coverage (Bilinski et al., 2018). Strategies
have been developed to prevent bias resulting from low coverage. This can
include random sampling of a single read at each locus of interest (Bakker et al.,
2016; Kistler et al., 2018) and genotype likelihood estimation (Korneliussen
et al., 2014). More specific tools have also been designed to solve the issue
of identifying the ancestry of unknown samples with a low coverage dataset
using multidimensional scaling (MDS) methods (Malaspinas et al., 2014; Ramos-
Madrigal et al., 2019). Issues related to aDNA specific damage patterns can be
prevented using strategies such as only considering transversion polymorphisms,
using statistical algorithms to rescale the base quality scores before variant calling
(Jónsson et al., 2013), or soft-clipping fragment ends to avoid deamination sites
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(Kistler et al., 2018). Tools for rescaling base quality scores have also been
implemented into bioinformatic pipelines that are dedicated to aDNA alignment
(Schubert et al., 2014).

2.2 Applications
2.2.1 Evolutionary studies
The evolutionary history of a species or a population can be established based on
genomic inference from modern samples, providing clues about the evolutionary
processes that form the basis for present genomic variation. However, allelic
patterns in contemporary specimens are shaped by a range of demographic
events, including changes in population size, gene flow, and hybridization events.
These may be due to very recent events, and do not necessarily represent the
lineage’s deeper evolutionary history. A time series of samples can provide
greater resolution in a genomic analysis and resolve phylogenetic questions.
It can also detect recent demographic events such as population bottlenecks
and provide chronological estimates for these events without using a molecular
clock. Allele frequencies can be directly estimated for each time point and used
to estimate the strength of selection pressure during that period (Malaspinas,
2016). This approach can be used to distinguish between different selection
processes and to establish their tempo across time (Dehasque et al., 2020). The
Dramatic global warming and extinction events that occurred during the later
Anthropocene coincided with the active collection of specimens for museums
and herbaria (Bieker et al., 2018). Genetic analysis of collections provides a
detailed understanding on how human activity has shaped the evolutionary fate
of many organisms. Modern techniques also allow us to recover information
on extinct species. One example is the genus Hesperelaea from the Oleaceae
family, which was collected once 140 years ago in Mexico, and is now extinct. A
genomic analysis of this H. palmeri specimen traced its American lineage, the
date of its divergence, and helped to characterise its endemism (Zedane et al.,
2016). Positive selection can also be detected in contemporary specimens using
statistical tools such as coalescence, population differentiation (Fst), and linkage
disequilibrium. Selection pressure, however, can be conflated with demographic
change or background selection. Specific methods have been developed to detect
positive selection on a polygenic trait using an admixture graph to represent
the admixture events relating different populations through time (Racimo et al.,
2018). Purifying selection or negative selection can be detected in present-day
specimens as signals of reduced genetic diversity. However, similar signals can
be caused by demographic events such as population bottlenecks or background
selection (Henn et al., 2015). Again, using a sample time series, these signatures
can be disentangled by considering regions with lower recombination rate where
selection has more impact (Murray et al., 2017). Therefore, loci located in
regions with low recombination rates and lower genetic diversity are likely to
be a signature for selection rather than past demographic events. Genetic maps
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and good understanding of genome dynamics in the target species is thus key to
accurate inference of selection. Balancing selection is more difficult to detect since
it affects narrow genomic regions on a short timescale. This can be mistaken for
positive selection, demographic events, or introgression (Fijarczyk et al., 2015).
For these reasons, methods using contemporary specimens have low statistical
power. A time series of samples can help detect alleles under balancing selection
as their frequencies are maintained over time at frequencies higher than expected
by the Hardy-Weinberg equilibrium. Although this method is limited by the
number of specimens available to calculate genome frequencies.

2.2.2 Tracing domestication
All current crops are the products of single or repeated domestication events
starting less than 12,000 years ago from the ancestral wild species (Kistler
et al., 2015; Larson et al., 2014). Understanding the geographical origin and
the ancestral lineages of domesticated species during the Holocene and the
subsequent spread of the cultivars are central questions for different domains
such as archaeology, anthropology, and ecology. Archaeobotanical remains
can be arranged in a time series to study the evolution of domestication over
time and space. They can indicate the number of times that domestication
events occurred and their location, the pace and stringency of anthropogenic
selection, introgression with wild relatives and between different cultivars, and
be used to determine the date of these events (Brown, 1999). Molecular methods
have made an increasingly large contribution to the field of archaeobotany.
Starting with simple genetic analysis for taxonomic identification to supplement
morphological examination, the field has rapidly progressed following advances
in high-throughput technologies in archaeogenomics. Methods such as shotgun
sequencing have enabled genome-wide studies, exploring in detail the genome of
domesticated plants and analysing the genome-wide rearrangements that occurred
during this process (Palmer et al., 2012). As both a key crop and a genetic model
organism deeply studied for over 100 years, a wealth of domestication studies have
been conducted on maize, revealing a detailed picture of evolution. Molecular
analysis of palaeobotanical remains continues to provide new information on
maize evolution, and PCR-based studies have identified the likely geographic
region of its original domestication in Mexico, and traced its dispersal across
Central America and South America (Kistler et al., 2018). The target capture
method, or Hyb-Seq has been used to confirm and refine models for maize
domestication over time mediated with progressive introgression from wild
relatives (daFonseca et al., 2015). A recent study on maize domestication
and diversification in South-America based on the genomes of present-day and
ancient American maize cobs has shown that maize had a stratified mode
of domestication that started with a large Mesoamerican gene pool that was
partially domesticated. This was followed by dispersal to different locations in
which the sub populations become reproductively isolated by different selection
pressures (Kistler et al., 2018). Wheat domestication has not been studied
as extensively as maize, but modern genome-wide studies on emmer wheat

21



chaff found shared haplotypes between 3,000-year-old Egyptian emmer wheat
from museum collection and modern emmer wheat, including domestication
loci as two Quantitative Traits Loci (QTLs) related to grain size and seed
dormancy. Although several haplotypes present in historical specimens are absent
from modern emmer, similarities between museum specimens and Arabian and
Indian emmer landraces suggest an early South-Eastern dispersal of ancient
Egyptian emmer (Scott et al., 2019). Bottlenecks are a common feature in the
domestication process and have also been revealed from ancient plant material
in beans. One of the symptoms of a bottleneck event in the demographic history
of a lineage is genetic erosion, the loss of allele diversity in a population due
to genetic drift and inbreeding caused by the bottleneck event. This effect
was found in the case of the Andean bean domestication, which was likely
triggered by stringent varietal selection (Trucchi et al., 2021). In this study,
ancient bean genomes dated between 600 and 2,500 years ago showed ten times
more heterozygosity than modern genomes, despite that the set of genes that
characterise the domestication had already been selected. It is likely that initial
improvements in common beans occurred via soft sweeps rather than under
strong selection pressure, while selection strategies in recent centuries produced
further improvement at the cost of genetic erosion (Trucchi et al., 2021).

2.2.3 Phylogeography
Climatic and environmental changes can be responsible for major shifts in species’
geographic distributions. For example, the glaciation cycles over the past 2.4
million years have restricted some species in separate refugia, often resulting
in a loss of allelic variation that persists after the species’ expansion out of the
refugium. Phylogeography allows studying the history of geographic distribution
of genealogical lineages using population genetic tools to detect the changes in
genetic variation caused by historical events such as migration and dispersal
(Cruzan et al., 2000). In contrast to studies of modern populations using
selection inference from a single time point, aDNA studies including multiple
time points can show the shift of alleles before and after periods of environmental
or demographic change, providing information about the selection coefficient of
the event (Bank et al., 2014). Early plant phylogeography studies were based
on plastid DNA (pDNA) sequencing methods, as a study of the distribution
and circumpolar migration of saxifrage, suggesting the possibility that plant
refugia were located in the Arctic (Abbott et al., 2000). Later studies used
DNA fingerprinting, such as amplified fragment length polymorphism (AFLP),
in addition to pDNA to disentangle signatures of hybridization due to isolation
in a refugia and postglacial migration for two species of Birches (Eidesen et al.,
2015). More recently, a target capture method has been used on lake sediments
to recover the complete larix chloroplast genome and study its dynamics at
population level (Schulte et al., 2021). Another recent study has used shotgun
sequencing to analyse Ice Age algal populations from lake sediments. It has
enabled the mapping of chloroplast and mitochondrial genomes to reconstruct
the genomic variation of the lake populations (Lammers et al., 2021).
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2.2.4 Palaeoecology
Ancient DNA studies can unravel the ecological past and temporally explore
the adaptation mechanism and interactions between organisms. This can in-
clude processes such as convergent evolution of different species in a similar
environment, present plant adaptations due to standing or de novo mutation
in the evolutionary history of a species, or metagenomics of a aDNA specimen
to reveal the dynamics of plant pathogens (Bieker et al., 2020; Kistler et al.,
2020). Innovations in shotgun metagenomics have increased the possibilities
for using sedDNA analysis for reconstruction of past vegetation with higher
taxonomic resolution than with pollen DNA barcoding (Bjune et al., 2021; Clarke
et al., 2020), and they can detect more taxa in a single sample than macrofossils
(Alsos et al., 2016). Provided that an appropriate reference library is available,
minimal sampling can enable the identification of hundreds of different taxa
in a few samples, giving an estimation of species diversity. This information
allows reconstruction of the palaeoenvironment and its biodiversity change over
time (Anderson-Carpenter et al., 2011). Some limitations do however remain.
SedaDNA is preserved in lake environments since the stable temperature condi-
tions can conserve DNA. However, sampling can be challenging in these areas.
There are also major challenges in detecting species that are rare or have a
low biomass. Additionally, the taxonomic resolution provided by sedaDNA is
variable in function of the method used. While metabarcoding sedaDNA almost
always provides higher resolution than direct pollen analysis (Clarke et al., 2020;
Sønstebø et al., 2010), the reference library to match the dataset must match
the method used and the flora of the region (Parducci et al., 2019)).

2.2.5 Conservation archaeogenomics
The Anthropocene presents major global challenges, including climate change,
loss of biodiversity through extinction, and emerging zoonotic infectious diseases.
An understanding of previous human interactions with the environment can
guide conservation management during this era of massive environmental change
and rapid loss of biodiversity. The field of conservation archaeogenomics involves
analysing aDNA with the goal of guiding present-day biological conservation
(Hofman et al., 2015). Genomic archaeological data can also reveal details about
the time and potential reasons for local or global extinction events, and help
to understand the resulting consequences on ecosystems and human societies.
Studies that use these data may also contribute to better understanding how
human activities and behaviours may have contributed to past extinction events.
Studying the distribution of species and how they colonise new areas can also
help us to anticipate how ecosystems may respond to future climate change
(Alsos et al., 2021). A theoretical application of the recent progress in molecular
biology and sequencing techniques follows from the concept of “de-extinction”
or “species revivalism”. The possibility of de-extinction is controversial and
still debated on both technical and ethical levels, as it is difficult to justify
the ecological need for reviving extinct species rather than supporting current
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conservation efforts for endangered species (Orlando et al., 2014).

2.2.6 Future perspectives on plant aDNA analysis
Over the last several decades, palaeogenetics has made substantial contributions
towards our understanding of ancient plant science, ecology, and archaeology.
In contrast, palaeogenomic is just in its infancy and sequencing and analysis
techniques are constantly improving. The study of full genome datasets has
allowed to accurately characterise taxonomic diversity (Wagner et al., 2018),
to study changes in distribution and demography over time, including changes
in population size and measurement of genetic diversity on a population scale
(Schwörer et al., 2022; Zimmermann et al., 2017), to investigate the origin
of ancient domesticated plant cultivars with high resolution (Ramos-Madrigal
et al., 2019; Scott et al., 2019; Trucchi et al., 2021), and to reconstruct entire
palaeoenvironments (Capo et al., 2021). The race to understand biological
diversity before it is lost is, to some degree, mitigated by the presence of valuable
genomic information in archaeological and natural history collections that include
extinct and endangered species. As this field of research provides information
about common species and their ecological background, it provides a framework
in which to study and understand how the past 200 years of human activity
have impacted patterns of genetic diversity in the natural world. It is essential
that we use insights from the study of ancient plant genomics to help us reduce
biodiversity loss over the next 200 years.

2.3 Questions
1. Human faecal material recovered from the latrines of an ancient settlement

were analysed with a shotgun sequencing approach, yielding puzzling results.
The plants identified from this archaeological site were not domesticated
at the time of its occupation, and are not supposed to be present at this
location. How can you explain this discrepancy? What protocols can be
used to verify this result?

2. A study of the Holocene glacial retreat will be designed to assess the time
and zone affected by deglaciation using plant aDNA as a proxy. What
aDNA specimens can be used to assess the changes in plant diversity over
time at each sampling point, and identify the species involved?

2.4 Glossary
Amber Fossilised tree resin, may contain animal or plant material as inclusion.

Palaeogenetics The study of the past using genetic material from ancient
specimens.
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Palaeogenomics Genome-scale sequencing studies of genetic material from
ancient specimens.

Balancing selection Different selective processes which maintain genetic di-
versity at a frequency superior to that expected under neutral genetic
drift.

Coprolite (or coprolith) Fossilised human or animal faeces. Contrary to
palaeofaeces, most of their original composition has been replaced by
mineral deposit.

cpDNA Chloroplast DNA, or plastome.

De-extinction Theoretical possibility to rebuild extinct species using aDNA
sequences.

Ice core Long cylinder of ice recovered by drilling through ice sheets or glaciers.

mtDNA Mitochondrial DNA.

Palaeoecology (or paleoecology) The study of interactions between organ-
isms and their environment across geologic timescales.

Palaeofaeces (or paleofeces) Ancient animal or human faeces. Contrary to
coprolites, they retain some parts of their original biological composition,
although in practice the terms are used interchangeably.

Permafrost Ground continuously frozen (below 0°C) for two or more years.

Phytoliths Silica microstructures found in some plant tissues.

Plant domestication Human selection of desirable traits in plants that has
taken place in the last 12,000 years.

Positive selection (or directional selection) Process by which one pheno-
type is selected preferentially to others, causing allele frequency to shift
over time towards this phenotype.

Purifying selection (or negative selection) The removal of deleterious al-
leles from a population genome.

SedDNA Sedimentary DNA, younger and better preserved sedimentary DNA.

SedaDNA Sedimentary ancient DNA, older, more poorly preserved.

Subfossil Organism partially fossilised still containing biological matter such
as bone, skin, or faecal deposit, while a fossil is completely mineralized.

Taphonomy Study of how organic remains pass from the biosphere to the
lithosphere, including processes affecting remains from the time of death of
an organism through decomposition, burial, and preservation as mineralized
fossils or other stable biomaterials.
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2.5 Answers
1. Several biases specific to aDNA analysis lead to an incorrect identification of

the specimen species. The low quantity of aDNA in historical specimens can
increase the effect of cross-contamination between samples and differential
amplification of the DNA fragments during the PCR process of making
genomic libraries. Different replicates of the samples can be analysed in
separate facilities to test reproducibility of the results, and a negative
control devoid of DNA can be used to check contamination. Ancient DNA
damages such as substitution or deletion can affect the DNA sequence itself
and lead to incorrect identification. Software assessing aDNA damage and
recalibrating the alignment file can be used to minimise this bias. Another
source of error can be the incompleteness of the plastid reference database
used to match the sequencing reads. If many species are missing from the
reference database, the detection might occur at genus level instead of
species level. For more information, this question is based on a study that
characterised the diet and intestinal parasites of ancient communities in
Northern Europe and Middle East from latrines remains aDNA (Søe et al.,
2018).

2. To study the evolution of plant richness over time, we can use a time
series of samples to reconstruct the evolution of vegetation diversity at the
sampling point. A range of datasets from several sampling points can be
used to model the Holocene glacial retreat over time. Lake sedaDNA can
be an adequate source of aDNA to study climatic change via taxonomic
plant diversity detection. SedaDNA is extracted from lake sediment cores,
each sediment layer of the core corresponds to a different era. This kind of
sampling might provide a measure of plant vegetation richness before and
after deglaciation, and might be used to confirm models of the Holocene
glacial retreat. For more information about lake sedaDNA cores used to
reconstruct changes in plant diversity over time and geographically, have a
look at a study using sedaDNA to characterise the emergence of vascular
plants after glaciation in Greenland (Epp et al., 2015) or another study
reconstructing the post-glacial plant colonisation of Iceland (Alsos et al.,
2021; Epp et al., 2015).
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Chapter 3

Development of an
herbarium specimen
Hyb-Seq analysis pipeline
for Begonia specimens

3.1 Introduction
3.1.1 Endemism and rare species extinction
In the history of conservation genetics, the relationship between species extinc-
tion risk and genetic factors has been controversial, several studies claiming
that species were driven to extinction by external threats before genetic features
as inbreeding could play a role in their demise while others pointed out the
relationship between inbreeding and extinction rates (Frankham, 1998, Elgar
et al., 2001, Frankham, 2001). Insular population suffering from significantly
higher inbreeding rates compared to mainland populations were more likely to
be associated with elevated extinction rates (Frankham, 1998). Other stud-
ies questioned this point of view, suggesting that the findings were biased by
phylogenetic differences between taxonomic groups (Elgar et al., 2001). The
ecological context of the populations and species considered was though to be
more relevant to management strategies than genetic factors. Reasons underly-
ing extinction events include external factors as habitat loss, overexploitation,
chemical pollution and major ecological or climatic change. These threats act
in historical time, sometimes in years or months and are therefore thought to
affect populations before any genetic factors can play a role, this hypothesis
is called the ’No Genetic Impact’ hypothesis (Spielman et al., 2004). There
have been questions about comparing threatened and non-threatened species
with different levels of homozygosity in a meta-analysis on IUCN-listed species
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(Greeff et al., 2003, Spielman et al., 2004). However, regardless of the speed with
which external factors can impact populations, inbreeding and loss of genetic
diversity can lower population fitness and population size, affecting capacity to
adapt to ecological and environmental changes. For example, Primula scotica is
endemic to a small area in Caithness, Surtherland and Orkney. It is vulnerable
to changes in grazing management in a way that would not be the case if it had
a larger population. It has a mixed breeding system but genetic analysis shows
very little variation between individuals, suggesting little capacity to respond to
environmental change and poor adaptative potential for re-introduction (Glover
et al., 1995).

3.1.2 The Begonia genus
Begonia is a pan-tropical genus of herbs, shrubs, and lianas belonging to the family
Cucurbitaceae within the order Cucurbitales along with six other families (Datis-
caceae, Tetramelaceae, Anisophylleaceae, Coriariaceae, and Corynocarpaceae)
(Schwarzbach et al., 2000, APG, 2003, Schaefer et al., 2011). Cucurbitales
families are morphologically distinct, and appearance can change drastically
from one family to the other despite common traits, as these groups include
few woody species and several genera are monotypic or include a few number of
species.

The genus is well-known for its diversity of leaf shapes, patterns, and textures
(Li et al., 2022). The group has been intensively studied for its high morphological
diversity and high speciation rate (BPG et al., 2022, Moonlight et al., 2018).

Begonia is indeed one of the ten largest genera of plants with more than 2000
species known, and the species number recorded has grown faster than for any
genera in the last decade (Frodin, 2004, Moonlight et al., 2018), and more than
200 have been published in the last five years (BPG et al., 2022). As the genus
include a large array of different species closely related, it is used as a model
for evolutionary history studies focused on the speciation process and its causes
(Frodin, 2004, Dewitte et al., 2011, Brennan et al., 2012).

Furthermore, there is only one other sister genus in the family Begoniaceae,
Hillebrandia, with a single species endemic from the Hawaiian Islands, phylo-
genetically and morphologically distinct from Begonia (Clement et al., 2004).
Studies have suggested that Hillebrandia is a surviving relict endemic genus
on the Hawaiian Islands, possibly due to the relatively stable maritime climate
of the archipelago. It was suggested as well that separation from its sister
group Begonia is a relatively ancient event in the history of the Begoniaceae and
pre-date the formation of the current Hawaiian Island (Clement et al., 2004).

Several explanations have been proposed to explain diversity in the genus,
for example high levels of outcrossing due to protandrous pollination (Agren
et al., 1991, Ågren et al., 1993, Neale et al., 2006).

Most of Begonia populations are small and endemic, while genetic studies
show strong population structure and strict population delimitation (Hughes
et al., 2003, BPG et al., 2022, Brennan et al., 2012). They are considered as
narrow endemic and occupy micro-habitats, with limited gene flow between
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populations (Li et al., 2022). They are mostly distributed in tropical countries
with a higher number of species in South America and Asia compared to Africa,
where the genus is probably originated (Neale et al., 2006).

A low gene flow between population is a possible reason for speciation over
small geographical scales (Hughes et al., 2008, Twyford et al., 2013). This
genetic isolation might be a factor promoting lower genetic diversity, thus poor
environmental adaptation, reduced fitness, and vulnerability at a genus scale.

For example, in South Africa, Begonia sutherlandii populations have
FST =0.485 (Hughes et al., 2002a), Begonia dregei, FST =0.882 and Begonia
homonyma, FST =0.937 (Matolweni et al., 2000). These are levels expected
between species. In more widespread species in Mexico lower but still substantial
FST were recorded (B. heracleifolia, FST =0.364; B. nelumbiifolia, FST =0.277)
(Twyford et al., 2014a, Twyford et al., 2014b).

The possible effects of such genetic isolation are seen in B. samhaensis, an
Arabian Begonia restricted to the highest point of the island of Samha. No
genetic variation has been seen in this population, making it extremely vulnerable
to any ecological change (Hughes et al., 2002b). Several species are affected
with narrow endemism and not available in the wild any more. The species B
.monicae has been described from a single Holotype collected in North-East of
Madagascar by Aymonin and Bosser in 1920 (Bosser, 1983), and has never been
identified in the wild since. This specimen is the only record we have of the
entire species. Similarly, B. antaisaka records are six specimens collected in 1947
by Humbert in the South-West of Madagascar, and no other specimen has been
discovered since (Humbert, 1972). Same situation with B. bekopakensis with
three specimens collected in 1962 (“Begonia Bekopakensis” 1983).

Anthropogenic activities as urban expansion or farming restrict the area
dedicated to native tropical plants, and especially tropical forest. Much has
already been lost (Zheng et al., 2021) and much is under great threat (Corlett,
2016). It has been demonstrated that old-growth forests are necessary to preserve
endemic herbaceous tropical plants as Begonia (Raveloaritiana et al., 2021).

3.1.3 Inbreeding depression and mutational meltdown
Inbreeding can be defined as the mating of close relatives, and the result of
this is an increased homozygosity level in a population, which leads to an
increased frequency of genetic diseases. The resulting effects are called inbreeding
depression (Silvertown, 2001).

A particular case of inbreeding is caused by genetic erosion, a process that
affects many endangered species by loss of habitat. Genetic erosion is the result
of small population having a limited gene pool, loosing particular alleles as
individual with unique genes dies without breeding, and triggering a diminution
of available alleles within population (Silvertown, 2001, Gillespie, 2004). Fewer
individuals also maximise the impact of any harmful mutations fixed permanently
in the population, and the accumulation of of deleterious mutation is eventually
ending in mutational meltdown (Lavrentovich et al., 2016).
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Mutational meltdown, or error catastrophe, is an accumulation of deleterious
mutations in a small population, reducing its fitness and size. Mutations occur in
a wild-type population and accumulate with low effect of selection. The deleteri-
ous alleles frequency increase with the number of mutant-type individuals, until
they are eventually fixed in the population, reaching a frequency of 100%. Under
low selective force, the genetic drift has more effect than the purging selection,
and drive the population into a downward spiral to extinction by continuously
accumulating deleterious mutation (Lynch et al., 1993). First characterized in
small, asexual populations, mutational meltdown has been identified as a threat
that can affect small, random-mating monoecious populations, as recombination
does not affect this process (Lynch et al., 1993; Lynch et al., 1995). The size
of the population is a key factor of this particular case of genetic drift. The
mean time of extinction of a population is directly linked to its size, with other
factors as background of recurrent deleterious mutations and environment or
demography fluctuations (Gralka et al., 2016).

Endemic Begonia species are likely candidate to mutational meltdown in
reason of their repartition and relative isolation.

3.1.4 Using aDNA from historical specimens to test genetic
health

Herbaria specimens are a unique resource, providing an opportunity to explore
the genome of species not in cultivation, difficult to collect or extinct, as well
as the ability to monitor the evolution of allelic frequencies over time (Chapter
1). DNA sampling from herbaria is destructive, and this can limit its use on
precious samples such as types. Specific extraction methods have been developed
to optimize the DNA recovery from this precious material.Tests have established
which specimens are likeliest to give usable data and therefore are worth the
destructive sampling (Kates et al., 2021, Forrest et al., 2019).Non-destructive
methods have also been developed, such as using a Staedtler “Mars Plastic”
eraser to collect sufficient DNA molecules from the surfaces of herbarium samples
to allow PCR amplification (Shepherd, 2017). Herbaria specimens have been
increasingly used over the past ten years for DNA-based research, but despite
the optimisation of extraction methods low, fragmented and contaminated
yields are the general rule. Target capture overcomes issues of low yield and of
contamination and is now well developed as a tool for generating genetic data
from herbarium samples (Gutaker et al., 2019, Bieker et al., 2018, Gutaker et al.,
2019, Bieker et al., 2020, Kates et al., 2021, Bieker et al., 2022). This has driven
interest in developing specific pipelines to manage herbarium-captured DNA
(Fig.3.1).

3.1.5 Target capture
Target capture is one method of reduced-representation sequencing, using molec-
ular probes to target specific loci and isolate them from the rest of the genomic
sequences (Fig.3.1). The ability to collect just the matching sequences from a
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heterogeneous mixture of highly fragmented DNA makes targeted capture ideal
for dealing with the problems of herbarium samples (Cronn et al., 2012). Several
sets of baits are available for plants including very wide-ranging ones, designed
from conserved single copy elements to amplify across angiosperms (Johnson
et al., 2019), and many sets designed for specific clades (Woudstra et al., 2021,
Cowman et al., 2020, Eserman et al., 2021, Michel et al., 2022)).

Figure 3.1: Mechanism of Target Capture.

Pipelines developed for NGS datasets

Sequence data from hybrid capture is usually generated with Illumina, often
as short paired-end sequences. Bioinformatically hybrid capture datasets have
the advantage of a known reference (the bait set) and, hopefully, a fairly simple
structure with high coverage on distinct non-repetitive sequences. Pipelines use
a combination of de-novo assembly, mapping reads or contigs to target sequences
and filtering to remove chimeric sequencing or paralogs to generate a set of
sequences per target per sample for further analysis (Fig.3.1). The focus may
be on deriving single and easy to analyse consensus sequence for each target
locus, or on harvesting as much data as possible, including non-bait sequence
from introns or up and downstream regions, and multiple paralogs for a very
rich as dataset. In this study five assembly pipelines have been considered for
hybrid capture data analysis. In parallel to my researches, a trial has been
set up to compare HybPiper, HybPhyloMaker, SECAPR, PALEOMIX, and a
home-made tool called the BASIC pipeline. The parameters of the comparison
and specificities of the pipelines are described in Michel et al., 2022. Eventually,
the PALEOMIX pipeline has been selected for most steps of this study due to
the volume of data produced, the size of the contigs aligned, the integration
of an aDNA analysis tool, and its modularity allowing easy modifications of
the pipeline (Michel et al., 2022). Furthermore, a reference-based pipeline was
necessary in downstream analysis, notably the Runs Of Homozygosity (ROH)
measurements that requested long scaffold genomes references (Ceballos et al.,
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Pipeline Data Purpose aDNA Ploidy management Modules References
Phylucce Hyb-Seq Alignment phylogenetic analysis No Yes Paralog detection Faircloth, 2015
HybPiper Hyb-Seq Exon and flanking intron recovery No No Paralog detection Johnson et al., 2016

HybPhyloMaker Hyb-Seq Data analysis and species tree reconstruction No No Fér et al., 2018
Secapr Hyb-Seq Non-model organism No No Andermann et al., 2018

Paleomix Hyb-Seq aDNA analysis No Yes Schubert et al., 2014

Table 3.1: NGS pipelines for target enrichment dataset analysis.

2018), available for the Begonia group since 2021 (Li et al., 2022). HybPiper
has been used to detect paralogous sequences for a comparative study described
further in this Chapter.

Phyluce

Phyluce was designed to focuses on UCE (Ultra Conserved Elements) markers for
phylogenetic analysis and comparison specifically in non-model species (Faircloth
et al., 2012). The software uses de-novo assembly to generate contigs from the
reads then aligns contigs to target loci using LASTZ. Detection of the paralogous
sequences is done by comparing the contigs matching probes addressed to different
loci or single locus. It aligns the remaining orthologous sequences for phylogenetic
inference (Faircloth, 2015).

HybPiper

HybPiper was designed to work with the Angiosperm 353 bait set, and to extend
the sequence recovery beyond the coding sequence into the more variable intron
regions, valuable for phylogenetic analysis (Johnson et al., 2016). Sequencing
reads are aligned to the target sequence using Bowtie2, then the set of reads
mapping to each target are individually de-novo assembled into contigs and
coding sequence and introns identified. Either exons, intron or all the sequence
(supercontigs) can be extracted for further use in the next steps. Targets with
many paralogs are identified and paralogs can be analysed using additional
modules (Jackson et al., 2021).

HybPhylomaker

HybPhylonaker has been developed specifically for target enrichment analysis
from raw reads to supertree- and multispecies coalescent-based species tree
reconstruction (Fér et al., 2018). Similarly to HybPiper, HybPhyloMaker build a
pseudoreference sequence with a de-novo assembly of the raw reads which allows
to recover the intronic part at the fringe of the exon. This method seems to
be efficient to isolate orthologous sequences, as they are more abundant due to
paralogs to have little sequence dissimilarity with the baits (Fér et al., 2018).
HybPhyloMaker includes as well a whole module of gene tree estimation using
either FastTree or RaxML, and the last part of the pipeline is a species tree
reconstruction step using ASTRAL (Zhang et al., 2018) or ASTRID (Vachaspati
et al., 2015) (coalescent method), MRL (Nguyen et al., 2012) (supertree method),
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and FastTree (Price et al., 2009) and ExaML (Kozlov et al., 2015) (concatenation
method).

SECAPR

The Sequence Capture Processor pipeline (SECAPR) allows either de-novo
assembly, to generate contigs from captured data without a reference, or reference-
guided assembly, producing phased or unphased consensus sequences (Andermann
et al., 2018). Contigs produced from a de-novo assembly can be used as reference
in subsequent steps. De-novo assembly uses Abyss and the resultant contigs
are mapped to targets using LASTZ (Harris, n.d.), producing alignments for
each target for all loci which will include off-target sequence such as introns and
flanking sequence. The reference based assembly uses BWA to map the reads
and remove duplicates. Consensus sequences are derived from the BAM files
using SAMtools (Danecek et al., 2021), with possible phasing to derive both
alleles.

PALEOMIX

PALEOMIX is a modular pipeline processing raw sequencing reads through
several analytical stages before a step of alignment against one or more reference
genomes (Schubert et al., 2014). The pipeline integrate the tool mapDamage2.0
(Jónsson et al., 2013) that evaluate the presence of postmortem DNA damage
signatures in the reads alignments to authenticate aDNA data set and recalculate
base quality scores in aligned reads in order to reduce the noise in downstream
analysis.

3.1.6 Ancient DNA damages pattern in herbarium speci-
mens

The aDNA contained in herbarium specimens is usually highly fragmented and
can include degenerated nucleotides that could impair variant calling.

Two types of DNA degradation are common in herbaria material. DNA
fragmentation is the most common, observed at various degree in silica-dried
and herbarium material (Forrest et al., 2019). Due to processes of depurination
of the DNA sugar phosphate backbone and β-elimination, it occurs in slowly-
dried specimens, specimens exposed to heat, or exposed to moisture during
storage (Dabney et al., 2013). On the contrary, substitution C to T and G to A,
caused by nucleotides deamination and located at extremities of DNA fragments
occur during amplification of aDNA, and is a more reliable marker of historical
aDNA. Modern contaminants can be integrated in a batch of samples and be
over-amplified during library preparation and mistakenly analysed with the
whole dataset of specimens (Kistler et al., 2020). These issues can be addressed
during preparation of the samples, using clean laboratories facilities dedicated
to aDNA extractions and DNA repair kits (Mouttham et al., 2015). However,
bioinformatic methods have also provided means to identify and quantify aDNA
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patterns, allowing us to authenticate the part of the dataset representing historical
specimens sequences and lower their impact on variant calling (Ginolhac et al.,
2011, Peyrégne et al., 2020, Neukamm et al., 2021). In this study we used two
pipelines for identifying and managing DNA damage.

Figure 3.2: Fragmentation and deamination process (Dabney et al., 2013).

Antcaller is a python based programme which is based on the GATK approach
and uses Bayesian analysis to calculate the probability of each genotype, including
estimates of probability of damage for C to T and G to A (Zhou et al., 2017).

MapDamage 2.0 is a software using Python and R scripts, it calculates
misincorporatated nucleotides and fragmentation with respect to a reference
(Jónsson et al., 2013). It allows identification of ancient DNA in a mixed sample.
It has been incorporated into the pipeline Paleomix to allow more accurate SNP
calling on damaged DNA (Schubert et al., 2014).

34



Figure 3.3: Misincorporation rates for C to T and G to A in ancient DNA
(aDNA) (Bieker et al., 2018).

3.1.7 A pipeline to detect homozygosity patterns and in-
breeding depression

In this chapter we aim to compare the success of the different tools and pipelines
described for accurate detection of damaged DNA, paralogs, SNP calling and
runs of homozygosity using hybrid capture from two sample sets.

3.2 Methods
3.2.1 Begonia target capture baits
An hybrid target capture set of baits has been set up by Dr. Catherine Kidner
for phylogenetic analysis, population genetic analysis, and functional studies.
The purpose is to recover nuclear genes for phylogenomics analysis, targeting
Ultraconserved Elements (UCEs) as slow-evolving regions that can be used on
a large phylogenetic diversity of organisms. In contrast protein-coding genes
can be used to design the probes in order to capture low-copies exonic genes for
phylogenetic and molecular evolution analysis (Zhang et al., 2012). Additionally,
flanking intronic regions can inform more recent relationships. Then to achieve a
high coverage on thousand of markers selected for evolutionary history (McKain
et al., 2018). The target capture bait set used for this study includes a total
of 1,239 loci from B. conchifolia and B. luzhaiensis transcriptomes, designed
to capture conserved sequences for phylogenetic and population genetic studies
and functional regions including developmental genes (Michel et al., 2022). The
functional genes included in the set of baits include annotated genes involved in
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shade adaptation. While Universal probe sets of baits has been developed for
cross-species analysis among the angiosperm clade targeting conserved regions
(Johnson et al., 2019), claiming no phylogenetic bias caused by difference of
relatedness between the sample analysed and the design of the bait set. The set
has been designed as well to avoid high polymorphism sites related to incorrect
sequence assembly (assembly errors) and gappy regions. A preliminary study has
been made to check where are the loci targetted in different Begonia genomes, if
they are contiguous, and what are the linkage group involved (Brennan et al.,
2012, Fig.3.4).

Transcriptome from leaves and flower buds of Begonia luzhaiensis T.C.Ku
(Tseng et al., 2017). BLASTN transcriptome on its own sequence to identify
sequences over 100bp with single match to identify single-copy genes with 98%
identity. BLASTN B. luzhaiensis to annotated genes from B. conchifolia with
90% identity (Campos-Dominguez, 2020). The output were filtered using the
genome assembly method used by Yang et al., 2012 to match cucumber (Cucumis
sativus L. cv.) genes with matches above 90% identity.

The recovery of sequence data from silica-dried and historical herbarium
specimens with this set of baits had been demonstrated (Michel et al., 2022).

3.2.2 Target capture set of samples
The specimens considered for setting up and testing our analysis pipeline are
B. conchifolia, B. plebeja and F1 hybrids and backcrosses. They are a mapping
population set up for a previous work related to the production of a Begonia
genetic map (Brennan et al., 2012, Twyford et al., 2014b). The B. conchifolia
parent has a sequenced genome, B. plebeja a sequenced transcriptome, and the
known parentage of the F1s and backcrosses allows prediction of expected alleles
and level of heterozygosity (Table .3.2). We included in the batch of samples
herbarium-dried and and fresh silica-dried samples from the same individuals
to study the pattern of damage occurring during the herbarium-drying process.
This mapping population has been selected to build and test the pipeline as the B.
conchifolia parent has a sequenced genome, B. plebeja a sequenced transcriptome,
and the known parentage of the F1s and backcrosses allows prediction of expected
alleles and level of heterozygosity. The expected segregation pattern in parents,
F1, and backcrosses will be used to discriminate the orthologous sequences from
the paralogous duplicated sequences and to exclude paralogs from the analysis.

Leaf tissue has been collected for each accession and silica-dried. DNA
extraction followed the standard Qiagen DNeasy Plant Mini Kit protocol. DNA
was quantified using a Qbit 4 Fluorometer with the dsDNA HS chemistry kit,
and a quality check performed on an Agilent TapeStation. All samples were
normalized to 2 ng/uL before fragmentation step. Fresh and recent historical
specimens were fragmented to 350bp using a Covaris M220 Focused-ultrasonicator.
Library preparation followed the protocol of the NebNext Ultra II DNA Library
Prep for Illumina Kit. Seramag Sample Purification beads were used for size
selection of samples above 50 ng, and clean up for less concentrated samples. An
Agilent Tapestation with High Sensitivity kit was used for libraries quality check.
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Table 3.2: Mapping populations specimens collected to build and test the pipeline.

Specimen ID Species Condition Living collection ID

Plebeja_1_silica B. plebeja silica dried 20051406
Plebeja_2_silica B. plebeja silica dried 20051406

Conchifolia_1_silica B. conchifolia silica dried 20042082
Conchifolia_2_silica B. conchifolia silica dried 20042082

F1_CKB137_1_silica hybrid silica dried CKB137.1
F1_CKB137_2_silica hybrid silica dried CKB137.2
F1_CKB137_6_silica hybrid silica dried CKB137.6
F1_CKB137_9_silica hybrid silica dried CKB137.9
BC_ARB312_5_silica hybrid silica dried BC ARB312.5
BC_ARB312_71_silica hybrid silica dried BC ARB312.71
BC_ARB312_76_silica hybrid silica dried BC ARB312.76
BC_ARB312_117_silica hybrid silica dried BC ARB312.117

Plebeja_1_herbarium B. plebeja herbarium dried 20051406
Plebeja_2_herbarium B. plebeja herbarium dried 20051406

Conchifolia_1_herbarium B. conchifolia herbarium dried 20042082
Conchifolia_2_herbarium B. conchifolia herbarium dried 20042082

F1_CKB137_1_herbarium hybrid herbarium dried CKB137.1
F1_CKB137_2_herbarium hybrid herbarium dried CKB137.2

Subsequently, libraries have been normalised to 10 nM, then pooled according
to fragment size and quality. Three pools of 10, 14, and 19 libraries were made.
The hybridization step followed the MyBaits Hybridization Capture for Targeted
NGS Manual version 4.01. According to the guidelines of the manual relating to
degraded or contaminated DNA libraries, the hybridization time was extended to
24 hours with a temperature of 62°C. 16 post-amplification cycles were performed
on all the samples. Pools were sequenced by Edinburgh Genomics on a single
lane of NovaSeq6000 SP with 250bp paired end Illumina reads.

Unfortunately the loci recovery of the target capture protocol has been
uneven across loci, with random variable read depth, improper to develop our
pipeline. We then shifted our test group for a set of specimens processed via
genome skimming by the Dr. Cynthia Fan (Fan, 2023).

Genome skimming set of samples

As the target capture protocol did not achieve the results expected, another
batch of samples has been added subsequently to the study in order to build
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Figure 3.4: Baits location and linkage group associated on six pseudo-
chromosomes of the B. masoniana genome.

the pipeline. This set of data has been produced by Dr. Cynthia Fan in the
context of her PhD thesis, and consist of genome skimming of the same mapping
population previously described for the target capture set (Fan, 2023). A total
of 82 samples from the mapping population have been included in this dataset:
one Parent plant B. plebeja, one F1 plant Begonia hybrid identified as CKB137.8,
and 80 F2 plants Begonia hybrid backcrosses of B.conchifolia identified as B.08
Sprouting leaves were flash-frozen in liquid nitrogen. We have proceeded to
DNA extraction using the protocol described in Nishii et al., 2022, excluding
the nuclei isolation step and with several editions to the method. QIAGEN
Genomic-tip 20G kits were used for High-molecular weight DNA extraction,
loaded with 200mg of ground material to prevent overloading the column. After
leaves were ground, the tissues cells were lysed with 4ml of QIAGEN G2 buffer.
We resuspended the DNA extracted in 1ml of 0.1 x Tris-EDTA buffer. DNA
quality check has been done with a Denovix Qubit. The samples have been
sequenced with 150bp paired end Illumina reads, providing an average of 10x
coverage.

3.2.3 Alignment pipeline
After sequencing, the raw reads were processed through the PALEOMIX pipeline.
The makefile of the pipeline was set up with QualityOffset of 33 accordingly to
the choice of Illumina platform. The AdapterRemoval option for trimming was
set up according to the following parameters: –adapter1: AGATCGGAAGAG-
CACACGTCTGAACTCCAGTCA, –adapter2: AGATCGGAAGAGCGTCGT-
GTAGGGAAAGAGTGT, –mm: 3, –minlength: 25. We used BWA as aligner
with the following parameters: Algorithm: mem, MinQuality: 20, FilterUn-
mappedReads: no, UseSeed: yes. PCR duplicates have been filtered out with
Picard MarkDuplicates (Picard Toolkit 2019). We used mapDamage with default
settings, a downsample of the input to 100,000 hits (Jónsson et al., 2013). After
adapter removal, we excluded from the alignment single-end reads, non-collapsed
paired-end reads, paired-end reads for which the mate was discarded, and over-
lapping paired-ended reads collapsed into a single sequence. The BAM files were
indel-realigned using GATK Indel realigner (O’Connor BD, 2020).
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3.2.4 SNP calling
We have used Genome Analysis ToolKit (GATK) with gatk HaplotypeCaller
to join call variants (McKenna et al., 2010). Jointly calling all samples in a
cohort has been described as a gold standard strategy for analysing rare and
under-represented SNPs, especially for low-coverage data (Chen et al., 2020, Nho
et al., 2014). To filter them, and have a proper SNPs reliability, the method
recommanded is VQSR. Since we do not have the option of an adaptative filtering,
as it require a well-curated database of markers, hard filtering has been chosen
as an alternative. The filters were calibrated according to the distribution of
the different variants annotations of the VCF files INFO field, following the
recommendation given by the GATK guidelines (O’Leary et al., 2018, Caetano-
Anolles, 2022) (Fig.3.5). This method has been proved to reduce the number of
unfiltered false positives (De Summa et al., 2017), we choose this conservative
approach at the risk to filter out true variants from the analysis.

(a) (b) (c)

(d) (e) (f)

Figure 3.5: Density of the annotations values of the INFO field of the VCF file.
(a) QualByDepth (DP), (b) FisherStrand (FS), (c) StrandOddsRatio (SOR), (d)
RMSMappingQuality (MQ), (e) MappingQualityRankSumTest (MQRankSum),
(f) ReadPosRankSumTest (ReadPosRankSum).

3.2.5 Paralogous genes detection
The presence of duplicated genes in Begonia genomes can be detected in the
evolutionary history of the genus. A recent Whole Genome Duplication event
(WGD) occurred early in Begoniaceae evolution, at the origin of the family some
time before before 22 MYA (Brennan et al., 2012). Several genome duplications
have occurred since, in different lineages (Campos-Dominguez et al., 2022)
and segmental and tandem duplication are common (Li et al., 2022). This
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Table 3.3: Reference genomes used to map the reads.

Reference genome Section Size (Mbp) Assembly Source

B. loranthoides Tetraphila 671 chromosome-scale Li et al., 2022
B. masoniana Coelocentrum 799 chromosome-scale Li et al., 2022

B. darthvaderiana Petermannia 785 chromosome-scale Li et al., 2022
B. peltatifolia Unassigned 309 chromosome-scale Li et al., 2022

B. bipinnatifida Petermannia 1,099 draft genome Lucia Campos-Dominguez
B. conchifolia Gireoudia 564 draft genome Lucia Campos-Dominguez

B. dregei Augustia 546 draft genome Lucia Campos-Dominguez
B. fuchsioides Lepsia 322 draft genome Lucia Campos-Dominguez
B. johnstonii Rostrobegonia 291 draft genome Lucia Campos-Dominguez
B. luxurians Pritzelia 254 draft genome Lucia Campos-Dominguez
B. socotrana Peltaugustia 346 draft genome Lucia Campos-Dominguez

Begonia baits set - 1.9 bait set Michel et al., 2022

kind of event is common in angiosperm lineages and are possibly a vector of
diversification. It is very difficult to distinguish close paralogs from alleles, so
WGD and other duplications can lead to errors in demographic analysis. The
Begonia bait set had been designed to exclude multi-copy genes, but was based
on a single genome and single transcriptome. Copy number variability certainly
would exist across the genus.

We used the recently published set of 4 Begonia genomes including B. loran-
thoides, B. masoniana, B. darthvaderiana, and B. peltatifolia (Li et al., 2022).
We used as well 7 draft genomes (Lucia Campos-Dominguez, being published)
to examine variation in copy number of the baits across the genus. The 7 draft
genomes include B. bipinnatifida, B. conchifolia, B. dregei, B. fuchsioides, B.
johnstonii, B. luxurians, B. socotrana (Table. 3.3).

3.2.6 Measurements of Runs Of Homozygosity
The purpose of our study is to detect inbreeding in the populations sampled.
Even though the research community agree on a simple definition of this concept
’inbreeding is the mating of related parents’ (Charlesworth et al., 1987, Curik
et al., 2014) many disagreements have emerged in relation to the definition of
’related parents’ as two individuals from the same population share at least one
ancestor (Curik et al., 2014). Another cause of disagreement is the vast array of
phenomenons related to the emergence of inbreeding: changes in effective popula-
tion size, genetic drift, deviation from the Hardy-Weinberg equilibrium, decrease
of genetic diversity. An alternative is to focus on the genetic consequences of
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inbreeding to define it: it changes genotype frequencies (increasing homozygosity,
decreasing heterozygosity) but do not affect alleles frequencies (Curik et al.,
2014). This situation emerges when maternal and paternal haplotypes are simi-
lar, as a consequence of autozygosity. Autozygosity is the breeding of related
individuals, in which the two alleles inherited by the progeny are identical by
descent (IBD). Two alleles or haplotypes are IBD if they have been inherited
from the same ancestral haplotype without recombination. Several methods
have been set up to detect autozygosity, some rely for example on comparing
the frequencies of haplotypes identical-by-state (IBS) to the frequencies for IBD
(Cockerham et al., 1968). Others calculate the expected genotypic frequency in
a population and compare it to the alleles frequency at a locus to see if there
are frequencies disequilibrium (Curik et al., 2014).

However, the method of measuring Runs of homozygosity (ROH) can dis-
entangle the autozygosity of other methods genotypic effects. ROH are long
chromosomal homozygous segments resulting from the mating of related indi-
viduals (Ceballos et al., 2018). They were first detected in the late 90s from
the efforts to build the first human genetic map, where several long stretches
of non-informative homozygous markers were detected in one of the reference
family part of the genotyping experiment (Broman et al., 1999). Homozygous
segment in the genome can be caused by linkage disequilibrium, as homozygous
linked sequences would be inherited altogether. But this phenomenon would
only be local and cause short homozygous segments, at the contrary the length
of ROHs observed in an inbred population would be longer (Broman et al., 1999,
Curik et al., 2014). The high density of markers (8,000 short tandem-repeat
polymorphisms) in this early study and a genetic linkage map have enabled to
distinguish ROH caused by linkage disequilibrium and inbreeding caused by
autozygosity (Broman et al., 1999).

It is also noticeable that ancestral ROH are shorter as homozygous haplotypes
are broken up by recombination during meiosis (Broman et al., 1999, Curik et al.,
2014).

ROH are created when an individual’s parent share haplotypes (Ceballos
et al., 2018). Longer haplotypes are expected when the parents are more closely
related. Patterns of ROH can therefore be very informative on population history.
Large populations will have small numbers of short ROH, small populations
will have more and longer. Many ROH of varying sizes are expected after a
population bottleneck, populations with extensive inbreeding will have an over
representation of long ROH (Ceballos et al., 2018). They are several methods
available to detect ROH. There are different methods you can use to make the
measurements. Observational genotype-counting approach with PLINK (Purcell
et al., 2007) or Hidden Markov models ( with GERMLINE, Beagle), this last one
taking in account background LD. For short-reads datasets it seems that HM
models have better resolution (Meyermans et al., 2020). Nonetheless, PLINK is
still the most popular tool used (Meyermans et al., 2020). While traditionally
restricted to the exploration of cattle inbreeding, PLINK is increasingly used to
study inbreeding in plant model (Kumar et al., 2021).

The Runs of Homozygosity (ROH) were estimated with PLINK v1.90b6.21
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Figure 3.6: Demographic origins of ROH. Demographic history of six diverse
hypothetical populations. The dots are individuals connected by dark blue lines
which are pedigree. Population size is represented by the blue area, and loops
in the lineage represent crossing between individuals of the same population.
SROH is the sum of total length of ROH, and NROH is the total number of
ROH. The different signatures of demographic scenarios on ROH are shown in
the NROH versus SROH plot (Figure from Ceballos et al., 2018).

(Purcell et al., 2007). It uses a sliding-window approach to detect homozygosity,
where a preset number of SNPs are checked to detect extent of homozygosity.
The ROH segments are defined using a threshold comparing the window’s average
to the average of overlapping windows for each SNP. To prevent an ROH to
be called by incomplete data or by chance, the minimum number of SNPs to
consider a ROH (l) is calculated with the following equation (Lencz et al., 2007,
Kumar et al., 2021).

l =
loge

α
nsni

loge(1 − het) (3.1)

Where α is the percentage of false-positive ROH (set at 0.05 here). ns is the
average number of SNPs per individual, ni is the number of individuals, and het
is the mean ratio of the number of heterozygous SNPs on the number of all SNPs.
To avoid low SNP density that could introduce a bias in the ROHs measured, we
set a maximum gap of 1Mb between consecutive SNPs (Meyermans et al., 2020).

3.2.7 Estimating homozygosity level in a low-coverage
dataset

Estimating homozygosity level in a low-coverage dataset is problematic due to
the amount of missing or incorrect data. It is especially challenging to detect
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homozygous sites in aDNA because of the generally lower depth and high error
rate specific to these datasets. For many sites, the sequencing depth will be
too shallow to accurately detect polymorphisms. Low coverage amplifies the
problems which may result from incorrect mapping of hybrid capture data
(Bryc et al., 2013). Different models and tools have been set up specifically to
analyse shallow aDNA datasets. Most of the methods include algorithms that
stochastically learn alleles frequencies from the same population for inference
(Kim et al., 2011). This described as leveraging the joint information across the
panel of samples to estimate the alleles distribution in the genome including
sequencing errors. This method allows one to disentangle the sequencing errors
from rate of homozygosity using expected-maximization algorithms, it is helpful
to know the expected relatedness between samples (Bryc et al., 2013). The most
up-to-date tool on for calling variant in a low-coverage dataset is the Genome
Analysis Toolkit (GATK) HaplotypeCaller algorithm (Brouard et al., 2019).

3.3 Results
3.3.1 Baits with multiple matches
A BLAST has been made with the baits set on different genomes to visualize
the potentiality of our baits to capture multiple sequences as microsatellites or
paralogous duplicated sequences. The results show a minority of baits matching
up to 100 different sequences across genomes, with different behaviours depending
of the species (Fig.3.7). The 36 multi-scoring most problematic baits were
removed from the analysis. More information have been collected on the capture
of microsatellites sequences with the second batch of Socotran specimens (Chapter
3).

3.3.2 Target capture and genome skimming set of data
The target capture method did not work evenly across all samples after sequencing.
A total of 169,091,031 reads were produced for the dataset, with an average
of 9,393,946 reads per sample. The average proportion of PCR duplicates was
0.978 duplicates in each sample, reducing the average number of unique hits per
sample to 81,651 with an average coverage of 4.59 per sample.

The capture rate of each bait has been uneven in cause of the problematic baits
showing microsatellites sequences, but the other baits show irregular patterns of
capture as well. We aligned the sequencing reads to the bait set, and the average
coverage for each bait is uneven across samples of the mapping population (Fig.
3.8, 3.9a). A closer look to the rate of target recovered (rate of nucleotides with
a minimal coverage of 1 on target capture bait sequence) shows similarly an
incomplete capture of the sequences targetted for a majority of the baits (Fig.
3.9b).
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Figure 3.7: Baits with multiple matches across genomes.

3.3.3 Paralogous baits detected
Several methods were tried and compared to detect baits capturing paralogous
sequences. The genotype frequency method is based on the use of the mapping
population Parents, F1, and hybrids backcrosses (BC). The expected genotype
of the Parents would be homozygous for a majority of sites, heterozygous for
the F1 hybrids, and 25% homozygous 50% heterozygous for the BC hybrids. As
our target capture set has not provided the even coverage expected, we have
used the 82 specimens of the genome skimming set of samples from the mapping
population to calculate the genotype frequencies. All the SNPs captured by
baits which did not match the genotypes frequencies expected were marked as
potential paralogs (Fig.3.10b).

The expected heterozygosity method is assuming an average rate of heterozy-
gosity for each variant detected. This ratio has been calculated with HDplot
(McKinney et al., 2017), an R package plotting H the heterozygosity for each
SNP, and D the deviation from even read-ratios in heterozygous individuals
(Fig.3.10a). The outliers on this plot have been marked as potential paralogs.

The HybPiper (Johnson et al., 2016) module paralog_investigator.py has
been run to detect potential paralogs and compare them to the other methods
results. The final results show only an overlap of 73 baits between the three
methods, while HDplot detect 310 potential paralogs, HybPiper 136, and the
deviation from expected genotype frequencies 635 (Fig.3.11). The different
number of putative paralogous loci found with the three methods as well as the
poor overlap of the results suggest that a more robust data set is necessary, with
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Figure 3.8: Average coverage for each bait per mapping population sample. The
heat map shows the average coverage per sample and on each baits (labels shown
on the right, not all the baits are presented).

better coverage and more individuals to enable finer tuning of our analysis tools.
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(a)

(b)

Figure 3.9: Target capture reads recovered. a) Average depth of sequencing
coverage, b) rate of target recovered by bait and sample.
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(a)

(b)

Figure 3.10: Paralogous sequences captured by the bait set. (a) SNPs plotted
with HDplot, (b) Genotypes frequencies in the backcross specimens.
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Figure 3.11: Venn diagram of the numbers of paralogous baits detected by three
different methods.

3.3.4 Syntenic sequences
The detection of runs of homozygosity required genotyping of extensive lengths
of chromosome. With over 1,000 target sequences and generally good synteny
across Begonia we expected to find several regions of target loci syntenous across
Begonia (Michel et al., 2022), Li et al., 2022). Four long Begonia genomes
were assembled recently by Li et al., 2022, with pseudo-chromosomes totalizing
between 331.75 Mb (B. peltatifolia) and 799.83 Mb (B. masoniana). We selected
them as reference genome for our study on ROH in order as longer chromosomes
would allow to observe more and longer ROH. An assay was set up to observe the
size of the sequences covered by the baits, and if they would be syntenic block
between different species. We have matched our bait set to the genomes and
for each match counted the number of contiguous baits and the length covered
by the baits (Fig.3.12). We have observed 54 syntenic blocks shared between
the four species and captured by our bait set. The average size of a block is
16 contiguous baits covering 16.9Kb, and a maximum of 58 contiguous baits
covering 104.4Kb (Fig.3.12).
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Figure 3.12: Syntenic contiguous baits shared by B. darthvaderiana, B. peltati-
folia, B. loranthoides, and B. masoniana. Each dot represent a sequence of baits
following each other in the same order in the four genomes.

3.3.5 Detection of ancient DNA
We used mapDamage2 (Jónsson et al., 2013) on our herbarium-dried samples
to see if we could detect the signature changes associated with ancient DNA.
We found similar rates of nucleotides substitution than is the Socotran dataset
(Fig.4.7) and did not see any indication of aDNA damage patterns (Fig. 3.13).
This is likely due to our library preparation methods which included an end-repair
step that might have obscured the signal, or to the recentness of our samples
that would display fragmentations patterns, but not nucleotides substitution..
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(a) (b)

Figure 3.13: Nucleotides substitutions in 5’ and 3’ of DNA fragments (a) 5’
substitutions, (b) 3’ substitution. Frequencies of nucleotides substitutions for
silica-dried specimens (blue) and herbarium-dried specimens (red).

3.4 Discussion
3.4.1 Partial recovery of targeted sequences
We did not achieve a total recovery of all the targeted sequences in the mapping
population specimens with the Hyb-Seq protocol and the Begonia baits. The
causes of the poor targets recovery are still unclear, but the sequence of the baits
should not be the cause of this issue, as our set of baits has been proved able to
capture enriched libraries on other similar samples batches (Michel et al., 2022,
Wilson et al., 2020). We suspect a degradation of the RNA target capture baits,
as they were outdated at the time of the capture. Nonetheless, the sequences
recovered were sufficient to set up our methods, and test our analysis pipeline.
We have used an additional batch of genome skimming data on the same mapping
population specimens for the paralogs detection part of the pipeline (Fan, 2023,
Section 3.2.2).

Furthermore, we set up this analysis pipeline to process either fresh specimens
or historical herbarium specimen, with degraded aDNA. We can call variants
with a high degree of confidence despite low coverage and fragmentary data.
The uneven depth of sequencing in this batch might mimic highly degraded
specimens and help to understand what are the limits of such an analysis. We
might be able to approximate when degraded DNA data are too damaged to
yield any genomic and demographic information.

3.4.2 Paralogous sequences detection
Before the analysis of the dataset, a preliminary study on the Begonia baits
set and multiple genomes has revealed baits with multiples matches across
chromosomes/scaffolds and species. These baits have been filtered out from the
analysis pipeline as they might capture paralogous sequences or repeated DNA
motifs as microsatellites, or Short Tandem Repeats (STRs).
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We decided to go further and to detect other problematic baits that might
capture paralogous duplicated sequences but are more difficult to detect. Three
different methods were used to detect these baits capturing paralogs, based
on genotype frequencies (’genfreq’ method with home-made scripts), expected
heterozygosity rate (HDplot), and multiple matches of assembled contigs on one
of the bait (HybPiper). A poor overlap of detection has been observed between
the three methods used, which can be explained by several bias in our study.

• The genome skimming dataset used for the genotype frequency method
might not be statistically representative, including only one parent and F1
plant, for 80 BC individuals.

• The threshold of genotype frequency to consider a bait capturing ortholo-
gous sequences could be selected with more robust statistical tools.

• The identification of problematic baits with HDplot could be improved
by the use of clustering analysis to properly select clusters of orthologous
sequences.

Nonetheless, 73 baits identified as capturing paralogous sequences for the
three methods are likely to represent paralogous regions in our dataset, and will
be filtered out of the pipeline in subsequent results.

3.4.3 Syntenic sequences captured by the baits
We used the 4 long genomes produced by Li et al., 2022 to measure the number
and the length of ROH that might be detected with our bait set on all the
genomes. The Figure 3.12 shows the syntenic regions across species on which our
pipeline will be able to measure ROH with Hyb-Seq dataset using the Begonia
bait set. This mean that analysis of specimens from different species related to
the four genomes investigated (B. darthvaderiana, B. peltatifolia, B. loranthoides,
and B. masoniana) would capture at least the potential ROH in the syntenic
sequences described and would be less likely to involve a genetic distance bias in
the results.

3.4.4 Next analysis with the pipeline
With these caveats in view we analysed the B. socotrana and B. samhaensis
data to determine whether these species are in genetic danger (chapter 4), and
we used a more successful capture to examine demographics of Begonia form
Papua New Guiana (chapter5).
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Chapter 4

Socotran Begonia

4.1 Introduction
4.1.1 The Socotran archipelago
Socotra is an archipelago located in the western Indian Ocean, near the Horn of
Africa, 350km to the South of Yemen mainland. It includes three inhabited island:
Socotra, Abd al Kuri, and Samha. The fourth island, Darsa, is uninhabited.
The main island is Socotra, which cover 95% of the total land of the archipelago,
and has an array of geo diversity that includes the Haggeher (or Haggier)
mountains, surrounded by limestone plateaux and coastal plains (Brown et al.,
2012). The climate is arid, with periodic rainfalls during the monsoon season,
and a permanent fog in the highlands (Král et al., 2006, Banfield et al., 2011).
This main island has been separated from the Arabian mainland millions of
years ago, and a high number of the species found on the island are endemic doe
to this isolation. The archipelago counts 835 vascular plant species, of which
37% are endemic, representing 15 endemic genera (Scholte et al., 2011, Riccardi
et al., 2020).

4.1.2 Anthropogenic impact on biodiversity
In 1970 the population on the main island of Socotra was estimated at 500
inhabitants. Since, 100,000 inhabitants has been recorded during a 2018-2020
survey. Growth of the population is due to rapid urbanization of the main island,
notably of its capital Hadibu (Scholte et al., 2011, Damme, Kay van, 2022).
The origin of this demographic change can be attributed to a cultural shift in
traditions and practices, including increased fishery, expanding agriculture, and
logging. These societal changes are due to political and economic shifts in local
communities, but are also for a large part a consequence of the development of
foreign tourism. The number of tourist has doubled every 18 months since 2003,
and to support the industry the artisanal fishing has doubled over the last decade
(Scholte et al., 2011). Where traditional communities were relying on sustainable
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use of resources for subsistence, an increasing pressure of logging, fishery, and
cattle grazing impact the flora and fauna of the Socotra island (Scholte et al.,
2011, Riccardi et al., 2020). A migration of local communities in valleys of the
mountainous area has increased local goat grazing in a permanent manner, where
the valley floor was grazed only after rainfall formerly (Pietsch et al., 2010).
Grazing by goat is a serious threat for vegetation, especially for forests as it
impacts tree regeneration and soil content (Scholte et al., 2011, Attorre et al.,
2007). Restoration programs have been designed especially to address the issue
(Rezende et al., 2022).

4.1.3 Case study for conservation
Socotra is under both environmental and anthropic impact. Climate change
increases periods of drought and decreases precipitations during rainy seasons,
and might increase the occurrences of floods and cyclones (Riccardi et al., 2020,
Damme, Kay van, 2022). Drought has already impacted negatively the tree
coverage of the Hageher mountains, which were considered as a ’wet refugia’
(Scholte et al., 2011). Furthermore, a study on tree coverage on the island found
that climate and pedological factors are affecting more tree coverage than roads
and settlements (Riccardi et al., 2020).

As several conservation programs have been raised to address climatic and
anthropic pressures on the environment, it has been noted that the island is an
interesting case study of the impact of anthropogenic activities on woodlands
and other plants, notably due to the high level of endemism and potential
vulnerability of plant communities (Attorre et al., 2014).

As presence of endemic and rare vegetation on the islands has been well
documented since the 19th century, and several historical specimens are available
with consequent records (geographical and ecological data, herbarium specimens,
living plants collection), an exploration of the influence of climate and anthropic
threat on vegetation can be explored with tools such as population genetics,
biogeography, and reconstruction of demographic history.

4.1.4 The Begonia species from Socotra
Socotran Begonia are under serious threat due to their endemism, leading to
geographic and genetic isolation combined with other external factors such as
direct anthropogenic activity, and climate change. Begonia socotrana (Fig.4.1a)
and B. samhaensis (Fig.4.1b) are restricted to small populations with restricted
distribution. Pollen flow in these species is limited and there is no evidence
of interbreeding between the populations (Hughes et al., 2002c). Species are
suspected to be very homozygous, and possibly at risk of an extreme case of
deleterious genetic drift called mutational meltdown. This inbreeding-related
syndrome is caused by fixation of deleterious alleles in the population, leading
to reduction in population size, faster fixation of deleterious alleles and further
reduction in population size (Lynch et al., 1995, Gralka et al., 2016). This study
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aims to assess the degree of homozygosity within populations over time, and
assess their vulnerability for conservation purposes.

While the use of living plants for genome analysis provides sequences of
optimum quality, herbarium specimens provide precious information about plant
populations in the recent past. The rich herbarium resources of RBGE can be
exploited to provide information about the genomes of extinct species, enabling
the analysis of rare plants or species not easily available in a living collection
(Fig.4.1c, 4.1d). Herbarium specimens collected at different time points and
places can be markers of the evolution of plant populations through time and
space (Chapter 1).

This project aims to use the pipeline described in Chapter 3 to investigate
the genetic health of Begonia populations on the Socotra islands, and determine
how it has changed over time.
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(a)

(b)

(c)
(d)

Figure 4.1: Socotran Begonia included in the study. (a) B. socotrana growing in
rock crevice (Mark Hughes), (b) B. samhaensis growing on a cliff side (Mark
Hughes), (c) B. socotrana herbarium specimen (1888), RBGE (Herbarium cata-
log), (d) B. samhaensis herbarium specimen (2002), RBGE (Herbarium catalog).
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4.2 Methods
4.2.1 Sampling plan
Two batch of samples were set up for this study. The first batch included
specimens from species B. socotrana and B. samhaensis, the two Begonia species
present in the Socotra archipelago. The B. socotrana species is endemic from
the Reyged and Rewgid plateau, and from the Haggeher mountains. We used
the living collection at RBGE and herbarium material from partner institutions
to form a representative subset of the populations from these area, including
present-day and historical material. The B. samhaensis species is endemic from
the Samha island north-Caing cliff. In reason of its restricted area, the several B.
samhaensis specimens collected were not included as part of a specific population
but included as a subset of the main population representative of the genetic
diversity on the island.

The second batch of specimens has been selected later and processed to a
target capture sequencing set. The target capture method did not work properly,
and they were processed for genome skimming sequencing. Samples selected
were horticultural hybrids added to assess the genetic background of these lines,
extra Socotrana specimens, rare and widespread related species, and distantly
related species as outgroup for phylogenetic studies.

4.2.2 First batch of target capture dataset
In total, 43 specimens have been included in this dataset for the Hyb-Seq analysis.
We sampled individuals from the two Socotran species: 9 B. socotrana individuals,
and 7 B. samhaensis individuals from the RBGE living collection chosen based
on previous microsatellite genotyping (Hughes et al., 2002c) and 8 B. socotrana
and 1 B. samhaensis from herbarium collections dating from 1880 to 1999. The
living specimens of B. socotrana have been selected in priority to match the
populations sampled by Dr. Mark Hughes and Dr. Antony Miller (Hughes et al.,
2002c, Hughes et al., 2002b) and check the genetic distances formerly calculated
with polymorphic microsatellite markers (Hughes et al., 2002c, Hughes et al.,
2003). The living specimens of B. samhaensis have been selected among the
available specimens in the living collection. The historical specimens of both
species have been donated by partner institutes including RBGE, the Royal
Botanic Garden Kew, and the Museum of Evolution of Uppsala University
(Table 4.1). Access to historical herbarium specimens was limited for destructive
sampling to the content of the capsule, when available.

Silica-dried and herbarium-dried replicates of all the non-historical samples
have been included to study the effect of herbarium specimen preparation on
the DNA and detect and identify ancient DNA (aDNA) damage patterns.
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Table 4.1: First batch of Socotran specimens for target capture sequencing.

Species Sampling Condition ID Collector Date

B. socotrana Skand Living 19990434
B. socotrana Dicksam Living 19990433
B. socotrana Reiged Living 19990422
B. socotrana Reiged Living 19990424
B. socotrana Reiged Living 19990425
B. socotrana West Haggier Living 20000299
B. socotrana West Haggier Living 20000303
B. socotrana West Haggier Living 20000304
B. socotrana West Haggier Living 20000308

B. samhaensis Samha Living 19990395
B. samhaensis Samha Living 19990396
B. samhaensis Samha Living 19990398
B. samhaensis Samha Living 19990400
B. samhaensis Samha Living 19990409
B. samhaensis Samha Living 19990410
B. samhaensis Samha Living 19990405
B. socotrana no indications Herbarium Balfour 1880
B. socotrana no indications Herbarium E00299131 T.M. Bent 1897
B. socotrana no indications Herbarium T.M. Bent 1897
B. socotrana no indications Herbarium 8667 A.G. Miller 1989
B. socotrana Aduno pass Herbarium E00299132 A.G. Miller 1989
B. socotrana Reiged plateau Herbarium A.G. Miller 1989
B. socotrana Reiged plateau Herbarium M.8335 A.G. Miller 1989
B. socotrana Reiged plateau Herbarium M.Thulin A.N.Gifri 1994

B. samhaensis Samha Herbarium E00239279 M. Hughes, AG. Miller 1999

4.2.3 Second batch of genome skimming sequencing
A second set of samples was added to our study in 2021 (Table 4.2) in order
to investigate the genome of horticultural hybrids from a B. socotrana cross,
add other population of B. Socotrana specimens, add rare and widespread
related species to compare their level of homozygosity, and add an outgroup for
phylogenetic studies. We attempted three captures with these which all failed, so
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the remaining libraries were sequenced with genome skimming sequencing. This
second batch included samples for horticultural lines to detect Socotran-specific
alleles in breeding material, and assess the genetic robustness of those lines.
This material was kindly provided by the Royal Botanic Garden Kew, the Royal
Botanic Garden of Edinburgh, Dr. Mark Hughes, and an anonymous source.
Several Begonia from other groups were also added to test hypothesis about their
degree of inbreeding and to contrast rare and widespread related species, notably
B. maxwelliana. Finally, a few species were included to fill in sampling gaps for
the full Begonia phylogeny reconstruction, including African specimens from
Tanzania, Kenya, Gabon, and one Southern Asian specimen from Sri Lanka.

Table 4.2: Second batch of specimens for genome skimming sequencing.

Species Sampling Condition ID Date Collector

Horticulture hybrid old Horticulture Silica None 12/2020 Anonymous
Horticulture hybrid old Horticulture Silica None 12/2020 Anonymous
Horticulture hybrid old Horticulture Silica None 12/2020 Anonymous
Horticulture hybrid old Horticulture Silica None 12/2020 Anonymous
Horticulture hybrid old Horticulture Silica None 12/2020 Anonymous
Horticulture hybrid old Horticulture Silica None 12/2020 Anonymous
Horticulture hybrid old Horticulture Silica None 12/2020 Anonymous

B. sutherlandii Tanzania Silica SGNO198.196 Unknown M.Hughes
B. meyeris-johannis Kenya Silica SGNO196.8790 Unknown J.J.de Wilde

B. socotrana Yemen Silica SGNO201.48 22/02/1999 M.Hughes
B. oxyloba Gabon Silica SGNO196.744 Unknown J.J.de Wilde
B. tenera Sri Lanka Herbarium E00656886 20/02/2013 L.Kumarage

B. maxwelliana Malaysia Herbarium E00300547 16/09/1949 J.Sinclair
B. maxwelliana Malaysia Herbarium E00879845 13/02/2003 R.Kiew

4.2.4 DNA extraction
Several protocols have been established to isolate DNA from plant tissues with
maximum quantity and quality. The difficulties of plant DNA extraction are
linked to the presence of polysaccharides, polyphenols, and others secondary
metabolites (Aboul-Maaty et al., 2019). Historically, CTAB methods have been
widely used and specific protocols have been dedicated to specific group of plants,
as CTAB extraction for Musa and Ipomoea (Gawel et al., 1991), rain forest
plants (Scott et al., 1996), or Zingiberales (Devi et al., 2013). More recent
extraction methods involve the use of silicate extraction columns kits that have
gained popularity for their simplicity of use, being time efficient, and increasing
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potential yields (Abdel-Latif et al., 2017). On this study we have used the later
method for increased yields as the batch of samples included historical specimens
from herbarium specimens.

Herbarium specimens are precious museum items available in very limited
quantity if no unique, and the amount of plant material involved is scarce, often
limited to a few grams of leaves or stem tissue. We decided to try different
extraction methods to know what would be the best one to isolate DNA from
precious Begonia historical specimens. Several extraction optimization assays
were tested on the herbarium-dried non-historical specimens of the mapping
population, including a protocol with CTAB extraction (Särkinen et al., 2012),
silicate column extraction (DNeasy Plant Mini Kit from Qiagen, catalogue num-
ber 69104), and a compound of the two methods (Gutaker et al., 2016) (Fig.4.2,
Fig.4.3). DNA preps were checked for quantity and quality on gels, with a
Tapestation Genomic DNA ScreenTape, and with a Quant-iT Qubit dsDNA HS
Assay Kit. We tested three factors related to the quantity and quality of the
DNA extracted: concentration, spectrophotometry ratio 260/280 indicative of
the purity of DNA of protein and phenol contaminants, and spectrophotometry
ratio 260/230 indicative of the nucleic acid purity. Three methods achieved sig-
nificantly similar results for concentration and spectrophotometry ratio 260/280.
The mixed approach Quiaquick+CTAB achieved significantly better score for
spectrophotometry ratio 260/230 than for the Quiaquick columns or CTAB
extraction alone. The silicate column extraction method was eventually used for
all specimens in reason of its effectiveness on the samples processing workflow
with no loss of quantity of DNA extracted compared to the other methods
(Fig.4.2, Fig.4.3). A very low amount of genetic material, 100pg minimum,
can be sufficient for library preparation, and achieve good coverage (Durvasula
et al., 2017; Nicholls et al., 2015; Kopperud et al., 1995). Despite a high level of
degradation in the historical herbarium samples (Fig.4.4), the concentration of
the DNA isolated was ranging from 3.78 to 7.68 ng/uL and comparable to the
silica-dried samples concentration.
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(a)

(b)

(c)

Figure 4.2: Parameters of DNA extraction per method. (a) Concentration, (b)
260/280 ratio, (c) 260/230 ratio.
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Figure 4.3: Agarose gel analysis of herbarium DNA extracted with a range of
protocols.

Figure 4.4: Electrophoresis of Socotran specimens DNA. Socotran_Reiged_3
has been silica-dried from fresh sample, the other samples are from historical
herbarium specimens.

4.2.5 Library preparation
All samples were normalized to 2 ng/uL before fragmentation step. Fresh and
recent historical specimens were fragmented to 350bp using a Covaris M220
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Focused-ultrasonicator. Library preparation followed the protocol of the NebNext
Ultra II DNA Library Prep for Illumina Kit. Seramag Sample Purification beads
were used for size selection of samples above 50 ng, and clean up for less
concentrated samples. An Agilent Tapestation with High Sensitivity kit was
used for libraries quality check. Subsequently, libraries have been normalised to
10 nM, then pooled according to fragment size and quality. Three pools of 10,
14, and 19 libraries were made.

4.2.6 Target capture on Socotran Begonia
The bait set used for the target capture has been designed based on the tran-
scriptome of B. luzhaiensis with additional baits from the B. conchifolia genome
and is described in (Michel et al., 2022). The hybridisation and sequencing
is described in Chapter 3, it followed the the MyBaits Hybridization Capture
for Targeted NGS Manual version 4.01. Pools were sequenced by Edinburgh
Genomics on a single lane of NovaSeq6000 SP with 250bp paired end reads. The
number of reads expected was 375 million paired-end.

4.2.7 Sequencing
To estimate the rate of success of the target capture, the trimmed reads of the
Hyb-Seq batch were aligned with the sequences of the bait set using Bowtie2 (Li
et al., 2009b) with standard settings for local sensitive alignment. The alignment
statistics were obtained with Samtools flagstat from the BAM files (Li et al.,
2010) and are shown in Table 4.3.

4.2.8 Second capture and genome skimming
Samples for the second capture (Table 4.2) were prepared as for the first, and
hybrid capture followed the same protocol, but used a different bait kit, which
had already been used successfully by a previous student. Although the libraries
looked good before capture, the post-capture Tapestation analysis showed capture
had failed completely. Repeated attempts did not remedy this. It was decided
to use genome skims on the remaining libraries to obtain some data for these
samples, but coverage was not sufficient for useful analysis (Table 4.3). The
samples have been sequenced for genome skimming on a single lane of a NovaSeq
SP 150PE, yielding 375M reads pairs.

4.2.9 Historical patterns of damage
Two types of DNA degradation are common in herbaria material. DNA frag-
mentation is the most common, observed at various degrees in silica-dried and
herbarium material (Forrest et al., 2019). Due to the process of depurination
of the DNA sugar phosphate backbone and β-elimination, it occurs in slowly-
dried specimens, specimens exposed to heat, or exposed to moisture during
storage (Dabney et al., 2013). Substitution of C to T and G to A, caused by
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Table 4.3: Statistics of first and second batch sequencing.

Specimen Batch
Retained

reads
Unique

hits
Unique

hits fraction Coverage

Socotrana_Skand 1 22,754,035 945,799 4.16% 24.02
Socotrana_Dicksam 1 25,747,056 1 ,224,551 4.76% 29.28
Socotrana_Reiged_1 1 23,379,363 1,029,067 4.40% 26.06
Socotrana_Reiged_2 1 30,722,542 1,124,063 3.66% 29.65
Socotrana_Reiged_3 1 11,161,873 642,353 5.75% 14.87

Socotrana_West_Haggier_1 1 20,437,560 720,010 3.52% 19.42
Socotrana_West_Haggier_2 1 24,091,198 953,371 3.96% 23.65
Socotrana_West_Haggier_3 1 17,796,774 922,075 5.18% 21.66
Socotrana_West_Haggier_4 1 25,324,837 972,673 3.84% 26.75

Samhaensis_1 1 28,272 1,831 6.48% 0.05
Samhaensis_2 1 16,178,717 924,910 5.72% 21.75
Samhaensis_3 1 16,168,785 1,079,928 6.68% 23.90
Samhaensis_4 1 15,950,461 788,115 4.94% 19.08
Samhaensis_5 1 15,068,842 697,936 4.63% 18.10
Samhaensis_6 1 17,965,483 679,365 3.78% 18.27
Samhaensis_7 1 23,916,437 815,646 3.41% 23.19

1880_Socotrana 1 3,193,204 8,094 0.25% 0.20
1897_Socotrana_1 1 1,986,583 5,050 0.25% 0.11
1897_Socotrana_2 1 4,088,499 102,089 2.50% 2.28
1989_Socotrana_1 1 21,857,396 932,428 4.27% 21.19
1989_Socotrana_2 1 3,747,683 102,035 2.72% 2.74
1989_Socotrana_3 1 16,837,994 540,985 3.21% 12.77
1989_Socotrana_4 1 14,709,730 621,635 4.23% 14.28

1994_Socotrana 1 9,242,712 160,106 1.73% 3.96
1999_Samhaensis 1 13,357,415 398,315 2.98% 9.78
Hort_socotrana 2 32 2 6.25% 0.00

Hort_hybrid_old 2 452,458 7,852 1.74% 0.30
Hort_hybrid_old 2 25,403 465 1.83% 0.02
Hort_hybrid_old 2 6 1 16.67% 0.00

Hort_hybrid_young 2 912,073 17,656 1.94% 0.64
Hort_hybrid_young 2 1,386,219 25,985 1.87% 1.00
Hort_hybrid_young 2 366,938 4,890 1.33% 0.19
Hort_hybrid_young 2 1,000,215 15,956 1.60% 0.60
Hort_hybrid_young 2 4,612 75 1.63% 0.00

B.suterlandii 2 15,458 129 0.83% 0.01
B.meyeris-Johannis 2 3,599,448 22,939 0.64% 0.90

B.socotrana 2 2,925 94 3.21% 0.00
B.oxyloba 2 630 23 3.65% 0.00
B.tenera 2 18,617 60 0.32% 0.00
B.tenera 2 2,334,988 2,435 0.10% 0.08

B.maxwelliana 2 7,471 46 0.62% 0.00

nucleotide deamination and located at extremities of DNA fragments occurs
during amplification of aDNA, and is a more reliable marker of aDNA.

In the Socotran set of samples, DNA fragmentation of historical specimens
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was observed during molecular work (Fig.4.3), and nucleotide substitution rate
was measured with MapDamage (Jónsson et al., 2013, Chapter 3).

4.2.10 Selection of Socotran-specific alleles
To accurately compare the different populations of Socotran Begonia in the
dataset and subsequent work on horticultural hybrids, the loci with reliable SNPs
called by our pipeline were selected for population genetics and phylogenetic re-
construction. Only nuclear loci were considered in this study instead of plastids or
mitochondrial loci as the nuclear target capture allow to increase the phylogenetic
resolution (Nicholls et al., 2015, Michel et al., 2022), to proceed to subsequent
population genetics analysis using ROH on nuclear pseudo-chromosomes (Li et al.,
2022), and to discriminate different B. socotrana haplotypes. Socotran-specific
alleles were identified as fixed shared alleles in specific populations (Fig.4.5).
Only silica-dried samples from 2018 were considered for this as only these samples
had sufficient depth of coverage to have full confidence in the SNP calling for a
reference set.
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(a)

(b)

Figure 4.5: Socotran-specific fixed alleles shared among specimens. (a) Total
number of SNPs and number of fixed Socotran-specific SNPs in the specimens,
(b) Number of fixed Socotran-specific SNPs shared between specimens.
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4.2.11 Phylogenetic analysis
After processing the dataset through our pipeline, the VCF variants files were
processed by the tool vcf2phylip (Ortiz, 2019) to produce a PHYLogeny Inference
Package (PHYLIP) file. Following this the data has been taken as an input
by IQTREE (Nguyen et al., 2015, Minh et al., 2020). The substitution model
selected running ModelFinder (Kalyaanamoorthy et al., 2017) is PMB+F+R2.
The phylogenetic trees were drawn using Figtree (Rambaut, 2022).

4.3 Results

(a) (b)

(c) (d)

Figure 4.6: Electrophoregram of pre and post capture genomic libraries. (a) Pre-
capture B.socotrana Skand library batch 1, (b) Post-capture pool 2 of genomic
libraries batch 1, (c) Pre-capture B.socotrana library batch 2, (d) Post-capture
pool 2 of genomic libraries batch 2.

4.3.1 Historical patterns of damage
As expected from herbarium slow-dried specimens, DNA fragmentation what
observed in the Socotran set of samples during molecular work (Fig.4.3), To
estimate the amount of aDNA-specific patterns of damages in the dataset,
nucleotide substitution rate was measured with MapDamage (Jónsson et al.,
2013, Chapter 3). Results show a very low level of base substitutions in 5’
(Fig.4.7a), and 3’ (Fig.4.7b) of the DNA fragments. The expected curve of
increasing substitution rate at both extremities is not observable. It has been
hypothesized that the USER enzyme, part of the Illumina library kits used
during library preparation, prevents the amplification of deaminated bases, and
therefore lowers the aDNA substitution damage patterns.
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(a) (b)

Figure 4.7: Ancient DNA damages patterns in the Socotran dataset. (a) Substi-
tution C to T in 5’ region of the reads, (b) Substitution G to A in 3’ region of
the reads.

Target capture reads recovery

We proceeded to the capture of the first batch of samples 4.1, which provided
fragmentary, patchy data. Then, a subsequent second batch of samples was
set up for target capture and sequencing 4.2. This time, the capture did not
work at all despite multiple trials (Fig.4.6), the remaining genomic libraries were
processed through genome skimming, and were not used in the rest of this study.

Alignment of the first dataset to the bait set revealed a poor and variable
capture efficiency. The number of reads on-target was 14% on average (Fig.4.8a).
No clear reasons were found for the failure of the target capture protocols. The
MyBaits protocol recommendations were followed, the genomic libraries had
looked good pre- and post-capture (Fig.4.6), and the bait set worked efficiently
for other captures (Michel et al., 2022). The possible explanations are a slightly
outdated bait set for the first capture, and degradation of the baits during
transportation on dry ice from one facility to the other for the second capture.

PCR duplicates

The detection and removal of the PCR duplicates in collapsed reads was done
with Picard MarkDuplicates (Picard Toolkit 2019). We estimated that for each
sample, 85.3% of the reads on average are PCR duplicates (Fig.4.8). This very
high level could be due to low capture efficiency generating a low-complexity
pool for the post-capture PCRs (Fig.4.8b).

On-target unique hits

Post-filtering, the average number of on-target hits on total number of reads was
3.1% (Table 4.3). On the 564,804,482 reads collapsed by the pipeline, 17,816,448
were unique hits in-target. Despite the relatively low amount of reads recovered
after filtering, the average read depth for all samples was 5.6X (Fig.4.9).
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(a)

(b)

Figure 4.8: Sequencing read content. (a) Number of reads aligned to the sequence
of the target capture baits and number of reads not aligned at all, (b) Number
of PCR duplicates and non-duplicates reads in the dataset.
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Figure 4.9: Average depth of sequencing coverage in the Socotran data set.

Patchiness of capture

A closer inspection of the reads mapped to the original target sequences shows
that several baits have a dramatically higher rate of capture than the rest of the
set. The depth of coverage measured on each bait is uneven and vary drastically
between specimens (Fig.). The highest value of average depth of sequencing is
243,289 on a single bait. No value per bait is uniformly distributed across all
samples, suggesting that the capture efficiency varies randomly between samples.

’Bad baits’

Considering the baits with high depth of sequencing, just three baits captured
31% of the reads from the Socotran living samples, 48% of the Socotran historical
samples reads. These multiple matches may be indicative of problematic bait
behaviour such as capture of repetitive sequences and seems to be particularly
an issue in the genome of B. socotrana. Examining the sequences revealed that
repeated dinucleotides sequences are present on these three baits of the Begonia
set and are likely responsible for the uneven rate of capture (Table 4.4). It seems
that many of the Socotran reads are actually microsatellites captured by at least
8 baits of the target capture baits set.

Figure 4.12 shows the coverage per target for the eight targets with highest
coverage. These eight targets did not have correspondingly high capture rates
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Figure 4.10: Average depth of sequencing coverage of Socotran specimens per
bait.

in any other capture with the same bait set (Michel et al., 2022). Examination
of these target loci revealed simple sequence repeats (SSRs) in six of them
(Table.4.4).
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Figure 4.11: Rate of the bait reference sequences covered by the sequencing
reads for each baits.

Table 4.4: Single sequence repeats in the Begonia bait set.

Bait ID SSRs

Becon104Scf00540g0006.1 CT32

Becon104Scf00540g0002.1 CT26

ACmerged_contig_9951 AG19

ACmerged_contig_1166 AG17

ACmerged_contig_2307 CT11

Becon104Scf01167g0029.1 TG10 AG12

ACmerged_contig_5451 T37

ACmerged_contig_20957 Myb domain
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The SSRs showed high capture rates in samples from B. socotrana Hook.f.
and B. samhaensis M.Hughes & A.G.Mill.. The poly-T motive and the myb
domain showed relatively high capture rates in all samples.

To understand the bias introduced introduced by this discrepancy in the
capture recovery rate, we looked to see if targets from a closely related species
were captured better than targets from a more distant species. Figure 4.13 shows
the comparison between log percentage capture by target for species in the this
dataset. There was a greater range of capture efficiency in the targets based on
sequences from B. luzhaiensis as there were many more targets (1,192 compared
to 47 B. conchifolia targets) but the baits designed from B. conchifolia targets
did not capture better than the ones derived from B. luzhaiensis, even in B.
conchifolia samples.

Eventually, the problematic ’bad baits’ were removed from our analysis as
they can affect the reliability of the variant calling step.

Figure 4.12: Heat map of log read capture for the eight targets with exceptionally
high mean capture rates with the Begonia baits set. (Michel et al., 2022).
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Figure 4.13: Capture by phylogenetic distance between target and sample. Log
percentage read capture per target per species. Blue: baits designed on Begonia
luzhaiensis. Orange: baits designed on Begonia conchifolia.

(Michel et al., 2022).

4.3.2 The effect of uneven coverage on variant calling for
ROH

Socotran captured reads were aligned to the genome of Begonia peltatifolia (Li
et al., 2022). This genome was been chosen as the most closely related genome
with a chromosome-level assembly, to enable discovery of longer ROHs. The
variants were called in the dataset following the pipeline standard (Chapter 3).
The location of called SNPs on chromosomes was uneven, several chromosomic
regions displayed far higher SNP frequencies than others (Fig.4.14a) Comparing
these regions with the read depth of sequencing, we observe that the SNPs
number called is simply proportional to the read depth of sequencing, so will
vary along the chromosome with bait distribution, linked to genetic content
(Fig.4.14b).

4.3.3 The effect of poor target capture on ROH detection
ROH were detected using the base parameters of PLINK. The size of the ROH
detected ranged from 1kB to 654 kB, however the distribution of ROH size
is generally low, as the mean size is 2.5 kB (Fig.4.15a). The few very large
ROH observed were due to the low thresholds used in PLINK (minimum 1kB
to consider an SNP). The largest ROH identified by PLINK had only 66 SNPs,
while the mean value is 161 SNPs per ROH (Fig.4.15b).
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(a)

(b)

Figure 4.14: Parameters of SNPs called with the pipeline on B. peltatifolia
chromosome 15. (a) Depth of sequencing coverage of the SNPs called and
their distribution on B. peltatifolia Chromosome 15. The depth of sequencing
associated with each SNPs was extracted from the VCF file and represented
at their location on the chromosome, (b) SNPs distribution on B. peltatifolia
Chromosome 15. The number of SNPs called on each position on the chromosome
has been represented on the barplot.
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(b)

Figure 4.15: Distribution of ROH parameters for the Socotran dataset. (a)
Distribution of the ROH by size expressed in Kilobases (Kb) in the Socotran
dataset, (b) Distribution of the ROH by number of SNPs in the Socotran dataset.

4.3.4 Filtering Runs of Homozygosity (ROH) in the dataset
The equation given by Kumar et al., 2021 filters the dataset to get rid of
ROH appearing by chance in the VCF files and calculates the average rate of
homozygous SNPs in the dataset with an interval of confidence of 5%. The
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threshold calculated for the whole set of samples is l = 856 SNPs to consider a
ROH. The number of SNPs per ROH in the dataset is on average 161, and the
highest value is 780 (Fig.4.15a). These relatively low values are certainly due
to the fragmented gene recovery caused by the failed target capture protocol.
Therefore, as these values are below the threshold of minimal SNPs defined, no
robust assessment can be made on the homozygosity of the samples based on
the ROHs in the set. The average heterozygosity observed in the dataset is 2%,
therefore there is 98% probability that any SNP observed is homozygous. Given
there are on average 308,892 SNPs observed per individual and 43 individuals,
the probability to observe randomly generated ROHs across all subject is: 0.98856

x 308892 x 43=0.05. A minimum length of 856 SNPs would be required to
randomly generate less than 5% of randomly generated ROHs. Unfortunately,
our dataset has short ROHs (average 2.5 kB) defined with low number of SNPs
(average 161), due to the uneven capture and unequal distribution of SNP called
(4.15). For comparison, the Papua New Guinea dataset had 3,331 ROH after
filtration, with an average size of 4.6 kB. Consequently, we cannot use these ROH
measurements without considering that more of 5% of the ROH observed would
be randomly generated, and do not represent a biological reality. Keeping this
limitation in mind, subsequent analysis have been made to explore the limitation
of ROH analysis with biased data and assess the limitations of the method.

4.3.5 Phylogenetic reconstruction
A phylogenetic reconstruction of the Socotran specimens was made with the
set of SNP data generated by the pipeline in order to compare our result to
the results of Mark Hughes (Hughes et al., 2002c) and assess whether the SNPs
contain useful biological data. Three reconstructions have been made: one with
the full set of data (60,978 SNPs involved) (Fig.4.16a), one limited to analysis of
the loci present in 1989 specimens (19,738 SNPs) (Fig.4.16b), and one with loci
present in the 1880 specimen, the older and most degraded specimen in the set,
providing the lowest number of loci considered (Fig.4.16c).

In all datasets B. socotrana and B. samhaensis resolved separately except for
samhaensis_1, which grouped with the 1,897 B. socotrana samples. All three
samples had very low coverage and this is likely an artifact based on missing data
patterns. The historical B. samhaensis was correctly placed with fresh samples
from that species, despite a capture efficiency of less than 10%. The historical
B. socotrana samples all grouped together, this could also be due to missing
data, as outside this set we were able to resolve some geographic variation with
samples from Skand and Dicksam as sisters in the full dataset as in Hughes
et al., 2002c, but where there are multiple samples per population (West Haggier,
Reiged) we do not see the clustering of samples from the same populations noted
in the microsatellite data. The support values on the smaller datasets are lower
than those seen on the full dataset, where most nodes have 100% support. This
suggests that this very poor data set is adequate for species assignment but not
sufficient for analysis of population-level relationships.

76



(a)
(b)
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Figure 4.16: Cladograms of the Socotran specimens generated with all set of
SNPs, with SNPs shared between fresh samples and historical sample from 1989
and 1880, and drawn with microsatellites data. The red lines and labels are B.
socotrana specimens, the green lines and labels are B. samhaensis specimens.
(a) Cladogram generated with all loci from 1880 to 2018 (60,978 SNPs), (b)
cladogram generated with number of loci limited by 1989 specimen (19,738 SNPs),
(c) cladogram generated with loci limited to 1880 specimen (1107 SNPs), (d)
neighbour joining tree of pairwise 1-Dps distance of B. socotrana microsatellites
data (Hughes et al., 2002c).
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4.3.6 Demographic history estimation
After ROH analysis through the pipeline and filtration of identified ROH based
on numbers of SNPs, the full-set of ROH were plotted and analysed to explore
the limits of the method.

The lower-scoring B. socotrana at the bottom-left of the plot are from
historical specimens, and we can observe that almost all of them display very
low SROH and NROH (Fig. 4.17a). This can be explained by the low rate
of sequences captured from the most ancient historical specimens (1880, 1897,
1989, 1994, and 1999), fewer SNPs called, and shorter and less numerous SNPs
detected than for the silica-dried specimens from 2018. One historical specimen
Socotrana_4_1989_herbarium does display higher numbers and longer lengths
of ROH, but the lower number of SNPs supporting the detection of this ROH
by Plink would suggest that the measure is not significant and would have been
filtered out with the conventional settings of the pipeline.

Further investigations on the Socotran populations analysed by the pipeline
reveal that the different individuals are scattered across the NROH SROH plot
(Fig.4.17b). Several West Haggier specimens seem to cluster, the distribution of
Reiged specimens is scattered throughout the plot.
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(b)

Figure 4.17: Distribution of ROH in the Socotran specimens, total length of
ROH (SROH) versus total number of ROH (NROH). (a) Specimens coloured
by date of collection of the Socotran Begonia specimens, (b) Population of B.
socotrana in the dataset.
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4.3.7 Phylogenetic analysis comparison with ROH estima-
tion

To determine if the clusters of individuals with similar genetic structures are
phylogenetically close, the Socotran specimens have been divided into three
clusters: High FROH (purple colour), Medium FROH (brown colour), and low
FROH (orange colour) (Fig. 4.19a).

These clusters have been used to colour-code the labels of a phylogenetic tree
reconstructed with the SNPs of the 1,107 loci shared between present-day and
historical specimens (Fig.4.19b). This set was chosen to avoid any bias between
low-SNPs historical specimens and high number of SNPs silica-dried specimens.
The most homozygous individuals in both B. socotrana and B. samhaensis are
paired, suggesting they are products of the same bottle neck events, despite the
two B. socotrana individuals being from two different collections: Reiged and
West Haggier. However Reiged is an areas within the West Haggier mountains
so the sites may have been very close (Fig.4.18).

Figure 4.18: Sites of B. socotrana sampling on Socotra island (Brown et al.,
2012).

4.4 Discussion
4.4.1 Variable capture efficiency and aDNA analysis
In this project we hoped to discover the genetic health of two endemic Begonia
species and examine change through time. Unfortunately the captures did not
achieve a full recovery of the targeted sequences, so the analysis we can do is
limited. The reason for the failure of the capture is likely to be degradation of the
baits. The first capture was done with a new kit, but although stored promptly
on arrival we had to transport it across the city to perform the captures in the
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University labs and it is possible that the baits degraded during that transport.
Post-capture Bioanalyser traces looked good, but it is clear that this was due to
PCR amplification of a subset of sequences, rather than the full range of targets.
Differential degradation of baits could explain some of the patchy capture results.
The patchy capture also reflects the presence of dinucleotide repeats in a small
number of baits. These repeats make up microsatellites common in the genome
of B. socotrana, but not in the genomes of other Begonia (Campos-Domınguez,
2022). Although these baits were not problematic in other captures (Michel
et al., 2022), this emphasises the importance of bait design and avoidance of any
repeat-like sequences or multi-gene families.

4.4.2 Ancient DNA patterns
We used duplicated samples of silica-dried and herbarium specimens as well as
historical herbarium specimens to examine the effect of herbarium preparation on
our ability to derive populations genetic parameters. The silica-dried specimens
of the dataset shown very low patterns of fragmentation, where the historical
specimens shown moderate patterns of fragmentation. Looking at the patterns
of aDNA damage in the herbarium-dried and historical herbarium specimens,
the same average level of C to T and A to G substitution was found in these
specimens and silica-dried specimens from 2018. This lack of historical damage
patterns was also found in the Papua New Guinean set of samples that included
historical specimens in the same age range than the Socotran dataset (Chapter
5). The increase of substitution rate on the extremities of DNA fragment, usually
found in Palaeobotanical remains, has been demonstrated in herbarium plant
specimens from the same time frame than our Socotran dataset (Bieker et al.,
2020). However, the library preparation enzyme used in our study Uracil-Specific
Excision Reagent enzyme (USER) is known to prevent amplification of aDNA
pattern of damages (Briggs et al., 2010, Rohland et al., 2015). The USER enzyme
is a mix of Uracil DNA Glycosylase (UDG) and the DNA glycosylase-lyase
Endonuclease VIII (Bitinaite et al., 2007). UDG treatment cleave deaminated
cytosines (uracils) and cut the fragment, lowering the number of nucleotides
substitutions observed, and making it more difficult to detect aDNA damage
patterns (Rohland et al., 2015). We are planning to test our pipeline on datasets
non-UDG treated to observe the signature of herbarium aDNA damages with
our pipeline settings.

4.4.3 Variant call and phylogenetic reconstruction
The patchy read depth of sequencing of the Socotran dataset has affected our
ability to access all the molecular markers targeted by the Begonia bait set.
Nonetheless, the loci covered and filtered by our pipeline proved informative,
correctly grouping species and allowing limited analysis of population genetic
parameters.
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Species delimitation

Three different phylogenetic trees were reconstructed, one with the full-set of
SNPs (2018 tree), one reduced number of SNPs to match the historical specimens
from 1989 (1989 tree), and one to match the historical and older specimen of
1880 (1880 tree). The trees all show the same clustering of B. socotrana and
B. samhaensis. The only exception in all cases is the grouping of sample
Samhaensis_1 with historical B. socotrana. This is possibly due to the high
level of missing data in these samples, but further investigations on the exact
loci covered by B. samhaensis specimens might explain this behaviour.

Population delimitation for B. socotrana

The 2018 phylogenetic tree shows clustering of specimens by population, the
only exception being Socotrana_Reiged_3 which appears genetically distant
from the other Reiged collections. This discrepancy was seen in all trees, it
might be due to the lower number of reads recovered for this sample than for
the other Reiged specimens. Once again, a closer look at the loci captured from
this specimen will be informative.

The genetic distance between populations varies depending on the tree
considered. Skand and Dicksam populations, part of the Southern Haggier group,
are closely related in the 2018 tree, a similar result to that in the microsatellite
study (Hughes et al., 2002c). While their genetic distance increases when the
number of included SNPs drops in the 1989 and 1880 tree, these two groups stay
closely related.

Both the Reiged and West Haggier specimens were collected from the West
Haggier and limestone plateaux, and actual distances between the collections
are unknown. Even though the relationships of these specimens changes in the
three trees, most of these specimens are grouped together in the 1989 tree.

We had hoped to identify the origin of the early collections, but the lack of
data make a confident identification difficult. All the historical collections group
together and the closest living collection sample is Reiged_3 in all three trees.
However this may reflect only the low number of reads in this sample.

4.4.4 Further population genetics analysis
The homozygosity estimators we were using to asses the degree of endemism
of the different accessions based on runs of homozygosity were not robustly
estimated due to the incomplete dataset. The limit of estimating demographic
history with ROH is the need for a relatively even read depth of sequencing,
which is not the case in this dataset. However, other homozygosity estimators use
overall genomic homozygosity, and can be assessed with this type of data. FSNP

for example is an inbreeding coefficient based on measures of inbreeding in the
most recent generation, using observed and expected number of SNPs without
relying on preserved homozygous segments. Other methods could be used to
estimate relatedness between populations, as F-statistics, FST , or admixture
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analysis. However the poor overlap between samples in confidently called SNPs
could also affect these measures.
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(a)

(b)

Figure 4.19: Socotran specimens grouped by FROH score. (a) Scatter plot
showing the number of ROH against total length of ROH for the specimens from
the Socotran dataset. The specimens have been categorized in three clusters of
high, medium, and low FROH represented respectively in purple, brown, and
yellow, (b) Cladogram of the Socotran specimens, with lines and name label
coloured with the same color code than the scatter plot.
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Chapter 5

Begonia from Papua New
Guinea

5.1 Introduction
This chapter uses the pipeline established in chapter 3 on data collected by
a previous PhD student, Dr. Hannah Wilson. The dataset covers Begonia
species from Papua New Guinea (PNG) and includes silica-dried and historical
herbarium specimens. We expected to discover high levels of endemism in
populations from the PNG highlands, and evidence of bottlenecks. Several of
the samples are technical duplicates from poor quality extractions so we were
able to verify the reliability of our results.

5.1.1 The Papua New Guinea biodiversity
Papua New Guinea is equatorial, located between the intertropical and South
Pacific rainfall convergence zones. The climate is monsoonal, characterized by
high temperature and humidity throughout the year, although some contrasts
can be drawn between the north-west where monsoon occurs from December to
April, and the South-East where monsoon occurs from May to October (Pereira
et al., 2019). The island has a high level of biodiversity, being registered in eight
of the nine globally recognised biodiversity conservation priority templates. This
is the largest island in the region, the highest island, and displays a large array of
different climates and geological landscapes, which form a vast panel of different
ecological niches. The most species-rich ecosystem of these niches is the lowland
rainforest, which is the wettest, least seasonal tropical biome, and with the highest
levels of sunlight (Koenen et al., 2015, Kreft et al., 2008). Several models have
been proposed to explain the high levels of biodiversity in the rainforests. They
can be seen as stable ecosystems where biodiversity can gradually accumulate
(’museum’ model), or seen as dynamic ecosystems with high diversification and
extinction rates (’recent cradle’ model). A study on Meliaceae Juss. (Koenen
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et al., 2015) has shown that most of the Meliaceae species diversity in Papua New
Guinea rainforest is recent, and is attributed to a higher rate of speciation for
rainforest clades than for other clades. This observation, in conjunction with the
previous two models ’museum’ and ’recent cradle’ has helped to suggest a new
model where rainforests are dynamic ecosystems with high rates of speciation
and extinction, and from which species radiates. The new model where PNG
rainforests are source of species for the rest of the island might be more complex,
as subsequent studies made on Neotropics Rainforests mention that ’cradle-like’
and ’museum-like’ speciation rate and extinction rates can be related to the
clade studied, and change over time with climate conditions (Couvreur et al.,
2011, Eiserhardt et al., 2017).

5.1.2 Previous work on PNG Begonia
The diversity of PNG sections of Begonia has been investigated by Moonlight
et al., 2018, Hughes et al., 2015, and Wilson, 2021. This group is known for its
high level of species diversity and endemism. Wilson’s collections from fieldwork
in 2018 included specimens from section Petermannia, section Symbegonia,
and section Oligandrae, as well as samples attributed to section Diploclinium
(Fig.5.1).

The data set we use here includes field collected samples, but in order to
produce as full an account of PNG Begonia as possible Wilson also included in
the capture set herbarium specimens from RBGE, Lyon Botanic Gardens and
Harvard herbarium as well as from the RBGE living collection (Supplementary
Table 2 from Wilson, 2021). Captures used the same bait set as described
Chapter 3 and described in Michel et al., 2022.

The previous work undertaken by Hannah Wilson was to study the evolution
and maintenance of tropical diversity using PNG Begonia as model to study
species diversification and accumulation of biodiversity (Wilson, 2021). The
study has included a phylogenetic investigation of New Guinea Begonia to explain
their radiation over time, geographical locations, and different niches.

5.1.3 PNG Begonia clades
The findings of Dr. Wilson have resolved several taxonomical and phylogentic
issues, here are her main findings.

Two clear clades were recovered with this set of samples: an early diverging
New Guinea clade (EDNG) emerging 7.85 Million Years Ago (MYA) and origi-
nating from Borneo, and a ’large New Guinea clade’ (LNG), with a crown age
of 4.9 MYA, originating from the Philippines (Wilson, 2021). Species from both
clades grow sympatrically (Wilson, personal observation).

Most of the species in EDNG are from section Oligandrae, section Diploclinum,
one species of Symbegonia, and one species of section Petermannia. These are
generally succulent lithophytic herbs with few stamens, and distinctive limestone
niches and fragmented distributions (Hughes et al., 2015, Wilson et al., 2020).
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A low genetic diversity would be expected from these species geographically
restricted.

The species from sect.Oligandrae are locally common, but have more restricted
distribution than in other sections. Two species: B. pentandra and B. chambersiae
from Sect. Oligandrae show evidence of limestone endemism. The EDNG lineage
might have been isolated from the ancestral species by the time Papua New
Guinea central range was a series of ophiolite island emerging from the sea. It
could explain its fragmented distribution and predilection for limestone. Section
Diploclinum includes B. kaniensis which may be wind pollinated. We would
expect to see high levels of genetic diversity in this species. The other PNG
species of section Diploclinum are much more limited in distribution but are not
included in this dataset. The high levels of morphological variation seen in some
species in this group could reflect genetic drift in small populations and genetic
vulnerability.

The more recently evolved LNG includes sections Symbegonia and Peter-
mannia. It has a high diversification rate (0.33) and both widespread (many
Petermannia) and endemic species (in Symbegonia).

5.1.4 Using target capture datasets with ROH pipeline
These investigations have used the same Begonia target capture baits than
we have used in the case of the Socotran Begonia investigation (Chapter 4).
We decided to use our Hyb-Capture analysis pipeline to generate demographic
metrics from each sample, and compare them to the results previously found by
the Dr. Wilson. We expected to see a diversity of genetic patterns, and hoped
to discover how variable populations are across PNG (Fig.5.1).
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Figure 5.1: Sections and number of specimens in the Papua New Guinea dataset.

5.1.5 Subsequent analysis using F-statistics and heterozy-
gosity rate

Further enquiries has been made to check the outputs of our pipeline after having
shown the first results in the present document. We planned to measure the
homozygosity level of the PNG specimens with other estimators to check the
limitations associated with ROH measurements in the case of a target capture
dataset. We demonstrated in Section 3.3.4 that maximal length of the genome
captured with consecutive baits is 104.4Kb, and it is uncertain if the number
and length of ROH detected by our tool would be representative of the genome
targeted. To assess the representativeness of our results, we decided to compare
our ROH estimators to other estimators related to inbreeding and population
structure.

F-statistics are a commonly used population genetic tool, notably to estimate
population differentiation with fixation index FST , and individual inbreeding
coefficient FIS (Weir et al., 1984). They have been used in conservation genomics
to track inbreeding depression in natural plant populations (Chaves et al., 2011,
Aravanopoulos et al., 2015, Edwards et al., 2021) and their use is documented for
seed bank collection maintenance (Schoen et al., 2001). The calculation of these
estimators does not match the constrains of our dataset as a minimum number
n of individuals is required by population to establish allele frequencies and
calculate these indices. Acknowledging this limitation, we state the hypothesis
that F-statistics can be used on the PNG dataset, at species scale, and the
results of these analysis will inform this hypothesis.

88



Another estimator used to check our results is the overall heterozygosity
rate of each specimen. This estimator does not require several specimens
from the same population for calculation, and has been used for conservation
genomic purposes. Furthermore, overall heterozygosity has been used along
with ROH estimation as a two-dimensional representation of genetic diversity
for discriminating IUCN conservation categories (Genereux et al., 2020). We
decided to use the same method than described in this publication to visualize
the relationship between overall heterozygosity level and ROH index FROH . If
our pipeline is working properly, we expect to see a negative relationship between
these two indices, which would demonstrate that the number and length of
the ROH detected matches the overall heterozygosity rate captured with the
baits. FROH is dependant of the contiguity of the Begonia baits while overall
heterozygosity is not, relying on variants captured by the baits independently
of their position in the genome. Finding a relationship between these two
indices would support that the ROH sizes and lengths captured by the baits
are significant and that our method can estimate the relative inbreeding and
demographic history of the specimens of a dataset.

5.2 Methods
5.2.1 Data generation (Hannah Wilson)
DNA was extracted with Qiagen kits and 191 library preps made using NebNext
Ultra II. Capture was as described in Arbor Biosciences MyBaits kit version
4, with 16 hours hybridisation at 62°C and 9-22 post-capture PCR cycles.
Sequencing was 150bp paired end Illumina HiSeq, and an average coverage of
105 read per bait per sample was achieved (Wilson, 2021, Michel et al., 2022).
HybPiper was used to extract data for a gene tree analysis using ASTRAL
(Wilson, 2021).

5.2.2 Hyb-Seq dataset analysis
The samples were processed via our pipeline and aligned to the reference genome
of B. peltatifolia ’Begonia_peltatifolia_scaffold.fasta’ (Li et al., 2022). The
alignment was done with the Paleomix BAM pipeline (Schubert et al., 2014),
using BWA (Li et al., 2009a), and the BAM files were recalibrated using Map-
Damage 2 (Jónsson et al., 2013). The G to A and C to T misincorporation rates
have been measured at the end of sequencing reads with MapDamage2 (Jónsson
et al., 2013). We used reference genome of B. peltatifolia as it was the most
closely related to the PNG dataset species and providing the longest scaffolds or
pseudo-chromosomes in order to proceed to subsequent Runs of Homozygosity
measurements (Li et al., 2022).

Variants were called using GATK-4.2.0.0 with pipeline base parameters. The
data was processed in three batches comprising sections Oligandrae, Symbegonia,
and Petermannia. This subsampling was necessary as GATK tools gatk Haplo-
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typeCaller and gatk GenomicsDBImport were not able to process the full set of
samples (Brouard et al., 2019).

5.2.3 ROH filtering
For the filtering of ROH in the PNG dataset, the l threshold has been calculated
with a value of 693 SNPs for the full dataset (Section 3.2.6).

The Papua New Guinea dataset included 191 accessions, of those, 131 samples
were found to have ROH longer than 1kB, and only 73 of those had ROH above
1kb after minimal-SNPs filtering. These represent only 3.3% of all ROH in the
initial dataset.

Table 5.1: Number of ROH in sections before and after SNP filtering

Sections Samples Species
Samples
filtered

Species
filtered

Petermannia 90 23 43 10
Symbegonia 49 13 17 8
Oligandrae 23 8 5 5

Diploclinium 13 3 7 1
Jackia 5 3 0 0

Platycentrum 3 2 0 0
Cyathocnemis 2 2 0 0

Eupetalum 1 1 0 0
Knesebeckia 1 1 0 0

Ruizopavonia 1 1 0 0
Ridleyella 1 1 0 0

Reichenheimia 1 1 0 0
Quadrilobaria 1 1 0 0

While a minimum of ROH length of hundreds of kb is usually required to
consider an ROH, the use of baits reduce the length of ROH observed. As seen in
Figure 5.2 the ROH size distribution for most of the Papua New Guinea dataset
is below 10kB. There are 1820 filtered ROH in the full dataset, and only 78 of
them are above 10kB. Therefore the ROH minimum length threshold has not
been set up as 500Kb as presented in literature (Kumar et al., 2021, Ceballos
et al., 2018), but to a 1 kb minimum ROH length.
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Figure 5.2: Distribution of ROH by size.

5.2.4 Inbreeding estimators
Several estimators have been derived from ROH statistics to assess the demo-
graphic history of each accessions of the dataset. Among them, the sum of
ROH (SROH) is the total genomic length covered by ROH and Number of ROH
(NROH) is the total number of ROH per individual (Kumar et al., 2021). The
relationship between these two estimators allows the estimation of the recent
demographic history of a population, and disentangling demographic events such
as bottlenecks and high consanguinity, as both increase the overall genomic
homozygosity. Another estimate related to the inbreeding coefficient (F ) has
been considered: FROH , which has been described as the fraction of each genome
in ROH longer than 0.5Mb (Kumar et al., 2021, Ceballos et al., 2018).
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Figure 5.3: Inbreeding coefficient density in Papua New Guinean sections.

5.2.5 Phylogenetic tree
To check if the data filtered through the pipeline were phylogenetically comparable
to the previous results of Hannah Wilson on the same dataset (Wilson, 2021), a
cladogram has been produced with the output of the pipeline. To reconstruct
specimens phylogeny, aligning the reads to a larger genome as B. peltatifolia
was not necessary as calling SNPs did not require a contiguous scaffold to be
used. Therefore, the raw reads of the Papua New Guinea Hyb-Seq dataset were
aligned using BWA (Li et al., 2010) to the B. bipinnatifida sequences orthologous
to the bait targets. Variants were processed through the pipeline to make a
joint variant call, and through similar filtering steps described for the ROH
measurements. To make the species tree, the vcf2phylip script (Ortiz, 2019) has
been used to generate a .phy file, and then IQ-TREE Nicholls et al., 2015 to build
the phylogenic tree. To enable comparison with the phylogeny shown in Hannah
Wilson work (Wilson, 2021), similar substitution model has been selected to
build the tree: GTR+G+I, with General Time Reversible model (GTR), gamma
option to rescale the branch length (G), and an option for including proportion
of invariable sites (I).

5.2.6 Biogeography
The specimens collected by Hannah Wilson and Mark Hughes are scattered all
across the central mountain range of the New Guinea Island. To understand if
the patterns of homozygosity observed arise not only from phylogenic history but
as well from geographic background, correlation analysis has been done between
altitude and FROH for the specimens displaying detectable ROH. A population-
scale observation has been included as well to understand if geographic features
as rivers of cliffs play a role in the homozygosity detected. The GPS coordinates
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of the different specimens were extracted from field records for the silica-dried
specimens and herbarium sheets records for historical specimens or calculated
using a Digital Elevation Model (DEM) map with the specimen coordinates.
Subsequently, the relation between altitude and inbreeding coefficient has been
explored plotting these parameters (Fig.5.14a). To check if a relationship could
be established between altitude and inbreeding coefficient FROH the whole set of
specimens has been subjected to a Pearson, Kendall, and Spearman correlation
measures. The Person correlation index (r) assumes that the data is normally
distributed, which is apparent on the density map (Fig.5.14b). A p-value can be
calculated for this test, but the scarcity of data points has provided low scores
as a dataset of 500 or more individuals is required for a robust analysis (Bujang
et al., 2016). The Spearman correlation coefficient (ρ) and Kendall correlation
coefficient (τ) have been calculated for rank correlation analysis, which does not
require the data distribution to be linear.

5.2.7 Subsequent analysis using F-statistics and heterozy-
gosity rate

To confirm findings made with ROH estimators, F-statistics estimators including
fixation index FST and inbreeding coefficient FIS were used to check our results.
The population structure of the PNG specimens has been calculated using the
protocol described in Bieker et al., 2022 using Angsd 0.910 (Korneliussen et al.,
2014) and PCAngsd 1.10 (Meisner et al., 2018). Considering that in the majority
of cases only one individual was available by population, different groupings of
the specimens have been considered for calculations of the F-statistics estimators.

For FST calculation, specimens have been grouped by species. The minimal
number of specimens per population to estimate genetic differentiation has been
estimated as small as n=4-6 for a large number of genetic markers (k>1,000)
(Willing et al., 2012). We selected a value of n=5 specimens minimum by species
to include them in our study. Angsd has been used to calculate the Sample
Allele Frequency (SAF), Site Frequency Spectrum (SFS), and 2D-SFS for each
individual, and the FST index between each species.

For FIS calculation, the specimen have been grouped using PCAngsd to
produce a covariance matrix and estimate the number of population clusters
K=50. Considering these clusters as populations, Angsd has been used to
calculate genotype likelihood and FIS for each specimen.

The rate of heterozygous sites on the total length of the sequences captured
has been calculated for all the specimens using home-made scripts based on
the Variants Call Format (VCF) file output of our pipeline. The comparison
between heterozygosity rate and FROH has been run on the present set of PNG
Begonia and on a set of Asian Begonia belonging to the section Coelocentrum
not described in detail in this study. Although the dataset of Begonia section
Coelocentrum have not been detailed, the results of their analysis through our
pipeline have been added in Figure C.5b as a proof of concept of our pipeline.
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5.3 Results
5.3.1 aDNA damages
The damages observed in figure 5.4 are lower than those expected for aDNA
from herbaria.

The overall average number of aDNA substitutions observed is 0.020, which
is comparable to the rate of other studies on herbarium specimens (Staats et al.,
2011, Bieker et al., 2020), however the exponential increase of substitutions
observed at the extremities of the fragments is not present here.

A likely explanation for this is that the NebNext Ultra II kit uses Uracil
hairpin adaptors followed by USER treatment, containing Uracil DNA Glyco-
sylase (UDG), to break the hairpin into two adaptors (NEB, 2022). This will
also remove Uracils from the rest of the molecule, and cut the fragment, so
no substitution could be observed in subsequent analysis steps (Rohland et al.,
2015).

(a) (b)

Figure 5.4: Nucleotides substitutions in 5’ and 3’ of DNA fragments. (a) 5’
substitutions, (b) 3’ substitution.

5.3.2 Target capture efficiency
The average depth of sequencing coverage has been calculated for each baits
and each samples in the set to check the homogeneity of target capture. The
maximum depth of sequencing coverage per bait for the Papua New Guinea
set is 366,827, with an average of 226 per bait. These are scores comparable
with the Socotran set that shown a maximum depth of sequencing coverage
of 243,289, with an average of 466 per bait. Some ’bad baits’ are still visible
on the heat map, represented by white squares (Fig.5.5). However, they are
more ’bad baits’ observable in the Socotrana set. This can be explained by
the behaviour of several baits to capture microsatellites in high number in the
B. socotrana genome (Chapter 4). Furthermore, the depth of coverage is more
evenly distributed per sample in the Papua New Guinea set than in the Socotran
set. This could reflect the poor target capture efficiency observed on the Socotran
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set (Chapter 4) compared to the high sequences recovery rate that has been
effected on the Papua New Guinea samples (Wilson, 2021).
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Figure 5.5: Cluster map of the average depth of sequencing coverage per baits
between PNG and Socotran target capture sets. The PNG samples are labelled
in red and the Socotran samples in blue.
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5.3.3 Phylogenetic reconstruction
To assess the congruence of our pipeline output and previous phylogenetic
reconstruction of the PNG batch of specimens (Wilson, 2021), a maximum-
likelihood phylogenic cladogram was produced using the SNPs called by our
pipeline (Fig.5.6). The cladogram shows the expected clustering of the accessions
by section, and the same split in Petermannia seen in the ASTRAL tree generated
by Wilson, 2021 (Fig.5.7). The specimen B.Petermannia_sp.ELAE119.234 is
noticeable for having a long branch compared to all other specimens. It is
a specimen collected at Lae Botanic garden, and described as New Guinea
specimen. Hannah Wilson noted that in her analysis this high-quality sample
grouped with South American clade and is present in 710 of the 713 gene trees
generated. It is therefore a misidentified specimen of unknown origin, but seems
to be closer to South American clades than New Guinean ones (Wilson, 2021).
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Figure 5.6: Phylogenetic reconstruction of the Papua New Guinea full dataset.
Tip labels coloured by sectional placement,: Petermannia in red, Symbegonia in
purple, Oligandrae in green, Diploclinium in blue, and other outgroup sections
in black.
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Figure 5.7: Complete ASTRAL phylogeny of the Papua New Guinea dataset
from Appendix 2 of Wilson, 2021.

5.3.4 Demographic history
The estimators FROH , NROH, and SROH have been plotted for all accessions
after ROH filtering on minimum SNPs per ROH and ROH size above 1kB
(Fig.5.9a). To check the method, average sequencing depth and the type of
material (historical herbarium material, or silica-dried fresh material) have been
plotted along with the ROH estimators (Fig.5.9).
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The FROH estimator follows the trend of the NROH/SROH table estimators,
though it is less informative. Specimens with higher FROH are predicted to
be from populations which have undergone bottlenecks or have high levels
of consanguinity, and those with lower scores are predicted to be from large
populations with possible introgression promoting high heterozygosity (Fig.5.9a,
Wilson, 2021).

Figure 5.8: Relationship between depth of coverage, FROH , and date of sampling
of the specimen.
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(a)

(b)

(c)

Figure 5.9: Demographic history estimation for the whole set of samples. (a)
with FROH , (b) with all Sections. (a) Plot SROH, NROH, and FROH for all
accessions, (b) Plot SROH and NROH for all accessions with sections, (c) Plot
SROH and NROH clusters.
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5.3.5 Estimating ROH in historical specimens
The plot A.1 (Appendix A) shows more specifically the relationship between
depth of coverage, FROH , and date of sampling of the specimen. Both old
historical specimens and recent silica-dried specimens are found in the low-FROH

cluster. Several historical specimens show a high-FROH with very low coverage.
The two replicates of B.stilandra_18 and B.augustae_56 are present in the
high-FROH cluster while showing low depth of coverage 5.9. Historical specimens
present in the low-FROH cluster show various levels of depth of coverage, similar
or far above the high-FROH coverage. Age of the specimen seems not to be a
limitation to detect ROH in a genome, even though further studies will need be
to done to establish clear limitations of depth of coverage in ROH detection.

5.3.6 Technical replicates
The specimens collected in 2018 during the expedition of Hannah Wilson and
Mark Hughes included duplicated accessions in cases where the initial extraction
produced a poor library (Wilson, 2021). These can be used for checking the
repeatability of the pipeline. Considering a batch of 23 replicates: 21 specimens
are duplicates, and 2 are triplicates (Table 5.2). After measurement of the ROH
and filtration of the low-SNPs ROH, 4 sets of replicates display ROH in the
same cluster of FROH and in 11 no reliable ROH are detected. However, 8
replicated specimens show ROH where their duplicates do not show any. In the
high-FROH cluster, the B. stilandra_18 duplicates show ROH with a variability
of 60 ROH. For the low-FROH cluster, the average difference between duplicates
or triplicates is 6.9 ROH. The variation in the number of ROH detected in
the low-FROH cluster can affect our ability to quantify accurately ROH in this
cluster. Noticeably, 38 ROH have been detected in B. brassi_202, and none
in its duplicate, as most of them have been removed with the minimum-SNPs
threshold of the pipeline.

The filtering of ROH involved in our protocol has excluded several specimens
from the analysis. Among them the specimen B.asaroensis_46a, replicate
of B.asaroensis_46 which has been rejected from the analysis while this last
specimen is still in the dataset with 3 ROH detected. More surprising is the case
of B.brassii_2002a displaying a higher number of 38 ROH remarkable for their
length.

The scatter plot 5.10 shows the replicates along with the other specimens
of same species. The B. Petermannia group of unidentified species is shown
to give an indication of levels seen for of low-FROH and high-FROH groups. B.
vinkii and B. fulvovillosa replicates are both in the low-FROH group, and display
similar values that are within the interquartile range of the species distribution.
A two-tailed significance test on FROH values has found all replicates to be
not statistically different, while other samples of the same species were found
significantly not similar to B.vinkii_208.
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Figure 5.10: Technical replicates in the Papua New Guinea Dataset.

5.3.7 Population parameters in PNG Begonia
We can distinguish two clusters for the Papua New Guinea dataset: one on the
upper part of the plot with high-FROH , and a more numerous group with low-
FROH in the lower part of the plot (Fig.5.9c). No clear correlation can be seen
with sequencing depth or with type of material. The specimens B.stilandra_18
and B.bracssii_202 group with the to the high-FROH group, with fewer depth
in their dataset than the whole dataset average depth.

The specimen B.kaniensis_224 is part of the outliers cluster (green colour) and
is remarkable for having longer ROH (high SROH), but less than other specimens
(low NROH). This particular genomic situation can be interpreted as signature
of inbreeding, while B.Petermannia_228 has the signature of a bottleneck event,
and other specimens B.Petermannia_228 and B.Petermannia_230 have low
number and size of ROH typical from larger or admixed populations.

5.3.8 Interspecies homozygosity rates
One of the main questions we wished to answer about the different lineages
within the Papua New Guinea dataset is whether the homozygosity patterns
observed here are due to genetic drift driven by microevolution at the population
scale, whether they are related to phylogenetically stable aspects of the clade’s
biology. For this purpose, we want to see if individual specimen’s values of
FROH differed from the those of the rest of the species. FROH values for within
species specimens were plotted and tested with a statistical two-tailed test . The
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Table 5.2: Number of ROH detected in replicates.

Specimen ROH_Rep1
ROH_Rep1

coverage ROH_Rep2
ROH_Rep2

coverage ROH_Rep3
ROH_Rep3

coverage

B.stilandra_18 242 4.3 180 1.9 - -
B.fulvovillosa_151 6 2.3 0 0.3 - -
B.Petermannia_44 4 1.4 0 0 - -

B.asaroensis_46 3 1.3 0 0.5 - -
B.cyrtandroides_16 2 2.9 0 1.6 - -

B.kaniensis_153 1 0.4 11 3.1 0 4.7
B.symsanguinea_25 1 0.1 10 6.8 - -

B.fulvovillosa_31 1 0.7 2 1.6 - -
B.brassi_202 0 5.1 38 8.4 - -

B.cyrtandroides_14 0 0.9 18 1 - -
B.vinkii_3 0 2.7 14 2.2 12 1.55

B.Symbegonia_48 0 1.3 1 1.5 - -
B.bipinnatifida_1 0 0.2 0 0.03 - -
B.Symbegonia_28 0 4.5 0 0.9 - -
B.Petermannia_60 0 2.5 0 1.1 - -
B.Symbegonia_117 0 0.3 0 0.3 - -
B.brachybotrys_147 0 0.3 0 0.3 - -
B.mimikaensis_159 0 0.9 0 2.9 - -
B.bipinnatifida_178 0 3.4 0 4.3 - -

B.brassii_205 0 4.3 0 4.3 - -
B.maguniana_2 0 0 0 0.4 - -
B.erodifolia_45 0 0 0 1.3 - -
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p-value test the hypothesis that a specimen’s FROH value is significantly different
than the rest of the species (H1), or that the FROH value of a specimen is not
distinct from the average of the population (H0). Within the B. Petermannia
group specimens are unidentified to species, and therefore the scattered values
observed are not a test of inter-specific variation. Almost all specimens were
found not significantly different than the rest of the species. The only specimen
significantly different from the rest of the species is B.vinkii_208. The value
of this result is moderated by the fact that the two other samples from same
species examined are replicates from the same individual with very similar scores.
Across all our tests the number of specimens are usually two or three, and might
be too few to draw strong conclusions. However, members of a single species are
always part of the same clusters previously observed (low-FROH , high-FROH),
with the exception of B. aikrono which displaying intermediate values.

Figure 5.11: FROH homozygosity estimator for all samples per species.
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Figure 5.12: ASTRAL PNG phylogeny with FROH estimator
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5.3.9 Biogeography
The relationship between homozygosity level and phylogenetic genetic distance
having been considered, we decided to check if the geographical locations of the
specimens would be related to their patterns of ROH. The specimens have been
mapped to their location of the central mountain range of the New Guinea Island
(5.13), and the relationship between altitude of sampling and FROH estimator
has been calculated.

Figure 5.13: Specimens distribution on New Guinea Highlands, including the
herbaria specimens and silica-dried specimens collected during the Wilson and
Hughes expedition of 2018 (Wilson, 2021). The distribution follows the central
range of the New Guinea Highlands.

Plotting altitude in relation to FROH show a negative relationship between
these parameters (Fig. 5.14a). To check the strength of this correlation, we
calculated linear correlation and rank correlation coefficients. A preliminary
analysis of the density estimation of the specimens altitude and FROH score show
normal distribution of these parameters (5.14b), meeting the conditions required
to calculate a Pearson correlation coefficient. Rank correlation coefficients of
Spearman and Kendall have been considered as well. The results show a slightly
negative correlation (r=-0.197) between altitude and the FROH coefficient (Table
5.3). The p-value indicate that this statistic is not significant (p-value > 0.1).
The Spearman and Kendall correlation coefficients show a negative correlation as
well, even though the p-values indicate a weak significance as well. As our results
failed to find a clear relation between altitude and patterns of homozygosity
detected on a global scale, we decided to visualize the FROH values at population
scale to see if the geographic context can explain the results of our pipeline.
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(a)

(b)

Figure 5.14: Correlation between the altitude on which each specimen has been
collected and the inbreeding coefficient FROH for specimens with detectable
ROH. (a) Scatter plot matrix with trend line, (b) Kernel density estimation of
the specimens altitude and FROH scores.
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Table 5.3: Correlation coefficients between altitude and FROH .

Coefficient Value P-value

Pearson (r) -0.197 0.137
Spearman (ρ) -0.123 0.357
Kendall (τ) -0.065 0.468

We have looked for the patterns of homozygosity of the specimens in five
areas located at three locations of Papua New Guinea.

• In the North-Wester area, the populations of Busilmin and Kwima.

• In the centre-Western area, the populations of Telefomin and Tekin.

• In the Eastern area, the populations of Teptep.

In the maps provided, the specimens have been coloured accordingly to their
belonging to a demographic history cluster (Fig. 5.9).

The specimens scattered around Busilmin have all been sampled in montane
forest, at altitude ranging from 1,550 to 1,882 meters high (Fig. 5.15a). They are
all silicate-dried specimens collected in 2018, and do not differ in the degradation
of the DNA material (Wilson, 2021). B.Petermannia_228 collected ’in open
scrubby forest, by steam side’ is in the high-FROH cluster (pink colour), displaying
a high level of homozygosity compared to the rest of the Petermannia section
specimens, and twice as high as the B. kaniensis specimen located further North
in the same area (Fig.5.9) .

The low-FROH specimens located in the same area are B.Petermannia_230
sampled in montane forest, noted as ’male on thick moss by stream, growing
with Begonia section Oligandrae’, B.kaniensis_224 collected on mossy rock by
stream, and B.Petermannia_225 sampled in montane forest.

No apparent ecological reason here can explain the high homozygosity level
of B.Petermannia_228 compared to the other specimens. The particularity of
B.kaniensis_224 as an outlier in our set is as well not apparent related to its
sampling location.

All specimens from Kwima were sampled on the North bank of the August
river, collected in 2018 and silica-dried, at altitude ranged between 139m and
167m (Fig.5.15b) (Wilson, 2021). All specimens have relatively high FROH

compared to the rest of the dataset, however B.aikrono_240 is the only one
which is part of the higher FROH cluster. This specimen is interesting to compare
to the B.aikrono_237 specimen, from the same species, location and altitude of
sampling. It is unclear if they are from the same population, but are expected
to come from populations closely related. Furthermore, all these specimens are
phylogenetically closely related (Fig.5.12). These specimens might come from
closely related populations with an intermediate average level of homozygosity,
where higher ROH are found in several more isolated groups or individuals.
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(a)

(b)

Figure 5.15: Distribution of the specimens in two North-Western areas. (a)
Busilmin, (b) Kwima.

The specimens from the Telefomin populations come from the Sandaun
province, on a mountain chain located close to the Telefomin station town
(Fig.5.16a). They have been collected in 2018 and silica-dried (Wilson, 2021).
The collection places were located at high altitude ranging from 1,401m to 1,555m,
along river banks or rainforests floor, and limestone rocks. B.Petermannia_215
was collected along a river bank in gulley and is the only specimen part of the
high-FROH cluster (Fig. 5.9c), and is part of the group of B. Petermannia
specimens with lower ROH but taxonomically close (Fig. 5.12). This level of
high homozygosity could therefore be indicative of recombination in a population

111



displaying already an intermediate level of homozygosity by isolation or stochastic
events. B.brassi_202a is part of the the outliers cluster (Fig. 5.9c), with longer
ROH than expected indicative of possible inbreeding. Taking in account that
B.brassi_202a replicate, a sample with similar coverage as well (Table 5.2) has
been rejected by the pipeline, the significance of this sample is questionable.

The specimens collected in the heights nearby Tekin were collected between
2,062m and 2,205m in montane forest (Fig.5.16b , Wilson, 2021). In this section,
B.kaniensis_221 and B.chambersiae_220 are closely related taxonomically and
have been both collected in montane forest though there is no direct explanation
for B.kaniensis_221 being part of the cluster of outlier, the specimens having
same ecological location, and are closely related.

112



(a)

(b)

Figure 5.16: Distribution of the specimens in two of the centre-Western areas.
(a) Telefomin, (b) Tekin.

The specimens collected at the north of Teptep are historical herbarium spec-
imens coming from a location at estimated altitude of 2,577m (Fig.5.17, Wilson,
2021). The two samples of B. Symsanguinea are replicates, and B.augustae_56
is not closely related, being part of the section Petermannia, and B. symsan-
guinea part of the section Symbegonia. In this case, the impact of taxon-related
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homozygosity and topological or ecological background is difficult to disentangle
to explain B.augustae_56 high level of homozygosity. We can still notice that
the closest relative of this specimen are B.stilandra_18 or B.Petermannia_228,
which are in the high-FROH cluster as well, and that the evolutionary history
of B.augustae_56 might be the key factor explaining high-homozygosity with
geographical isolation contributing to this situation.

Figure 5.17: Distribution of the specimens in a Eastern area of Teptep.

5.3.10 Subsequent analysis using F-statistics and heterozy-
gosity rate

As our pipeline detect a limited number of loci, and cover a fragments of the
targeted genomes, other estimators have been used to check our results after the
initial findings of this project. F-statistics have been calculated for the PNG
specimens to compare populations structures to the patterns of homozygosity
found with ROH, as they are not limited by the acquisition of long segments
of the target genome. However, the calculation of these indices rely on alleles
diversity found within populations, requiring several individual of the same
population being analysed, which is not the case on this dataset.

Keeping this limitation in mind, FST values have been calculated, grouping
the specimens by species, and considering each species as a population, and the
whole batch of specimens as a metapopulation.

The Figure C.1 describes the FST values between species of the PNG speci-
mens. Comparing these results to the phylogenetic tree established in Hannah
Wilson studies (Fig. 5.7, Wilson, 2021) and to the ROH measurements made
previously (Fig. 5.12), no relationship could be established between the FST

values found and phylogenetic relationship between the species or patterns of
homozygosity.
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The comparison between individual FIS and FROH values previously found
do not show a relationship between the inbreeding coefficient and the ROH
coefficient (Fig.C.2). Similarly, a phylogenetic reconstruction of the PNG dataset
annotated with FROH and FIS (Fig.C.3) does not show similar patterns of
high-scoring indices. There is no clear overlap either between specimens showing
low FROH and low FIS .

Comparison of heterozygosity ratio and FROH provides a weak correlation
between these two indices for the PNG specimens (Fig.C.5a, Pearson r=0.068,
p-value=0.556, Spearman ρ=0.011, p-value=0.923). However, processing a
similar dataset of Asian Begonia to the pipeline to produce the same comparison
show a strong correlation between the two indices (Fig.C.5b, Pearson r=-0.910,
p-value=3.280, Spearman ρ=-0.780, p-value=2.574).

5.4 Discussion
5.4.1 Genetic health in Papua New Guinea Begonia
We have successfully estimated the homozygosity level of samples from historical
herbarium and silica-dried specimens. The condition of specimens (historical
or silica-dried) or depth of sequencing seems not to be related to the level of
homozygosity found in the results (Fig. 5.9). Several of the oldest sample as
B.Petermannia_157 from 1963 and B.Petermannia_140 from 1987 are in the
high-FROH cluster, and the Begonia bait set and our pipeline has captured and
detected long ROH compared to the rest of the dataset.

While the EDNG clade of New Guinean begonia was expected to show high
level of genetic diversity, as well as section Petermannia, other section were still
have to be investigated.

Section Oligandrae whose species are locally common, have restricted distri-
butions compared to other sections.

This is especially pertinent to B. pentandra and B. chambersiae that have
evidence of limestone endemism. Our results show a surprising range of genetic
structure in PNG begonia, identifying low levels of homozygosity, and suggesting
that most of the species in excellent genetic health.

5.4.2 Clusters of FROH

While high-FROH provides unambiguous results, the outliers cluster gives ques-
tionable results in terms of relation with the low-FROH cluster. The outliers
group of samples are at the limit of detection of our pipeline, B.kaniensis_224
displaying 53 ROHs, B.kaniensis_221 23 ROHs, and B.brassi_202a 38 ROHs,
where the high-FROH cluster starts at 180 ROHs. Furthermore, the B.brassi_202
duplicate has been rejected by the pipeline while having a coverage value similar
to B.brassi_202a.

The B. kaniensis outliers belong to the group of lower-FROH specimens from
section Diploclinium. This species is a monoecious vine with distinct sections of
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the stem bearing huge clusters of male and female flowers (Fig.5.18). In Begonia
separation of sexes in different inflorescences is usually associated with different
flowering times for each sex, providing an isolation barrier for cross-pollination.
However, several cases of overlapping flowering times for male and female flowers
have been recorded (Wilson, personal observation). The two outliers of this
group may be suffering from localized inbreeding due to same-population cross
pollination, being found at high altitudes that might act as an isolating barrier
for pollination. Another possibility is that the localized inbreeding might be the
result of selfing by geitonogamy, resulting from overlapping flowering times.

Figure 5.18: Begonia kaniensis. (a) lianescent habit, (b) female flower, (c) male
flower (Wilson, 2021) .
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5.4.3 Historical material
The analysis of Papua New Guinea data has revealed a low influence of age
of the specimens on detection of ROH on this set of specimens. The old-
est specimens are B.Petermannia_89 (1953), B.kaniensis_125 (1962), and
B.Petermannia_156 (1963). All show low-FROH , while B.Symbegonia_140
(1987), B.Petermannia_133 (1987), and B.kaniensis_153a (1981) show among
the highest scores of FROH and depth of coverage of the entire set. It is still
unclear if the most ancient specimens did not show high-FROH due to insuffi-
cient depth of coverage or due to their genetic background. Further studies are
necessary to assess the influence of age on ROH quantification. Nonetheless,
these specimens can be analysed to produce genetic structure detectable by our
pipeline. More recent specimens, collected in the 1980’s show various levels of
homozygosity, clearly more related to their genome architecture than to their
age.

5.4.4 Limits of the pipeline
We have observed that a majority of the specimens with low-depth of sequencing
coverage show low-FROH or have been removed from the analysis by our filters.
It is due to the low number of SNPs confidently called by our pipeline for these
specimens. The Begonia bait set used in this study has shown its capacity to
capture long contiguous segment of the genome, usable for ROH analysis. The
critical requirement to successfully estimate size and number of ROH in a genome
seems to be success of target capture and sufficient read depth of coverage during
the sequencing process. While this parameter is crucial for robustness of analysis,
we demonstrate here that a depth of coverage as low as 2.5 is enough to detect
unambiguously ROH in fresh and historical specimens.

5.4.5 Further studies
We have observed that most of the Begonia species part of the central mountain
range of Papua New Guinea show an unexpected level of genetic diversity, and
only a few show high level of homozygosity. The demographic history estimation
we made does not show a situation of inbreeding, but rather a constriction
in the population size and in some cases a bottleneck event in their recent
demographic history. This does not match the expectations for high-altitude
populations with restricted distribution, and isolated from each other. Further
studies will investigate the relationships between these populations and track
possible signature of introgression between them. Moreover, this study will be
contrasted with the analysis of other Begonia groups to compare patterns of
homozygosity among them. A differential study might explain the surprising
genetic health of Begonia from Papua New Guinea, and help understanding the
mechanisms of inbreeding or preventing inbreeding in this very diverse genus.
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5.4.6 Subsequent analysis using F-statistics and heterozy-
gosity rate

The F-statistics estimators, species FST and individuals FIS have failed to
show any relationship with the previously calculated FROH index, or with
the phylogeny that has been established by previous studies (Wilson, 2021).
First, the FST by species values were not congruent with the genetic distance
between species or the average level of FROH for each species. The clusters
of High-FROH , low-FROH , and outliers were not overlapping with the scores
of FIS found. Furthermore, the FIS results do not match the phylogenetic
reconstruction established previously and shown labelled in Figure C.3. We
therefore have to invalidate the hypothesis that F-statistics could be used at
species-scale on all the species of the PNG dataset.

The comparison between heterozygosity rate and FROH has provided con-
trasting results. While the PNG set has shown a null correlation between the
two indices, running the pipeline on another clade of Asian Begonia section
Coelocentrum has revealed a strong correlation between heterozygosity rate and
FROH . While this dataset is quoted here as note added in proof, and should
be described further for these results to be properly considered, this correlation
can suggest our approach may work, but there is a bias in the PNG results
explaining why no correlation cannot be seen between the indices.

In the light of this observation, and as the heterozygosity ratio varies across
all the group of PNG specimens, it is unlikely that the few high values of
FROH would be a biological reality, but more likely a technical issue with our
pipeline. The main difference in processing the PNG dataset compared to the
Asian dataset is that the variants have been called in three batches for technical
reasons. It is as well noticeable that many specimens are showing null FROH as
most of the ROH detected are filtered out of the pipeline by the minimum SNPs
threshold of the pipeline. Therefore Further experiments could be set up to
explore this possibility and test if a separate variant call might impact the final
results of the ROH pipeline. The next step of our project should include as well
the analysis of a Begonia long reads dataset with our pipeline, as a full-length
pseudo-chromosomes assembly can display ROH closer to the biological reality
than our target capture dataset. Detecting the ROH on this dataset would allow
to give an accurate estimation of the number and length of ROH in Begonia
genome and estimate precisely if our estimation with target capture data can
reflect the overall genomic content in ROH.
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Chapter 6

conclusion

6.1 Conservation genomics
The results of this project have a direct application in the field of conservation
genetics (CG). CG is the study of the genetic factors that affect extinction risk,
the genetic management regimes to minimize these risks, and the use of molecular
genetics to determine aspects of species important for their conservation (Fox
et al., 2006).

One of the major issue in conservation genetics is to detect loss of genetic
diversity and ability to evolve in response to environmental change. Genetic
diversity and allelic diversity at population level are key concept in CG, as reduced
genetic or allelic diversity has been associated with reduced fitness and linked to
higher extinction rate (Fox et al., 2006, Ollivier et al., 2013). Several methods can
be used to detect lower values of genetic variation in populations, and potentially
inbreeding depression : identification of the Evolutionary Significant Units (ESUs)
(Moritz, 1999), calculation of effective population size (Ne) (Willi et al., 2022),
direct measures of heterozygosity (Genereux et al., 2020), assess genes of fitness
among populations (Wayne et al., 2004), or exploring the admixture between
populations (Supple et al., 2018).

Population size in particular is an important concept in CG, as the articles
that have founded the basis of the field have linked the concept of effective
population size and genetic marker diversity (Wright, 1931, Fraser, 1972).

Drift-effective population size (Ne) is linked to the loss of heterozygosity and
fixation or loss of alleles (Willi et al., 2022). Contrary to the census population
size (N), Ne represents the size of an idealized population to display the same
genetic diversity or inbreeding rate observed in the actual population. It it
idealized because in this case we consider random mating, simultaneous birth
of each generation, constant population size, equal number of children per
parent (Charlesworth, 2009). This parameter is indicative of the effect of genetic
drift on a population, and its drop can indicate the loss of heterozygosity and
fixation or loss of alleles (Willi et al., 2022). Calculation of Ne can be made
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with demographic or genetic data, and with different algorithms (Charlesworth,
2009).

Unfortunately, the different models to calculate Ne all rely on alleles frequen-
cies. Other tools that might help to discriminate genetic erosion and inbreeding
in vulnerable populations are F-statistics (Kramer et al., 2009). Unfortunately
again, alleles frequencies are still required, which means that several individuals
have to be available for any assessment about the genetic health of a population.

Several other issues are problematic for vulnerable species detection: assess-
ments directed to loci with neutral variation or fitness-related genes (Teixeira
et al., 2021), or the lack of detailed genealogical information and their influence
on behaviour and demography (Wayne et al., 2004).

Our method to detect inbreeding depression has been selected to take in
account such limitations as low number of specimens from the populations
studied and a lack of phenotypic informations on the individuals (Genereux
et al., 2020). We rely on ROH and overall heterozygosity rate, which does not
require the segregation of neutral or fitness-related loci. As specimens and robust
information about rare tropical herbaceous plants are difficult to collect, such a
method is a precious tool for CG assessments.

6.2 Mutational meltdown as a vector of extinc-
tion in the Begonia genus

Our work started with the hypothesis that inbreeding and mutational meltdown
reduce Begonia population size and eventually drive them to extinction. As
many tropical herbaceous plants, the genus Begonia is susceptible to form small
and isolated population, with low gene flow between populations. High level
of homozygosity would affect their fertility and fitness, shrinking the number
of individuals in a population. This would favour the fixation of deleterious
alleles in the population and reduce genetic diversity, decreasing their capacity
to adapt to new threats. To assess this possibility, we planned to investigate
the genome of present and historical Begonia specimens. If our hypothesis is
valid, the genomes of rare or extinct species would be highly homozygous, this
would be recent, and the homozygous alleles would be distributed evenly across
chromosomes.

6.3 Setting up pipeline for complicated genome
architecture.

We firstly wanted to check several parameters in the Begonia mapping population:

• Can we robustly call variants?

• Are the baits capturing contiguous segment of the genome?

• Are the baits capturing syntenic sequences across Begonia groups?
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• Can we detect paralogous SNPs accurately?

The target capture protocol failed on the mapping population set, and
provided a ragged NGS dataset difficult to use to set up our analysis pipeline.
However, a genome skimming dataset from F1 hybrids of the same population
had been produced by Cynthia Fan and was used to test parameters. The SNPs
set called by different tools are variable, therefore we selected the most robust
method of variant calling possible. We joint-called SNPs with the GATK toolkit,
GATK haplotype-caller being reputed the most efficient tool for joint calling.
SNPs were filtered out of the analysis in order to minimize the fake positives
SNPs. Subsequently, a subset of the baits were identified as capturing paralogous
sequences using three different methods of detection based on heterozygosity
level, genotype frequencies in the mapping population, and occurrence of baits
on different scaffolds of a genome. The overlap between the baits identified to
capture paralogs between the three methods is comparatively small. Only 73
baits are in this overlap, where 635 were tagged paralog by the genotype frequency
method, 135 by a module of HybPiper, and 310 by HDplot, a tool detecting
higher SNPs heterozygosity level than expected. Even though problematic baits
have been excluded from our analysis, the comparatively narrow overlap between
these method is unexpected. Further assays with variation of the sensitivity
and specificity of these paralogous baits detection tools might provide a better
overlap and identify the whole set of problematic baits.

6.4 Socotran Begonia dataset: when target cap-
ture goes wrong

Begonia from the Socotran archipelago have been studied since the 19th century
along with all the vegetation of the island well known for its exceptional degree
of endemism. Herbarium specimens were collected on the island from the 19th

century until present day, and a living collection has been established in the
RBGE from the Dr. Mark Hughes sampling in the island in 1999. The two
species considered were selected early for study. First as a microsatellites study
of genetic distances between B.socotrana populations was available (Hughes
et al., 2002b) and a re-assessment of the phylogeny of the group involving more
molecular markers was relevant to understand the demographic history of the
species on the island. Secondary, populations of B. socotrana a relatively isolated
and B. samhaensis is exceptional for its high degree of endemism. Testing their
genetic health, and the evolution of it over time would has provided clues about
how to re-assess their conservation status. Lastly, herbarium and silica-dried
specimens availability could have enabled to build a time series of samples to
study evolution of their demographic history over time. Unfortunately, the
target capture protocol failed, and the uneven coverage did not allow to recover
all targeted regions of the genome. The dataset was nonetheless processed
through the pipeline to explore the limits of our pipeline. The final estimation
of homozygosity level in the specimens has not been possible as a result of the
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fragmented data, and the few number of consecutive SNPs supporting each ROH
detected. Regardless, our data were analysed and plotted to show what patterns
can be still be found in this incomplete data set.

The analysis of demographic history using ROH as marker of endemism has
failed to give statistically significant results. The limit of detection of this method
has been reached with short length of the genome having an even coverage, and
ROH detection not supported with sufficient markers. Future implementation
of other inbreeding estimators in our pipeline might however overcome this
limitation and enable to re-analyse this dataset.

The phylogenetic analysis of our set of samples confirms the findings of Hughes
et al., 2002c with respect to relations between populations, However, several
discrepancies were observed, notably almost all historical B. socotrana specimens
grouping with a single specimen of B. samhaensis. Two historical specimens
from 1989 cluster with B. socotrana from the West Haggier mountains, close to
a specimen from Reiged. But the overall uncertainty about the phylogenetic
results would indicate this relationship as questionable until new studies could
corroborate this assumption.

6.5 Exploring the genetic diversity of Papua New
Guinea Begonia

Collaboration with Dr. Hannah Wilson and Dr. Mark Hughes have provided
access to an Hyb-Seq dataset of specimens from Papua New Guinea originally
collected to explore diversity of the different clades on the island. In contrast
to this study, we have explored patterns of endemism in this group to assess
the genetic diversity of the different taxa and place them in their geographic
context. We expected most species to be generally low in genetic diversity due
to isolation. Several species such as B. kaniensis which is wind pollinated and
widespread were expected to show high genetic diversity. However, species like
B. pentandra and B. chambersiae are limestone endemic species, and expected
to show very low genetic diversity. Species from section Oligandrae have been
observed to be locally common, but with restricted distribution, and a lower rate
of homozygosity was expected from them as well. Our results show a surprising
range of genetic structure in Papua New Guinea Begonia. Some species were
found with low patterns of homozygosity and therefore in excellent genetic health.
Several specimens showed higher patterns of homozygosity, possibly coming from
populations that are recent colonies, and suffering from geitonogamy inbreeding
(family=Jong et al., 1993).

We have observed the formation an outlier group composed of B. brassi
and B. kaniensis specimens with low-FROH longer ROH than seen in the other
member of these species. These specimens could be the results of inbreeding by
geitonogamy. However, the low rate of overall homozygosity in these specimens
place them at the limit of detection of our pipeline, as demonstrated by the
rejection of the replicate of one of these B. brassi sample. The significance of
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these samples can therefore be questioned, and the relatively long ROH observed
can be either a biological reality, or noise in the data. In the later case, these
outliers may be the remain of low-FROH ROH that have not been filtered out
by the pipeline SNPs number threshold.

Studying the geographic distribution of these samples does not reveal an
obvious relation between geographical context and homozygosity level, nor does
the topography of sampling sites, or altitudinal distribution of the specimens.
We do not observe similar patterns of homozygosity within populations or
populations closely related. Therefore, it seems that homozygosity patterns
observed are not due to genetic drift driven by microevolution, but rather a
stochastic trait inherited phylogenetically.

A bias in our analysis is that the specimens have been collected along the
central mountain range of Papua New Guinea. Most of the specimens have
been collected at high altitude ranging between 1,000m to 2,000m, and further
sampling in the lowland could reveal patterns of endemism or diversity in contrast
to the present set. The central mountain range expanding from the North-West
to South-East of the island, further sampling in other sites may reveal patterns
of migration or colonisation not observed with our set of specimens. Our pipeline
has been able to track patterns of endemism from silica-dried and herbarium
historical specimens without apparent bias due to the age of the specimens.
Further analysis including time series of samples might indicate the evolution of
genetic diversity over time and indicate movement of populations in the island.

6.6 Publication of the pipeline and future work
Our pipeline will be adapted to the workflow management system Snakemake,
and made available to the larger scientific community via publication on GitHub.
Large datasets of NGS Begonia are being prepared to run on the pipeline, and
more are being produced now as candidates for it. The genetic health of the
incoming specimens will be assessed by the pipeline, and comparison between
different groups of Begonia could be made. Preliminary comparative studies
Chinese Begonia from section Coelocentrum showed a specimens displaying
higher pattern of homozygosity than the two other clades studied to this day.
This would corroborate our assumptions on the patterns of endemism of these
lineage as a many of the species in this set are cave-dwelling and have a very
restricted area of dispersal.

The pipeline will be used to make a quick assessment of the genetic vulnera-
bility of these species, observe the conservation of this trait across their lineages,
and the influence it could have on the radiation of the different taxa studied.
Furthermore , the analysis of Begonia genetic diversity and patterns of endemism
could help to solve ecological mysteries, as the co-existence of widespread and
endemic species morphologically similar in the same ecological context (Chan
et al., 2018, Chan et al., 2019).

Other functionalities of the pipeline have still to be developed for further
enquiries. The absence of observable aDNA patterns of damage, even moderate,
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was surprising for the historical specimens analysed in the two sets of samples.
Other similar studies on plant herbarium specimens involving specimens of
comparable age show obvious aDNA patterns of damages (Bieker et al., 2020,
Canales et al., 2022). However, this low rate of aDNA signature is most probably
due to the method of library preparation involving an UDG enzyme and is not
representative of the actual nucleotides substitution rate in our specimens. This
method of library preparation was avoided in the studies quoted above, and
we expect to see aDNA signature in the future analysis on UDG-free libraries
dataset with our pipeline.

Other population genetics tools will be implemented as well to corroborate
the ROH estimation. F-statistics will be used to confirm the presence of genetic
drift and FST compared to FROH to observe if a linear correlation can be traced.
A particular interest will be taken to integrate D-statistics to the pipeline, as
gene flow between Begonia species might provide the explanation for genetic
isolation.

One purpose of this study has not been reached yet, to study the evolution
of genetic diversity in Begonia over time. As climate changes as faster rate and
biodiversity drops down there is a need to re-assess quickly the conservation
status of potential threatened species, but moreover to monitor this decline to
understand the future changes in biodiversity. Using a time series of pre and
post-industrial historical specimens could show the evolution of genetic fitness
over time and be used to estimate rates of extinction due to the Anthropocene.
Studying endemism could as well unravel plant populations dynamics as changes
of distribution, patterns of colonisation, or persistence in a refugia.
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Appendix A

Target capture reads depth
of coverage for PNG and
Socotran specimens

Figure A.1: Relationship between depth of coverage, FROH , and date of sampling
of the specimen.
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Abstract
Hybrid capture with baits has proven to be a rich source of genetic data

for many genera. The depth of information provided allows resolution of rapid
radiations and of deep phylogenetic patterns. Retrieved data can also be used for
population genetic studies and analysis of functional genetic diversity. To gain
a better understanding of the evolutionary patterns across this large, diverse
and fascinating genus through phylogenetics, population genetics and sequence
analysis, we have designed and tested a set of 1239 baits covering low copy
number and functionally annotated genes involved in shade adaptation and
development and genetically linked to key traits. We demonstrate successful
recovery of sequence data from species across Begonia and from fresh, silica
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dried and older herbarium material.

B.1 Introduction
Hybrid capture is now a common method for retrieving sequence data for
phylogenetics and population genetics in plants (Cronn et al., 2012; Dodsworth
et al., 2019; Hale et al., 2020; Larridon et al., 2020; Slimp et al., 2021). The
method gives high coverage for hundreds of chosen loci across the genome. The
large numbers of loci recovered gives a fuller picture of evolutionary history
and allows exploration of reticulate patterns produced by hybridisation events.
The high coverage gives confidence in variant calling and analysis of variation
at population levels. The ability to choose loci allows testing of evolutionary
hypotheses about the role of specific types of genes (McKain et al., 2018).

The phylogenetic reach of bait sets varies. Cross angiosperm baits have been
produced and are becoming widely used for both deep and shallow phylogenomic
studies (Johnson et al., 2019; Larridon et al., 2020; Slimp et al., 2021). Family-
wide sets have been useful in untangling relationships, particularly in large
groups and recent radiations (for example; Compositae - (Mandel et al., 2015),
Euphorbiaceae (Villaverde et al. 2018), mimosoid legumes - (Koenen et al.,
2020), and Annonaceae (Couvreur et al., 2018)). Sets focused on specific genera
have been useful in resolving relationships in difficult groups (Folk et al., 2015;
Pezzini, 2019; Soto Gomez et al., 2019), and even species-specific sets have been
designed for population genetics and breeding (for example barley (Hordeum
vulgare L.) (Hill et al., 2019) and wheat (Triticum aestivum L.) (Gardiner et al.,
2019)).

Begonia L. is one of the largest plant genera (Frodin, 2004; Moonlight et al.,
2018) and presents a number of phylogenetic problems with increased resolution
needed at both deep (sectional divisions) and shallow (recent radiations) levels.
In addition there is a need to better understand the influence of past hybridisation
events on present Begonia species diversity given the evidence of multiple ancient
and recent hybridisations (Goodall-Copestake et al., 2010; Thomas et al., 2012;
Moonlight et al., 2015; Tseng et al., 2017; Liu et al., 2019a). Hybrid capture
provides a wealth of genetic data which can help resolve these issues and provide
data for further studies of diversity and evolution across the genus.

In this paper we aim to provide background and advice on a genus-specific bait
set for Begonia to encourage the use of this technology in addressing some of the
question about this exceptional genus. We describe how we designed a specific bait
set for Begonia which incorporates developmental genes, differentially expressed
genes and genes linked to traits. Four projects have already used the bait set
(Forrest et al., 2019, Wilson, 2021, and two currently unpublished projects).
We use data generated by these projects to characterise the performance of the
bait set. We compare samples, captures and baits to determine the range of
sample quality and species the bait set works on, the range of hybridisation
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conditions and the performance of individual baits in different captures. To
compare sequence analysis pipelines we analyse data from one capture using 5
pipelines to compare assembly metrics and phylogenies generated as concatenated
data and gene the analysis. The comparison of captures and analyses in this
methods-focused paper will provide guidance for future projects using this bait
set to answer the many questions about Begonia biology.

B.2 Methods
B.2.1 Bait design
Our starting point was a transcriptome produced from mature leaves and male
flower buds of the Asian species B. luzhaiensis T.C.Ku (Tseng et al., 2017)
(Fig.B.1). BLASTN of the transcriptome to itself identified 15,349 sequences
with 98% identity (or less) over 100bp to another sequence. These were taken to
be likely single copy genes.
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Figure B.1: Design of a bait set for Begonia. Sequences from the Begonia
luzhaiensis transcriptome were self-blasted to obtain possible single-copy genes;
the overlap with the set of genes annotated in both the B. conchifolia genome
and the Cucumis sativus genome was obtained. To this set were added sequences
of the markers from a genetic map of Begonia, differentially expressed tran-
scriptional factors, genes linked to quantitative trait loci (QTL), and a set of
candidate genes for shade growth. Numbers in bold are the numbers of sequences
retained at each step. ID, identity; SNP, single- nucleotide polymorphism.

We used BLASTN to compare the B. luzhaiensis transcriptome sequences
with the set of annotated genes from the genome of the Central American Begonia
conchifolia A.Dietr. (Campos-Dominguez, 2020). We identified 15,463 sequences
with 'good' matches of greater than 90% identity over greater than 100bp. We
took the overlap of this set with the set of 'single copy' sequences identified in
step one for further analysis - 11,261 sequences. We filtered the 11,261 sequences
to just those with matches at > 90% and >100bp to an annotated cucumber
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gene using the Yang genome assembly (Yang et al., 2012). This resulted in 1,114
sequences.

We added 3 sets of sequences which may be useful for functional studies in
Begonia. The first were the matches to 130 single nucleotide polymorphisms
(SNP) markers used to generate the first Begonia genetic map (Brennan et al.,
2012); the second set were matches to a hundred transcription factors differentially
expressed between B. conchifolia and B. plebeja Liebm. (Emelianova & Kidner
2021); the third set were 280 sequences with good matches to genes falling within
one LOD (logarithm of odds) drop of significant QTLs (quantitative trait locus)
for a range of traits in B. conchifolia × B. plebeja, (Twyford et al., 2014).

The final set of chosen sequences were a list of shade-associated genes. We
surveyed the literature on genes associated with light responses, in particular
shade tolerance and picked PhyA PhyB PhyC PhyD PhyE CRY1 CRY2 PIF3
PIF4 PIF5 GLK PLASTID MOVEMENT HAT4 (see supplementary table 1 for
details of these genes in Arabidopsis Schur). We used the Arabidopsis proteins
to search for orthologs in the B. luzhaiensis transcriptome using tblastn and a
cut off of 1e-40. These sequences were compared to the set already picked and
the new sequences included to give a final set of 1320 target loci. This set of
sequences went over the 2MB of a standard kit size, so it was trimmed down to
1,288 loci by removing some sequences that had been identified only as single
copy with a cucumber annotated match. Daicel Arbor Biosciences (Ann Arbor,
MI, USA) designed and synthesised 100-mer nucleotide baits, with 2.1× tiling
across our target sequences.

The first capture with this bait set was performed on samples from Begonia
section Coelocentrum Irmsch. Genomic DNAs were extracted from fresh or dried
materials using the DNeasy Plant Mini Kit (Qiagen, Germany). Approximately
1 µg of DNA was sonicated in a Bioruptor Pico machine (Cosmo-bio Inc., Tokyo,
Japan) with a program to generate fragment sizes of 400–500 bp. Using 50 µl of
sonicated DNA, a dual-indexed library for each sample was prepared using NEB-
Next Ultra II DNA Library Prep kit (New England BioLabs, MA, USA), following
the manufacturer’s protocol and selecting DNA in the range of 400–500 bp. Each
of the eight libraries was pooled into a 2 µg pool to perform hybridization capture
of target DNA using biotinylated RNA baits from the first custom-designed MY-
baits kit for Begonia (Arbor Biosciences, Ann Arbor, MI, USA). The custom bait
set included 100mer baits with 2.1× tiling density across 1,288 loci with 1,990,537
bp. The hybridization procedure was performed at 65°C for 19 hours following
the MYbaits v2.3.2 protocol. For post-capture PCR amplification, pools were
amplified using for 11-12 cycles. Target-enriched libraries were quantified using
QubitTM 3.0 Fluorometer (Thermo Scientific, MA, USA) and quality checked
with an Agilent Bioanalyzer (Agilent, CA, USA). All samples were sequenced
on the Illumina Hiseq platform (250 bp paired-end) at the High Throughput
Genomics Core at Biodiversity Research Centre, Academia Sinica, Taiwan. This
dataset is referred to as COEL.

Analysis of the targeted capture sequencing output from this capture identified
13 loci with high paralogy and 83 loci with >90% missing data. These loci were
removed from the set and replaced with target sequences from the following
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two sets. For the first set we identified interesting genes involved in regulating
anthocyanin synthesis, flowering, leaf form, and epigenetic regulation, among
other functions. We then used the Arabidopsis proteins to search for orthologs in
the B. conchifolia genome using TBLASTN and a cut-off of 1E-40. The second
set were sequences matching the angiosperm353 panel (Johnson et al., 2019).
The original set of targets had an overlap of 23 loci with the angiosperms353
enrichment panel. We added five further overlapping loci to bring this number
up to 28. The final target sequences are presented in Supplemental Data 1, with
annotation in Supplemental Table 1.

B.2.2 Capture experiments
The bait set has been used in four captures so far, two published, Forrest et al.,
2019;(HAIR) Wilson 2021, (PNG), and two unpublished (COEL and POP). We
used the sequence data from these experiments to characterise the performance
of the bait set (Table 1).

HAIR This data derives from a paper testing the degree to which various
preservation techniques, including using a hairdryer, affected our ability to derive
useful data from samples of three exemplar species (Forrest et al., 2019). Sample
extraction library prep and capture methods are detailed in Forrest et al., 2019
and summarised in Table 1.

PNG This data is taken from research that sampled across New Guinea
begonias for a PhD study of Begonia's colonisation of the island (Wilson, 2021).
It had wide taxonomic sampling including many closely related species, multiple
individuals for some species and technical duplicates. Extractions used the
standard Qiagen DNeasy Plant Mini Kit-columns following the manufacturer’s
protocol. Extracted DNA was quantified, using Qubit dsDNA HS chemistry with
duplicate reads taken for all samples. Quality was assessed on a DeNovix DS-11
and an Agilent TapeStation. All DNA extractions were normalized to 1.9 ngul.
Samples containing HMW DNA were sheared to 300bp using a Covaris M220
Focused-ultrasonicator. Library preparation was carried out as half reactions
using one NebNext Ultra II DNA Library Prep for Illumina Kit following the
manufacturer's protocol. Samples that contained over 50 ng of DNA and had
broad fragment size peaks on their Screentape were size selected using Seramag
Sample Purification beads. The samples were then quality checked using Agilent
Tapestation High Sensitivity screen tapes, and then re-quantified on Invitrogen
Qubit 2.0 fluorometer using Qubit dsDNA HS chemistry, such that each library
could be normalized to 10 nM. Libraries were grouped by quality into 32 pools
(each containing 4 to 10 libraries). Hybridization of the library pools followed
Forrest et al. (2019) with some modifications, using a 16 h hybridization at
62°C. The number of post- capture PCR cycles was dependent upon pool input
DNA, varying from 9 to 22 cycles. Sequencing was carried out by NovogeneAIT
Genomics, Singapore, on a HiSeq X, with 150bp paired end reads
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COEL This data comes from a study of the radiation of B. section Coleocen-
trumIrmsch.which included a wide range of samples including closely related
species but only a single sample per species. Sample preparation, library pro-
duction and hybridisation followed the same workflow as above. Details of these
samples are in preparation for publication by Yu-Hsing Tseng and Kou-Fung
Chung.

POP This data derives from a study of variant calling for population genetics
using a mapping population (Brennan et al., 2012) and closely related samples
from B. soccotrana Hook.f. and B. samhaiensis M. Hughes and A G Mill. DNA
extraction followed the standard Qiagen DNeasy Plant Mini Kit protocol. DNA
was quantified using a Qbit 4 Fluorometer with the dsDNA HS chemistry kit,
and a quality check performed on an Agilent TapeStation. All samples were
normalized to 2 ng/uL before fragmentation step. Fresh and recent historical
specimens were fragmented to 350bp using a Covaris M220 Focused-ultrasonicator.
Library preparation followed the protocol of the NebNext Ultra II DNA Library
Prep for Illumina Kit. Seramag Sample Purification beads were used for size
selection of samples above 50 ng, and clean up for less concentrated samples. An
Agilent Tapestation with High Sensitivity kit was used for libraries quality check.
Subsequently, libraries have been normalised to 10 nM, then pooled according
to fragment size and quality. Three pools of 10, 14, and 19 libraries were made.
The hybridization step followed the MyBaits Hybridization Capture for Targeted
NGS Manual version 4.01. According to the guidelines of the manual relating to
degraded or contaminated DNA libraries, the hybridization time was extended to
24 hours with a temperature of 62°C. 16 post-amplification cycles were performed
on all the samples. Pools were sequenced by Edinburgh Genomics on a single
lane of NovaSeq600 SP with 250 paired end reads. Details of these samples are
in preparation for publication by T. Michel and C Kidner.

An overview of the hybridisations used is in Table 1. Comparisons of the
capture by sample and by bait are in Figures 2 and 3.
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Table 1. Capture experiments carried out using the Begonia bait
set.

HAIR PNG COEL POP
Reference Forrest et al.,

2019
H Wilson
PhD thesis
2021

Y-H Tseng
in prep

T Michel
in prep

Number of
sections

2 13 3 2

Material Fresh, silica,
dried,
herbarium

Fresh, silica,
dried,
herbarium

Fresh,
silica

Fresh,
herbarium

DNA prep Qiagen Qiagen Qiagen Qiagen
Library NEBnext/TruSeqNebNext

Ultra II
NEBNext
Ultra II

NEBnext

MyBaits kit
version

4 4 3 4

Pooled sample
per capture

11 - 17 4-10 8 10 - 19

Hybridisation
time/temp

14
hours/60°C

16
hours/62°C

19
hours/65°C

24
hours/60°C

Post capture
PCR cycles

13 - 20 9 - 22 11 - 12 16

Sequencing MiSeq 250bp HiSeq PE 150
bp

HiSeq PE
250 bp

NanoSeq6000
150bp

Max. Capture
efficiency
(Bowtie2 to
baits)

86% 72% 85% 52%

Capture
efficiency
(average
coverage)

634.9 105.0 206.9 437.3

Sample number
(species,
individuals)

45 (3,3) 191 (152,170) 67 (67,67) 43 (4, 35)

165



Figure B.2: Variation in capture by target across experiments. A, Log percentage
read capture per target per experiment. Orange data points are the eight targets
with exceptionally high mean capture rates in experiment POP. B, Heat map of
log read capture for experiment POP for the eight targets with exceptionally
high mean capture rates.
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Figure B.3: Capture by phylogenetic distance between target and sample. A,
Log percentage read capture per target per species (data set POP). Blue: baits
designed on Begonia luzhaiensis. Orange: baits designed on Begonia conchifolia.
B, Mean log percentage read capture per target per species for data set PNG.
Samples that show less capture by baits from Begonia conchifolia are labelled
below the line.

B.2.3 Pipeline comparisons
We compared five pipelines for generation of consensus sequence from captured
reads on a subset of data from Wilson (2021) (BASIC (Nicholls et al., 2015,
PALEOMIX (PAL) (Schubert et al., 2014), HybPiper (HP) (Johnson et al.,
2016), SECAPR (Andermann et al., 2018) and HybPhyloMaker (HPM) (Fér
& Schmickl, 2018)). Pipelines were run on the Crop Diversity server (funded
by BBSRC BB/S019669/1), except for HybPhyloMaker which was run on the
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server of the Biodiversity Research Center, Academia Sinica.
The data we chose to compare the pipelines is from the PNG dataset of

Wilson (2021), a group of 47 samples of Begonia section Symbegonia (Warb.)
L.L.Forrest & Hollingsw., a small section endemic to New Guinea. This data set
was chosen to allow comparison of technical replicates with samples from the
same populations and from closely related species. We have data for 15 species,
with more than one sample for eight of these and eleven technical replicates.
The choice of technical replicates are not optimal, but rather cases where low
yield required the generation of a second set of data, or where a silica sample
was used to confirm results from a herbarium sample.

The BASIC pipeline has been used for Inga Mill, Begonia and Ceiba Mill.
(Nicholls et al., 2015; Hart et al., 2016; Forrest et al., 2019; Pezzini, 2019). It
uses a very conservative approach to align reads to the bait sequences using
Bowtie2, using samtools and bcftools (Li et al., 2009, Li & Durban 2010). We
followed the method described in Nicholls et al., (2015). Reads were cleaned
with Trimmomatic v0.30 (Bolger et al., 2014). Bowtie2 v2.0.2 (Langmead &
Salzberg, 2012), was used to align the reads back to bait sequences with an
alignment score parameter of 140 to minimise mapping of paralogs. A VCF
file was generated using bcftools and filtered for quality score of >36 and to
remove indels. A consensus sequence was generated with a custom Perl script
(https://github.com/ckidner/Targeted_enrichment.git) and ambiguity codes
converted to Ns.

HybPiper (Johnson et al., 2016) maps reads to reference target sequences
using BWA (Li & Durbin, 2009). BLASTx (Altschul et al., 1990) then extracts
the reads which map to each locus using samtools (Li et al., 2009) and performs
a de-novo assembly for each locus using SPAdes (Bankevich et al., 2012). It then
removes target flanking regions using exonerate (Slater & Birney, 2005) and picks
the best contig to represent each locus, Alternatively, the intronerate.py script can
be used to keep said flanking regions and create “supercontigs”, flagging putative
paralogs on the process, which can later be investigated. Our run of Hyb Piper
(Johnson et al., 2016) used the default settings and the script ‘reads_first.py’
as described in https://github.com/mossmatters/HybPiper/wiki with BWA (Li
& Durbin, 2009) as aligner and SPADES for assembly (Bankevich et al., 2012).
The “supercontigs” were extracted for analysis with the corresponding Python
script.

HybPhyloMaker (Fér & Schmickl, 2018) is a complete sequence to phylogeny
pipeline which has been used for phylogenomic studies at different taxonomic
levels, such as Ranunculus L. (Tomasello et al., 2020), Asteraceae (Jones et al.,
2019), and Zingiberales (Carlsen et al., 2018). Our run of the HybPhyloMaker
pipeline (Fér & Schmickl, 2018) used the following settings: reads were cleaned
with Trimmomatic v0.30 (Bolger et al., 2014); mapped to the ‘pseudoreference’
based on the bait sequences using BWA (Li & Durbin, 2009); consensus sequence
per locus generated with minimum relative abundance of the alternative base
(“plurality” in the setting file of HybPhyloMaker) of 0.3; maximum number of
heterozygous sites per exon of four; a minimum read coverage for ambiguity
calling (“mincov”) of 10; 51% majority consensus for base calling using Kindel
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v.0.1.4 (Constantinides & L. Robertson, 2017).
SECAPR has been used to analyse datasets including Palms (Helmstet-

ter et al., 2020), Alchemilla L. (Morales-Briones et al., 2018) and Ochnaceae
DC.(Schneider et al., 2021). In this study it was run with default settings.
Trimmed and cleaned reads were de-novo assembled and contigs matching target
regions were extracted using the original bait sequence as a reference. Sequence
alignments were built using MAFFT (Katoh & Toh, 2008) for all loci present
in at least 3 samples. Cleaned reads from the start of the analysis were then
aligned to a file containing all alignments and a consensus produced for each
locus, for each sample.

To investigate an approach designed for damaged DNA (potentially useful
for herbarium samples), we used PALEOMIX (Schubert et al., 2014) following
the methods described online (https://paleomix.readthedocs.io/en/latest/) and
generating consensus sequences per locus per sample using samtools (Li et al.,
2009). PALEOMIX has been widely used on animals (e.g., Frantz et al., 2016;
Schubert et al., 2017) but less frequently on plants (Vallebueno-Estrada et al.,
2016). The key step is the use of MapDamage2.0 (Jónsson et al., 2013) to identify
the signatures of typical ancient DNA and rescale the quality scores based on this
analysis. We ran PALEOMIX using default parameters for cleaning and trimming
reads and with BWA (Li & Durbin, 2009) for aligning reads to the reference bait
sequences. PCR duplicates were marked and removed. MapDamage2 (Jónsson
et al., 2013) was used to recalibrate the BAM files in order to reduce the errors
related to aDNA damage patterns. BCFtools was used to call variants, to
normalize indels, filter adjacent indels within 5bp, and call consensus sequences
for each locus for each sample (Li & Durban 2009.

A consensus per locus per sample was derived from each pipeline. The
multifastas were re-arranged by locus rather than by sample using a custom
python script (https://github.com/ckidner/Targeted_enrichment.git), aligned
using MAFFT v7.475 (Katoh & Toh, 2008) and trimmed using trimAl v1.4.rev15
with strict settings (Capella-Gutiérrez et al., 2009).

The alignments of each target were concatenated using AMAS (Borowiec,
2016). Phylogenies were produced for the concatenated matrix using IQ-TREE
multicore version 2.1.2 (parameters: -B 1000 -m MFP+MERGE -alrt 1000)
(Nguyen et al., 2014). We portioned the analysis by target locus except
for SECAPR and BASIC, where there was too much missing data to allow
this. Using our standard pipeline, individual trees for each target were gener-
ated using FastTree version 2.1.10 (Price et al., 2010) to produce a species
tree with ASTRAL.5.7.7 (Zhang et al., 2018). Metrics were collected us-
ing AMAS (Borowiec, 2016) and IQ_TREE (Nguyen et al., 2014) (Table
2). We used phyparts to analyse gene tree bipartitions (Smith et al., 2015)
and ETE3 to analyse Robinson Foulds (RF) distances (Huerta-Cepas et al.,
2016). Phylogenies were visualised using FigTree v.1.4.4 (Rambaut, 2012:
https://github.com/rambaut/figtree/releases/tag/v1.4.4) and ETE3 following
directions in https://github.com/mossmatters/MJPythonNotebooks/blob/mast
er/PhyParts_PieCharts.ipynb to visualise bipartition analysis results. Tree com-
parisons used hierarchical clustering analysis carried out in scipy.cluster.hierarchy
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on the RF values and SciPy Version: 1.7.1 and tree space (Jombart et al., 2017)
using Kendall-Colijn distances (Kendall & Colijn, 2016).

B.3 Results
B.3.1 Design of the bait set
We have produced a bait set which works across Begonia and includes sequences
for genes likely to be of interest in the genus. We started with likely single
copy genes from a transcriptome produced from the Asian species B. luzhaiensis
(Tseng et al., 2017)

We were concerned that the baits ought not to be anonymous as for many
downstream analyses it is important to understand the function of the genes
used. At the time we were designing the baits the closest related species with
a well annotated genome available was cucumber (Cucumis sativus L.) so we
limited target sequences to those annotated in the cucumber genome assembly
(Yang et al., 2012) (Fig.B.1).

We wished to link the bait set to work already done and maximise our ability
to use it for functional studies. We added sequences which matched markers
used to generate the first Begonia genetic map (Brennan et al., 2012) along with
genes linked to QTLs from an analysis of species-level variation (Twyford et
al., 2014) and a DESeq analysis (Emelianova & Kidner 2021) and sequences
from transcription factors differentially expressed between B. conchifolia and B.
plebeja Liebm. (Emelianova, 2018).

Most Begonia are shade adapted and we wished to allow sequence analysis
of key genes in the pathways of light perception and response. We added the
B. luzhaiensis T.C.Ku orthologs of genes associated with light responses, in
particular shade tolerance. Based on performance in the Coelocentrum capture
(Table 1), we refined the bait set, removing baits which captured many paralogs,
or which captured poorly and replacing them with sequences of developmental
genes and matches to the angiosperm353 baits. We identified thirteen target
sequences with high paralogy and eighty three which failed to capture. These
sequences were removed from the set and replaced with sequences of several more
developmental genes sequences matching the angiosperm353 bait set (Johnson
et al., 2019). This set was used for the three further captures which generated
the data analysed here.

B.3.2 Comparison of hybridisation protocols
To determine how well the bait set works we compare four captures using the
initial set and the revised set of baits (Table 1.). All the captures worked
although there was considerable variation depending on the quality of the sample
as also reported in Forrest et al., 2019) (Table 1). In particular this affected very
poor herbarium samples in the POP set (four with <10ng DNA input) and the
PNG set (eight with <10ng input DNA).
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B.3.3 Variation between baits
Fig.B.2 shows the log percentage of reads captured for each target com-
pared across experiments. Eight of the targets (labelled ‘odd’) showed very
high capture rates in the POP dataset. These eight targets did not have
correspondingly high capture rates in the other experiments. Examina-
tion of these target loci revealed simple sequence repeats (SSRs) in six of
them (Becon104Scf00540g0006.1;CT(32), Becon104Scf00540g0002.1;CT(26),
ACmerged_contig_9951;AG(19), ACmerged_contig_1166;AG(17), ACmerged_contig_2307;CT(11),
Becon104Scf01167g0029.1;TG(10)AG(12)) a poly T motif in a seventh one
(ACmerged_contig_5451;T(37)), and the eighth contained a myb domain
(ACmerged_contig_20957). The SSRs showed high capture rates in samples
from B. socotrana Hook.f. and B. samhaensis M.Hughes & A.G.Mill. The
poly-T motive and the myb domain showed high capture rates in three degraded
samples from a specific species (Fig.B.2).

We wish these baits to work across Begonia without bias from how related
the samples are to the species used for bait design. We looked to see if targets
from a closely related species were captured better than targets from a more
distant species. Fig.B.3shows the comparison between log percentage capture
by target for species in the POP dataset. There was a greater range of capture
efficiency in the targets based on sequences from B. luzhaiensis as there were
many more targets (1192 compared to 47 B. conchifolia targets) but the baits
designed from B. conchifolia targets did not capture better than the ones derived
from B. luzhaiensis, even in B. conchifolia samples (Fig.B.3). Some species
in the PNG dataset had fewer reads captured by the baits designed from B.
conchifolia targets, but these species are not more phylogenetically distant to B.
conchifolia than those which did not show this difference (Fig.B.3).

B.3.4 Comparison of assembly pipelines
We used sequence data from Begonia sect. Symbegonia generated as part of
the PNG data set to compare the performance of five approaches to assembling
consensus sequences from the captured reads. We chose to compare HybPiper
(Johnson et al., 2019), HybPhyloMaker (Fér & Schmickl, 2018), SECAPR
(Andermann et al., 2018), PALEOMIX (Schubert et al., 2014) and the basic
pipeline we had previously used on Inga Mill., (referred to here as BASIC)
(Nicholls et al., 2015). We compare ease of installation and use, and the amount
and consistency of the results produced.

The BASIC pipeline was simple to set up and very fast. It generated a highly
conservative consensus with relatively high proportions of missing data due to
ambiguous (heterozygous) sites and indels being removed.

HybPiper (Johnson et al., 2019) had the advantage of excellent instructions
for installing and running (https://github.com/mossmatters/HybPiper/), but
required very specific formatting of input files and extensive memory space due
to requiring unzipped read files and generation of many interim files. Several
samples needed to be re-run as initial memory settings on the cluster (32G) were

171



insufficient. Two paralogs (or allelic variants) were identified for most targets.
HybPhyloMaker (Fér & Schmickl, 2018) is also supported by an informative

github (https://github.com/tomas-fer/HybPhyloMaker) and is relatively simple
to set up and run. The pipeline performs all steps of Hyb-seq data analysis from
raw reads to species tree reconstruction, calculates and summarizes the alignment
and gene tree, and implements several species tree reconstruction methods. The
preparation steps for renaming the raw reads and folder structure are more time
consuming in HybPhyloMaker than in other pipelines, but as it covers the whole
process from raw-reads to phylogeny the time spent is worthwhile.

SECAPR is semi-automated and designed to be as easy as possible for new
users, as such can be installed using conda (Andermann et al., 2018). Individual
consensus sequences generated using SECAPR were shorter than using the other
pipelines possibly due to the two step process of de-novo assembly followed by
mapping to the assembled contigs, so the final length of consensus sequences is
dependant on the success of the de-novo assembly as well as the mapping step.

To investigate an approach designed for damaged DNA, which may be useful
for herbarium samples we also used the bam pipelines of PALEOMIX (Schubert
et al., 2014) to process bams from BWA alignment (Li & Durbin, 2009), followed
by a basic consensus calling using samtools and bcftools (Li et al., 2009, Li &
Durban 2010). This approach was fast and made no excessive memory demands.

We recovered extensive sequence using all approaches (Fig.B.4 Table 2).
The Paleomix pipeline generated the most data and the BASIC pipeline the
least (Table 2). The BASIC pipeline removes all ambiguous sites and all indels,
whereas the Paleomix pipeline assembles as long a sequence as possible using
the reads which map to the reference. The BASIC pipeline also produced a
concatenated matrix with the fewest number of PI sites and a high proportion
of constant sites (Table 2). Paleomix produces the targets with the highest
distribution of PI sites (Figure 4C). Both HybPiper and HybPhyloMaker only
output sequences where a certain amount of data is present, therefore some
targets are missing sequences for samples with poor data (Fig.B.4). Many of the
SECAPR sequences are short (Fig.B.4) and as expected recovered targets have
a low number of PI sites.
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Table 2. Alignment metrics per pipeline (post trimming).

Metric BASIC HybPiper HPM SECAPR Paleomix
Length of
alignment
(bp)

1806453 1552006 1814262 1002748 1940728

Patterns 261684 381325 194954 19133 78046
All gap/
ambiguous
sites

188706 0 5518 79510 965

Phylogenetic
informative
sites

28110 78788 194954 42555 143386

Singletons 47654 242602 70742 53583 122762
Constant
sites

1730689 1230616 1692575 906610 1674580

Samples
with >50%
gaps

13 16 9 0 7
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Figure B.4: Alignment metrics for 47 Begonia sect. Symbegonia samples by
pipeline. A, Number of consensus sequences recovered per sample for HybPiper
and HybPhyloMaker pipelines (other approaches produced data for every locus).
B, Distribution of mean length of sequence recovered per target across samples
using each approach. C, Distribution of number of parsimony-informative sites
per target using each approach.
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(a) (b)

(c)

(d)

(e)

Figure B.5: Phylogenies for Begonia sect. Symbegonia samples by pipeline. IQ-
TREE concatenated maximum likelihood trees for each pipeline: (a) HybPiper;
(b) SECAPR; (c) HybPhyloMaker; (d) PALEOMIX; (e) BASIC.
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Figure B.6: Comparisons between phylogenies produced from each pipeline. A,
Distance between technical replicates by total tree length for each pipeline; B,
pairwise comparison of trees by Kendall– Colijn metrics; C, principal coordi-
nates analysis of tree distances. HP, HybPiper; HPM, HybPhyloMaker; PAL,
PALEOMIX; SEC, SECAPR..
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The ML trees produced from the concatenated alignments vary between
pipelines (Fig.B.5 Fig.B.6. HybPhyloMaker and Paleomix are least similar (RF
distance 0.69) and HP and SECAPR are the most similar, despite the differences
in tree length (RF distance 0.27) (Fig.B.6B and C).

The BASIC pipeline has the least distance between technical replicates
and the HybPiper pipeline the most (Fig.B.6). This is likely due to the very
conservative approach of the BASIC pipeline and our use of all consensus contigs
from the Hyb-Piper output (to facilitate comparison with other pipelines for the
consensus calling) rather than a full paralog-sensitive analysis. The placement
of technical replicates as anything other than close sisters is concerning, but in
this case it may be due to the poor quality and quantity of the samples for the
technical replicates.

HybPiper produced the longest tree and the Basic pipeline the shortest.
HybPiper produced long branches for many samples, contributing to a very long
tree overall (Fig.B.5). These might be reduced by careful selection of which loci
to include, removing all those identified as having paralogs. It is notable that
different samples are placed on long branches by different pipelines, suggesting
that the issue is not simply a high rate of gene duplications in a subset of species.
This could represent random noise in the mapping leading to calling different
paralogs, or sensitivity to different types of errors in HybPiper and Paleomix.

B.3.5 Variation amongst gene trees
The ASTRAL quartet score analysis and the Phyparts bipartition analysis show
the very high ratio of noise to signal in our data (Fig.B.7. Some nodes in our
species trees are supported by very few gene trees; in all analyses we see a
minimum of 2/1239 gene trees supporting a given node, while only three nodes
in each analysis are supported by a majority of genes. The well-supported nodes
vary between analyses, and in many cases even the technical replicates are not
supported by a majority of gene trees, suggesting that variation between gene
trees of target loci reflects not only biological processes such as hybridisation
and incomplete lineage sorting, but also noise and error in sequence assembly .
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Figure B.7: ASTRAL trees with PhyParts analysis for each pipeline: A, BASIC;
B, HybPiper; C, PALEOMIX; D, SECAPR; and HybPhyloMaker. Numbers
at each node show the numbers of supporting gene trees over the number of
conflicting gene trees. At each node is a supporting gene trees/conflicting gene
trees pie chart in which blue indicates the proportion supporting the topology;
yellow, the proportion supporting the next most common bipartition; red, all
other conflicting gene trees; and grey, the proportion with no support for a
conflicting bipartition.
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Figure B.8: Patterns across gene trees. A, Robinson–Foulds (RF) tree distances
between each gene tree and the species tree for each pipeline. As the points
overlap, contour lines show the point density; B, mean RF distance across
pipelines and the length of the bait sequence; C, hierarchical clustering of RF
distance between individual gene trees and the species tree in the PALEOMIX
pipeline; D, RF distance gene tree to species tree by pipeline for baits in the two
groups identified in the PALEOMIX hierarchical clustering. Group 1, orange;
group 2, blue. HPM, HybPhyloMaker; PAL, PALEOMIX; SEC, SECAPR.

We investigated this further by examining the RF distance between each
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gene tree and the ASTRAL tree in each pipeline (Fig.B.8). SECAPR had a
large number of gene trees very different to the species tree and HybPiper had
a single gene tree (for target Becon104Scf03147g0009.1, a Dicer-like3 ortholog)
that was a very close match to the ASTRAL tree (RF 0.33). Overall there is a
positive correlation between the gene trees from each pipeline, supporting the
conclusion that an overlapping set of genes are contributing to the ASTRAL
species tree in each case. Loci which have a higher-than-average similarity to the
species tree across all pipelines include Phytochrome A (ACcontig_8273), Phy-
tochrome C (ACcontig_4025), and Plastid Movement Impaired (ACcontig_6745,
AT5G26160.2).

Some of the similarities between pipelines in which gene trees are best related
to the species tree derives from the influence of locus length. Longer loci
produce genes trees which are closer to the species tree (Fig.B.8). Consensus
sequences produced by SECAPR were 30% shorter than the reference bait
sequences, resulting in many gene trees which individually had little phylogenetic
information. The variation seen between normalised RF scores for each bait
points to the influence of noise, error and variation between consensus calling in
each pipeline on the phylogeny produced.

We used the data from the pipeline with highest PI per target to look for
structure within the gene tree space. We calculated the reciprocal RF between
all the gene trees from the Paleomix pipeline and ran a hierarchical clustering
analysis (in SciPy) to determine if there were distinct groups of trees. At least
two and possibly four, or more groups were detected (Fig.B.8). Group one
(orange in Fig.B.8) comprises 465 trees generally distant to the species tree,
group two (blue in Figure 8C) comprises 778 trees more similar to the species
tree. To see if a similar structure existed in the gene trees produced by the other
pipelines we used the grouping from the Paleomix analysis to codify the targets
across all pipelines and plotted the normalised RF distances between gene and
species trees as box plots (Fig.B.8). The group one set (the set of targets in
orange in Fig.B.8) were generally more distant to the species tree for all pipelines
except for SECAPR. This suggests that the groups detected in the clustering
analysis reflect a true pattern and are not an artefact of a particular pipeline.

To examine the two groups of gene trees in more detail we ran an ASTRAL
analysis on each group, followed by Phyparts to illustrate the gene tree support
at each node (Supplemental Fig.B.1A,B). The two trees differ with an RF of
0.49 (44/90). Nine of the eleven sets of technical replicates map as sisters on
the cluster 2 tree, seven with support from the majority of gene trees, but only
six are sisters on the cluster 1 tree, and of these three have support from the
majority of gene trees. This suggests that cluster 1 contains trees with more
noise and error than cluster 2.
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B.4 Discussion
B.4.1 Why use a target capture approach in Begonia?
The results presented here show that the Begonia bait set resolves species-level
phylogenies well and the large number of variants identified supports its use on
a population level. However, sequencing costs are decreasing to the point that it
is feasible to use genome skims for phylogenetics, which begs the question: why
deal with the extra lab time and expense of hybrid capture? For some questions
genome skims are a useful approach, but the complexity and large size of plant
genomes means that skims are an inefficient way of gathering functional genetic
data. The prevalence of gene family expansions and partial and whole genome
duplications in plants is also easier to deal with for a limited set of loci than
with skim data.

With over 2000 Begonia species few living collections hold anywhere near a
representative collection needed for genomic studies. In addition, field collection
of samples is hampered by the remote and often difficult terrain in which many
species are found. This has meant that Begonia phylogenetic studies often have
to rely on data from herbarium collections. For such old, degraded DNA, hybrid
capture represents the only way to extract reliable sequence data across the
nuclear genome (Hart et al., 2016), and the Begonia baits set has been shown
to retrieve useful data from even very poor herbarium samples (Forrest et al.,
2019).

Current phylogenetic studies on Begonia indicate a large number of rapid ra-
diations and likely hybridisation events (Goodall-Copestake et al., 2010; Thomas
et al., 2012; Moonlight et al., 2015; Tseng et al., 2017; Liu et al., 2019a). The
large number of unlinked SNPs recovered from hybrid capture (Fig.B.4B and C)
is ideal for analysis of rapid radiations and reticulate lineages (Shee et al., 2020;
Thomas et al., 2021) and offers our best hope of understanding the complexities
of Begonia evolution.

Studies have shown that broad baits sets such as the angiosperms353 can
resolve recent radiations and have the potential for population genetic analysis
even in the case of polyploids (Kates et al., 2018; Larridon et al., 2019; van
Andel et al., 2019; Melichárková et al., 2020; Šlenker et al., 2021; Slimp et al.,
2021). However, although general bait sets give excellent overlap between studies,
providing useful data matrices, they can capture less efficiently than specific
baits (Kadlec et al., 2017; Liu et al., 2019b; Larridon et al., 2020). Given the
numbers of Begonia species and the poor preservation of DNA likely in many
herbarium samples it is important to focus on getting the highest proportion
of usable data possible in each sequencing run. This is best provided by using
a specific bait set. Such a set also has the advantage of allowing focus on
particular aspects of Begonia biology and inclusion of genomic regions known to
vary between species (as recommended in Lee et al., 2021). The resolution seen
in recent Coelocentraum radiation shows the utility of the Begonia bait set in
this respect, but also emphasises the need to careful consideration of analysis
pipelines (Fig.B.5.
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Integration with previous Begonia phylogeny studies can be achieved through
use of the off-target reads to assemble plastid, mitochondrial sequences, and
nuclear repeats. This may require ‘spiking’ of the sequencing reactions with
uncaptured libraries as a high capture efficiency, as seen in some cases here
(Fig.B.2), reduces the off-target reads to levels too low for plastid genome
assembly (Weitemier et al., 2014)).

Only 23 of the loci in the Begonia bait set are also present in the an-
giosperms353 enrichment panel. Better integration with other studies could be
achieved through combining our bait set with the angiosperms353 set in the
hybridisation step. This approach has worked well in Brassicaceae (Hendriks et
al., 2021).

B.4.2 Library prep, hybridisation and sequencing
The four capture experiments using our bait set have shown effective capture
under a range of conditions. Forrest et al., (2019) showed no clear differences
between NEB Next Seq and TruSeq library prep kits. Pooling is recommended
to reduce costs. Here we report pooling up to 19, but up to 48 should be
possible (Hale et al., 2020). We suggest that the bait set is fairly robust to small
changes in the hybridisation protocol and that further work to optimise may be
required for the most difficult samples. Unfortunately the most difficult samples
are usually those with the least material, limiting the possibilities of multiple
hybridisation attempts. Arbor Biosciences suggest 65°C and 16-24 hours as
the standard hybridisation conditions with lower temperatures (55°C for very
fragmented samples and up to 40 hours incubation for samples with very low
ratios of target to off-target DNA (Arbor Biosciences https://arborbiosci.com/wp-
content/uploads/2019/08/myBaits-Manual-v4.pdf). Based on results presented
here we recommend 19 hours at 60°C with 10–12 rounds of post-capture PCR
as a good starting point.

Both 250bp and 150bp reads have been generated in the studies examined here.
As the reads are mapped to a known reference there is little advantage to the
longer length of read unless off-target sequences (either introns or organellar/ITS
data) are also required. Given the depth of sequencing observed for the on-target
reads we suggest that the cheapest approach be used regardless of the read length
generated. The Begonia bait set is 1.9MB, longer than some others, such as the
angiosperm353 set, so more sequencing is required to give comparable sequence
depth to that obtained with shorter bait sets. With 60% capture efficiency 180
samples could be sequenced in one lane of MiSeq to 20× average coverage (good
for species-level phylogenetics, although given the variation seen across loci and
samples half this number (90 samples per lane) might be recommended.

B.4.3 Analysis pipelines
Of the five pipelines we trailed for calling consensus sequences from captured
reads, the BASIC pipeline gave least data but also the least distance between
technical replicates with all the technical replicates resolving as sisters in the
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concatenated tree (Table 3, Fig.B.5 Figure 6A). However, the bipartition analysis
shows that even these nodes at technical replicates were not supported by all
the gene trees (Figure 7). This confirms that all the pipelines tested produce
errors which contribute to long branches and poor node support, despite the
high level of support for each node in the ML analysis. It is possible that some
of the discordance in our test set derives from hybridisation and incomplete
lineage sorting in Symbegonia. Paleomix in particular shows quite strong support
for an alternative branching pattern in several of the deeper nodes in the tree,
which could be related to hybridisation early in the colonisation of New Guinea,
as suggested by morphology (Wilson, 2021). We would recommend using at
least two methods for deriving consensus bait sequences to allow comparison
of results. We suggest one using reference-based consensus calling (such as
BASIC or Paleomix) and one using a de-novo assembly step (such as HybPiper,
HybPhyloMaker or SECAPR). Analysis of the gene tree support in each approach
could then be used to exclude 'noisey' loci.

B.4.4 Phylogenetic approaches using Hybrid Capture data
One standard phylogenetic approach with hybrid capture data is to concatenate
baits and generate a species tree using maximum likelihood (ML) analysis.
A second approach infers individual gene trees from each target (also under
ML) and produces a species tree from the gene trees under the multispecies
coalescent (MSC) using a program like ASTRAL. Our bipartition analysis on
the MSC phylogeny revealed very high variation between gene trees (Fig.B.7.
Picking which loci to use for analysis and which to reject will clearly make large
differences to support for particular nodes and the shape of the tree, even with
the concatenated approach as a few loci can have disproportionate effects on
topology (Shen et al., 2017) (Supplemental Fig.B.1,B).

There is clearly variation between captures in which baits capture well and
which poorly (Fig.B.2). Eight baits with some repetative sequences gave very
high capture in one experiments (POP, Fig.B.2), but behaved normally in the
other three experiments (Fig.B.2). There is also extensive variation between baits
in the number of parsimony informative sites obtained (Fig.B.4). Patterns in bait
capture need to be considered for each experiment and baits with exceptionally
high, low or variable coverage excluded from further analysis. Analysis of patterns
of gene trees is key to reducing noise. Phyparts can be used to reveal the variation
between gene trees and species trees and this can be further explored using
other software such as treespace (https://thibautjombart.github.io/treespace/)
(Fig.B.7 supp Fig.B.1. This study shows that some targets have a consistently
good match to the species tree across pipelines (Fig.B.8). We have used clustering
analysis to show that the targets can be divided into two groups, one of which is
close to the species tree and the other (which appears noisier-technical replicates
are more distant) which is more distant to the species tree. It is possible that
one set of targets is reflecting the ‘true tree’ and the other is capturing more
paralogs so generating distorting noise. However, it is also possible that a single
‘true tree’ does not exist.
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Striving to derive a single species tree from the mass of data in hundreds of loci
is possibly not the best use of this data. The power of a Hybrid Capture approach
lies in the ability to resolve complex evolutionary histories and we suggest the
use of approaches which include incongruence amongst gene trees in the analysis.
In particular, given the prevalence of hybridisation and gene duplication in the
evolution of Begonia (Brennan et al., 2012; Hughes et al., 2018; Liu et al., 2019a;
Tseng et al., 2019) it is only by acknowledging the complex and reticulate nature
of the phylogenies that we will begin to understand the evolutionary patterns in
this genus. Such approaches are becoming more widespread (Morales-Briones
et al., 2018; Harris, 2019; Gagnon et al., 2021; Lee et al., 2021). The published
pipelines accompanying these papers make this type of analysis more accessible
though the computing resources required can still be considerable for large
numbers of trees and larger bait sets.

B.4.5 Further work
Our choice of loci includes a set of key developmental, physiological and stress-
related genes. The depth of coverage obtained in the captures from good quality
material (including many herbarium samples) is sufficient to allow sequence
analysis comparing evolutionary patterns in functional genes. We hope that the
wealth of data produced from capture experiments will not be limited to phylo-
genetic studies but will provide a greater knowledge of functional evolutionary
patterns across the group.

B.5 Conclusions
We recommend this bait set for Begonia phylogenetics and population-level
studies. Arbor Biosciences can produce a copy of this bait set within 2 weeks. It
is nearly as quick to obtain as an off-the-shelf general kit such as the Angiosperms
353 set, but has the advantages of better capture, more loci and loci chosen to
study issues of Begonia biology.

General advice on a cost-effective approach to hybrid capture protocol has
been published by Hale et al. (2020) , making hybrid capture possible for budget
constrained labs and studies using hundreds of samples. We hope that by using
a coordinated approach the usefulness of the data will be increased and novel
comparisons and overviews will be possible.
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Appendix C

F-statistics applied to the
PNG dataset

C.1 FST analysis of the PNG species

Figure C.1: FST analysis of PNG specimens by Species.

192



C.2 FIS analysis of the PNG specimens

Figure C.2: Comparison between FIS and FROH for PNG specimens. The color
code of the dots represent the FROH clusters discussed in section 5.3.4, and
represented in Fig. 5.9c
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C.3 PNG Begonia phylogenetic trees annotated
with FIS and FROH indices

Figure C.3: Phylogenetic reconstruction of the PNG dataset. The colors repre-
sent different level of estimators. FROH (left), and FIS (right) estimators are
represented.

194



C.4 Heterozygosity, FIS, and FROH indices com-
parison

(a)

(b)

Figure C.4: Comparison between FIS calculated for each PNG specimens, FROH ,
and heterozygosity rate. (a) Comparison between heterozygosity rate and FIS ,
the color code represent the FROH clusters discussed in section 5.3.4, and
represented in Fig. 5.9c.
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C.5 Heterozygosity and FIS indices for two dif-
ferent clades of Begonia

(a)

(b)

Figure C.5: Comparison between individual FROH and heterozygosity rate for
two different clade of Begonia. (a) PNG Begonia, (b) Asian Begonia from section
Coelocentrum (note added in proof).
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