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Synopsis

The pattern of decreasing diversity with increasing latitude was one of the earliest patterns noted by
ecologists. This pattern has been ascribed to the differing environmental conditions across the
latitudinal span. Elevational gradients also comprise divergent environmental conditions but over
much smaller geographic distances. For example, the temperature lapse rate of 0.65°C per 100 m
results in a change of ~5°C for every 750 m of elevation which is the same difference as across 9
degrees of latitude translating to a geographical distance of 1000 km. Montane populations of
species occur in close proximity to environments (at other elevations) to which they are not
optimally adapted. Their persistence in such conditions, at the edge of the range, indicates their
considerable ability to adapt. Local adaptation results in genetic differentiation and is in turn
affected by intraspecific genetic diversity. Higher the intraspecific diversity, greater the probability
that a population would have alleles that enhance fitness in a local environment which would then
increase in frequency for that population. This may or may not lead to species level differentiation

contributing to species diversity.

Differential range shifts amongst montane species due to climate change may bring previously
isolated species pairs into contact with each other (e.g. at a ridge). This can cause a change in
diversity profiles as well as in interspecific competition dynamics in a community. Therefore,
elevational gradients are an important ecological setting to study the dynamics of variation within
species; the small distance between populations reduces the influence of distance — the other driver

of diversity.

This thesis investigated the patterns of intraspecific diversity and genetic differentiation of frogs of
the Raorchestes genus (family: Rhacophoridae) along a compact but steep elevational transect in the
eastern Himalayas. After finding sharp transitions between species ranges in 3 contiguous frog
species, we investigated the degree of overlap of adjacent congeneric species pairs in the much

larger bird data set (comprising 245 species) along the same elevational transect.

The investigation of intraspecific diversity and genetic differentiation along elevation requires large
amount of DNA sequence data to reliably discern the small quantum of expected difference. In the
absence of knowledge of the specific genetic loci which are implicated in elevational adaptation,

one can only try to measure population differentiation due to (partial) isolation using neutral



markers. We know that cycles of climate change have a periodicity of ~100 kyr. The most recent
major event of climatic change was the end of the ice age ~15 kyr ago. An average mutation rate for
frogs of ~0.05 per site per Myr, translates to 5 mutations per 10 kb per 10 kyr. The poisson noise on
the number of mutations will be ~2.2. Therefore, DNA fragments of length 10 to 20 kb are required
to sufficiently sample mutations above the poisson noise which can resolve divergences among

populations that differentiated ~15 kyr ago.

Therefore, a major part of this thesis consists of the development of a molecular technique which
can provide sufficient DNA data for a large number of samples at a low price — 10-50 kb per sample
at a price of 5-10 USD. As part of this — as required by the Nanopore NGS platform needed for the
procedure — we also developed a Bayesian technique to estimate the error on each consensus base in

order to limit the data to loci where the error was less than 1 in 10°.

With these techniques, we successfully sequenced ~14 kb of DNA for 172 individuals across 500-
2400 m elevational transect in Eaglenest Wildlife Sanctuary in Arunchal Pradesh, India. A
phylogenetic tree showed that the samples segregated into 3 elevationally separated clades. The
average pairwise sequence divergence of the clades was ~7%, well above the fiducial 5%
divergence seen in most frogs. Thus our study involved 3 species, which we label by their localities:
Khellong species at low elevation (550-1100 m; n = 48), Sessni species at mid elevation (750-1750
m; n = 31) and Bompu species at high elevation (1650-2350; n = 93). We found the mid-elevation
Sessni species to have the most intraspecific genetic diversity. It is possible that the Sessni species
is shielded from range edge decimation to which lower Khellong and higher Bompu may be
periodically exposed during climate cycle extremities. During global maxima, the increase in
temperature would push Bompu species to the edge of the available elevation at the ridge at 3250 m
elevation. Any further warming may lead to population and diversity loss. The same may happen
for the Khellong species during global minima, with Khellong individuals, from the foothills, being
unable to adapt to the flood plain forest and undergoing periodic loss of intraspecific diversity.
Sessni, being in the middle, is protected from the effects of such range shifts and can retain its

diversity.

We also tested for signature of local adaptation by measuring genetic differentiation with
elevational separation within a species. We detected a significant relationship between genetic
distance and geographic distance only for the Bompu species. This pattern may arise because higher
elevation species are known to experience more stressful conditions (e.g. stress dominance

hypothesis). The absence of any physical barriers strongly suggests that the differentiation is the



outcome of local adaptation. The genetic differentiation for Bompu was detected across a
geographical distance of just 2.8 km which is much lower than what is reported in any other study —
intraspecific differentiation is typically detected over distances of many tens to hundreds of

kilometres.

We found that the width of the transition zone for both Khellong-Sessni and Sessni-Bompu was
only ~100 m. There is much debate on whether range edges are determined by competition or
climatic constraints. We could not answer this with just the data from frogs. Therefore, we used a
large data set of ~16000 records of 245 birds species to determine the distribution of the width of
range overlap between congeneric species. This width was estimated by fitting a logistic curve to

the abundance data spanning the zone of overlap.

We analysed the range overlap of 107 congeneric species pairs, which had been recorded in
sufficient abundance and also replaced each other elevationally. A large fraction of species pairs
had a transition width of less than 100 m. However, a curated dataset of 69 pairs did not show any

correlation between transition width on one hand and phylogenetic distance on the other.

In summary, this thesis introduces a novel strategy for generating several tens of thousands of base
pair data of DNA at a much lower price than either Sanger or standard NGS techniques. This is
very useful for all studies which need to measure intraspecific diversity. Analysis of intraspecific
genetic diversity indicated that intraspecific genetic diversity was highest for the mid-elevation
species; the lower diversity in the higher and the lower elevation species may be related to
decimation of populations due to climate cycling. Investigation of genetic differentiation by
analysing relationship of genetic distance with elevational distance detected a positive correlation
only for the high elevation Bompu species. Finally, the sharp transition in ranges of the 2 pairs of
frog species was investigated in greater detail using 107 pairs of congeneric bird species. We found
that a significant number of species pairs do have sharp range transitions, which suggests that they

are determined by competition.
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Chapter1l

Introduction

Some regions on earth tend to harbour higher species diversity and abundance compared to others.
Even populations of the same species are not uniformly distributed across its habitable space. This
phenomenon of uneven biodiversity at large scales is well documented (Wallace 1876, Currie 1991,
McGill 2010, Wiens & Donoghue 2004, Gizachew, 2021). One of the most well-known patterns
depicted in ecology is the Latitudinal Diversity Gradient which shows higher species richness
towards the equator that gradually decline with increasing latitude (Pianka 1966). Several
mechanisms have been proposed as explanations for latitudinal gradients of diversity such as: (i)
Evolutionary Speed Hypothesis (Rohde 1992, Allen & Gillooly 2006, Mittelbach et al 2007) which
claims that warmer temperatures drive increase in metabolic and mutation rates and shortens
generation time leading to faster speciation in the tropics, (i) Higher speciation events in the tropics
because the tropical regions are older and more stable that provide more time to diversify for the
lineages that originated over there (Pianka 1966, Wiens & Donoghue 2004, Kerkhoff et al 2014),
(ii1) Energy/productivity hypothesis (Currie 1991, Hawkins et al 2003, Fritz et al 2016) postulating
that tropical regions are recipients of higher solar energy, leading to higher primary productivity,
thereby supporting more number of individuals belonging to different species resulting in higher
diversity, (iv) Higher speciation rate in the tropics due to stronger biotic interactions and
environmental heterogeneity (Dobzhansky 1950, Ricklefs 2006), (v) Lower extinction rates in the
tropics relative to temperate regions because temperate regions experience glaciations and climatic
fluctuations which leads to local extinction and loss of diversity (MacArthur 1984, Mittelbach et al
2007), (vi) Tropical regions have historically covered large areas that support more species and
increases speciation opportunities (Rosenzweig & Sandlin 1997, Schoener 2010, Marin et al 2018),
and (vii) Biotic interactions hypothesis which postulates that strength of biotic interactions like
competition, predation and mutualism promotes specialisation resulting in niche partitioning and

ultimately driving speciation (Pianka 1966, Schemske et al 2009)
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Chapter 1: Introduction

Across the large geographical span of latitudinal gradients the environment co-varies with several
other factors like evolutionary history, area, species pools and productivity. This makes it difficult to
identify the influence of environmental factors on species diversity. Elevational gradients,
especially compact ones, offer a context in which a wide range of environmental variation occurs
within the same regional species pool keeping biogeographical history relatively constant. This
enables elevational gradients to be excellent natural laboratories to specifically test for the influence
of divergent environments on diversity patterns. They also are useful to predict response of species

to climatic changes in future.

Elevational transects host steeper gradients in abiotic conditions than latitudinal transects. For
example, the lapse rate for temperature is 1°C for every 111 km along latitude but only 165 m for
elevation, which can correspond to as little as 1 km of ground distance along slopes which are steep
but still accessible. Such short distances makes elevational studies logistically easier in some

respects.

Intraspecific genetic diversity and differentiation along elevational gradients

The role of elevational gradients as natural laboratories of evolution has been extensively studied to
determine the mechanisms by which variations accumulate within elevational populations.
Numerous studies across taxa demonstrate that trait variation, genetic diversity and differentiation
are structured along elevational gradients. Signatures of elevational clines of functional traits among
multiple taxa serve as the most distinct evidence of elevationally induced intraspecific variation,
e.g. leaf thickness and area for plants (Umafia & Swenson 2019), increase in body size with
elevation for insects (Sharma et al. 2023), migration and breeding trait variation along elevation for
birds (Lundblad & Conway 2020) and variation in skull morphology of mammals (Feijo et al.
2019).

In addition to morphological variation, molecular data have also uncovered genetic variation.
Decline in genetic diversity along elevation has been reported for plants as higher elevation
populations are expected to be more isolated (Zormpa et al 2025). The same pattern has also been
reported for Montane mayflies (Polato et al. 2017) and long-toed salamander (Giordano et al. 2007).
Higher elevations harbour stressful climatic conditions due to which species develop adaptations

specific to such environments. This reduces gene flow to such environments as introduction of
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Chapter 1: Introduction

maladapted alleles reduces their fitness and filters out alleles arising due to mutation as well. As a

result diversity loss along elevation becomes an expected pattern.

Elevational gradients also exhibit patterns of genetic differentiation as observed for plants where
differentiation increases especially towards the range edge (Daco et al. 2022), distinct gene pools
across elevation are observed in alpine plants (Felkel et al. 2023) and in amphibians (Bufo bufo)
strong signal of elevational differentiation for one metric of differentiation over another (QST>FST)
(Luquet et al. 2015). Since montane environments are not spatially isolated by large distance,
genetic differentiation in this context points to isolation by environment more than isolation by

distance, thereby indicating the influence of selection pressures in generating intraspecific variation.

In this thesis, we investigated the patterns of intraspecific diversity and differentiation along a steep
elevational transect in 3 species of Raorchestes frogs. The elevational ranges of the species span
only a few kilometres of ground distance, which is similar to the dispersal distance observed
elsewhere (e.g. Semlitsch, 2000; Funk et al, 2005). As a consequence, one does not expect any
genetic structure across the range unless there is local (elevational) adaptation, with temperature and
humidity being the most likely factors influencing the same (Lillywhite & Navas 2006, Spranger et
al. 2024, Dhib et al. 2022, Campbell et al. 2024, Gass et al. 2024). Nevertheless, intraspecific

genetic variation is expected to be very small, occurring in 0.01-0.1 % of the bases.

We had to solve two issues arising from the expected weak genetic differentiation signal: (i)
estimating the error of base-calling at a sequenced locus to avoid contaminating good data by the
bad — we did not come across any such algorithm in published literature, and (ii) reducing the cost

to generate sufficient sequence data for a large number of samples.

Genetic variation within a species was first estimated during the 1960s using protein electrophoresis
to detect variation in enzymes (allozymes) among individuals. Restriction Fragment Length
Polymorphism (RFLP) was the first technique developed to use DNA as a molecular marker to
detect genetic variation. It compared the lengths of DNA fragments among individuals after
restriction enzyme digestion. While it was more informative than proteins, it could not differentiate
between individuals in which fragment sizes remained the same but their actual sequences differed.

The invention of Polymerase Chain Reaction (PCR; Mullis & Faloona, 1987) and Sanger
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Chapter 1: Introduction

sequencing (Sanger et al. 1977) made it possible to amplify and sequence specific fragments of

DNA which could then be compared between individuals.

The Sanger technique is only capable of sequencing DNA fragments of ~1000 bases. Therefore, one
needs to sequence a large number of fragments for statistically significant detection of intraspecific
genetic variation. This can be both expensive and time and labour intensive. Furthermore, PCR
amplification of short fragments (required for Sanger sequencing) in the intronic regions is a
difficult proposition. This is a problem since the highly variable intronic sections are likely to

provide the strongest signal of genetic variation.

The beginning of the mid-2000s saw a dramatic shift in sequencing technology, going from
sequencing one DNA fragment at a time to massive parallel sequencing of millions of DNA
fragments simultaneously. This group of (2™ generation) sequencing technologies came to be
known as Next-Generation Sequencing (NGS; e.g. Roche 454, Illumina Inc). NGS dramatically
improved speed and lowered cost per sequence base, and facilitated the sequencing of whole
genomes. NGS generates sequence data by fragmenting the input DNA, sequencing those fragments
(typically 50-300 bases long) and finally assembling those fragmented reads back to the original
molecule using established bioinformatic pipelines. The error rate of NGS sequenced DNA is quite
low at ~1% but it suffers from uneven representation of different segments across the sequenced
molecule during library preparation and difficulty in resolving long repeat regions within the

genome.

The latest iteration of NGS — the third-generation (e.g. PacBio, Oxford nanopore) — can sequence
intact DNA fragments upto tens of thousands of bases in length.This avoids the problem associated

with assembly of repeat regions and also minimises the uneven coverage mentioned previously.

While NGS has indeed dramatically reduced the cost per sequenced base (compared to Sanger), it is
still very expensive to sequence several hundred specimens. In this project we developed a novel
strategy which combined the selectivity of PCR to amplify long fragments across introns and
sequenced them using Oxford Nanopore to obtain sufficient data to securely detect intraspecific

variation in our target species.
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Chapter 1: Introduction

Overlap zones in species ranges

The geographical range of a species is determined by a combination of factors including
environmental gradient, genetic and phenotypic variation, adaptability, vagility and interspecific
competition (Kirkpatrick & Barton 1997). The steep environmental gradients along elevational
transects compresses the distance between the optimal and suboptimal zones for a locally
(elevationally) adapted population of a species. Therefore, constraints of vagility, which can be
considerable along latitudinal gradients, are less likely to play a role in the mountains (Janzen 1967,
McCain & Grytnes 2010). Therefore, there is a high probability that higher fecundity in the optimal
zone will lead to considerable overflow into the non-optimal zones. The ability of this overflow
(population) to establish themselves in the suboptimal zone will depend on their adaptability and

relative fitness vis-a-vis competitors.

Along a mountain slope, the short spatial distance and high species diversity is expected to result in
a higher probability of contact between species adapted to different environments (Kdrner 2007,
Colwell et al. 2008). This is especially interesting in the context of climate change where species
ranges are expected to shift in elevation while tracking their optimal niche (Parmesan 2006, Chen et
al. 2011). This can bring previously separated species into contact or increase their extent of overlap
(Lenoir et al. 2008, Jackson & Overpeck 2000), increasing the potential for competitive
interactions. The competition is expected to be more intense in the case of congeners since they are
likely to share similar functional traits (Tilman 1982, Losos 2008, Kraft et al. 2015). Therefore,
extent of overlap between congeners can be a measure of the relative influence of competition and

environmental factors in setting range limits.

The structure of this thesis is as follows:

In Chapter 2, we introduce the study taxon, the area in which it was sampled and the wet-lab

procedures required for generating the molecular sequence data.

In Chapter 3, we present a novel Bayesian approach to base-calling at each locus of the consensus
of NGS reads for each specimen. The importance of this technique is that it provides an estimate of
the error probability of each individual consensus base call. This offers the use of a threshold to

identify the less reliable base-calls in the analysis.
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Chapter 1: Introduction

In Chapter 4, we present the pattern of genetic diversity and differentiation of Raorchestes frog
populations along an elevational gradient. We first show that our cryptically coloured frogs are
actually three elevationally segregated species. We then show that even these closely related species
differ in the degree of intraspecific diversity, which may be related to location of their range and
climate. We also show evidence for genetic differentiation with elevation in one species, which is

likely due to local adaptation.

In Chapter 5, we investigated the nature and extent of range overlap of our frog species pairs and
compared it to congeneric bird pairs whose data was also available from the same region. Closely
related congeneric pairs share ecological traits making them prone to competition which can result
in mutual restriction of the species’ ranges; the observed range limits need not be a reflection of
maladaptation to abiotic conditions. A comparison between frogs and birds would therefore
elucidate whether a particular range overlap pattern is a general feature of congeneric species

inhabiting along an elevational gradient.
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Chapter 2

Methods of Field and Lab

Section 2.1: Raorchestes Frogs along an Elevational Gradient

Section 2.1.1: Study Region — Arunachal Pradesh in the Eastern Himalayas

The eastern Himalayas stretch over 800 km covering eastern Nepal, Sikkim (India), Bhutan,
Arunachal Pradesh (India), northwest Yunnan (China), southeast Tibet (China) and northern
Myanmar. Covering a total area of 524,190 km?*, the Eastern Himalayas span a complex and rugged
topographic landscape (Zomer et al. 2002) and are bounded by the Brahmaputra valley to their
south. This region was earlier considered to lie at the interface of the Indo-Malayan and Palaearctic
biogeographic realms (Wallace, 1876) but recent revision in biogeography based on phylogenetic
relationships puts it at the junction of the Oriental and Sino-Japanese biogeographic regions (Holt et

al. 2013).

The eastern Himalayas are among the four global hotspots of biodiversity listed for India as per the
Myers-Mittermeier framework (Myers et al. 2000). The species richness of breeding birds is second
only to Andes-Amazonia and at par with the Rift Valley in Africa (Orme et al., 2005). It has the
highest diversity of oscine passerines in the world (Price et al., 2014). Yet apart from birds, its
diversity is only beginning to be explored in recent years (Athreya, 2006). WWF-India recently

reported discovery of 211 new species between 2009 and 2014 from this region.

Arunachal Pradesh in north-east India covers the easternmost part of the Himalayas. Nearly 70% of
its area is covered with mountains and 82% is under forest cover (Paul 2005). It constitutes less than

3% of India’s land area but hosts almost two-thirds of its biodiversity.

This region encompasses a steep elevational gradient ranging from 100 m on its southern slope to
~7000 m at its border with Tibet. The rainfall varies from 1500 mm along northern slopes to over
3500 mm in the southern slope (Choudhury 2003). The heavy rainfall is drained by deep north-

south river gorges which become the tributaries of Brahmaputra making it the largest river basin in
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the Indian subcontinent. The vast elevational gradient and variation in precipitation has aptly earned
this region the 6th rank among the hottest of biodiversity hotspots (Myers et al. 2000) and it also
features among the top 200 eco-regions of the world (Olson and Dinerstein, 1998).

Section 2.1.2: Eaglenest Wildlife Sanctuary

Our study was carried out in Eaglenest Wildlife Sanctuary (EWS) in the West Kameng District in
the western part of Arunachal Pradesh. It is a small protected area of 218 km?. It hosts pristine
forests across an elevational range of 100 to 3250 m. Vehicular access along a dirt track traversing

most of the elevational range greatly facilitates research in the area (Athreya, 2006).

In EWS, elevations below 500 m experience warm temperatures during the months of May to June
(>25 °C), regions between 500 to 1900 m have temperature ranging from 10 to 18 °C. February is
the coldest month of the year with occasional snowfall above 2000 m. It experiences major amount
of rainfall during the months of June to October. Annual rainfall reportedly varies from less than

1500 mm on the northern slopes to greater than 3000 mm on the southern slopes.

The large elevational range in combination with extensive rainfall harbours diverse habitat types in
Eaglenest ranging from tropical wet evergreen (below 900 m) to coniferous temperate forests
(above 2800 m). The area was almost entirely unexplored prior to 1995 before the advent of the
Eaglenest Biodiversity Project in 2003 (Athreya, 2006; Agarwal et al. 2010; Mungee & Athreya,
2021) and others (Srinivasan et al. 2010; Marathe et al 2020). Currently, about 425 bird species,
over 1500 lepidoptera species, 75 herpetofauna and 40 species of mammals have been recorded
from this region underscoring its importance as an excellent place for ecological research (Athreya

2006).

Section 2.1.3: Field Sampling of Raorchestes frogs

Raorchestes are a genus of bush frogs that belong to the family Rhacophoridae which are found in
South and South-East Asia. These frogs occur in the Western Ghats and in the north-eastern states
of India. It is a speciose genus that displays a high degree of endemism, comprising almost one-
sixth extant frog species in India (Dinesh et al. 2015). Their high abundance (Biju & Bossuyt 2003;

personal observation in EWS) — hence negligible conservation concerns — and easy detection due to
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their distinctive call (at the generic but not species, level) make them an ideal candidate for

sampling of large number of individuals.

Raorchestes individuals were sampled for location and toe tissue (research permit from the Govt of
Arunachal Pradesh No. CWL/D/21(106)/2012/677-89) by a team of undergraduate students and
project staff under the supervision of Anurag Mishra for his undergraduate project (Mishra A.
2015). They were sampled during May-June 2012 along the southern slope of Eaglenest Wildlife
Sanctuary between the elevations of 500 m and 2400 m. Intensive sampling efforts beyond 2400 m
yielded very few individuals, while the areas below 500 m could not be sampled due to logistical
issues. Since, Raorchestes is a cryptic species group, an estimate of the species’ elevational range
was not available at the time of sampling. Previous sampling in the area indicated that other
Rhacophorid genera had 3-5 species (Athreya, 2006) along that elevational gradient, suggesting an
average species elevational range of about 600 m. Therefore, the team sampled 10-15 individuals
per elevational band of 100 m. The individuals (all males?) were tracked by their calls. Some of
them were euthanised using MS-222 while tissue for others were collected via toe clips. Tissue

samples for molecular analysis were preserved in 99% ethanol.

Figure 2.1: Images of representative Raorchestes individuals sampled in Eaglenest. Photo credit: Anurag Mishra
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Chapter 2: Methods

Section 2.2: Intraspecific Population Structure using Molecular Methods

The investigation of intraspecific diversity and genetic differentiation along elevation requires large
amount of DNA sequence data to reliably discern the small quantum of expected difference. In the
absence of knowledge of the specific genetic loci which are implicated in elevational adaptation,
one can only try to measure population differentiation due to (partial) isolation using neutral
markers. We know that cycles of climate change have a periodicity of ~100 kyr. The most recent
major event of climatic change was the end of the ice age ~15 kyr ago. An average mutation rate for
frogs of ~0.05 per site per Myr (Crawford 2003, Lau et al. 2020) translates to 5 mutations per 10 kb
per 10 kyr. The poisson noise on the number of mutations will be ~2.2. Therefore, DNA fragments
of length 10 to 40 kb are required to sufficiently sample mutations above the poisson noise which

can resolve divergences among populations that differentiated ~15 kyr ago.

The vast majority of studies, until recently, in molecular ecology and phylogenetics have relied on
sequencing relatively small fragments of mitochondrial DNA in the range of 1000-1500 bp (Avise
et al. 1987, Hebert et al. 2003, Galtier et al. 2009). This limit is imposed by Sanger sequencing
(Sanger et al. 1977, Kocher et al. 1989, Shendure and Ji. 2008, Ekblom and Galindo. 2011) which
cannot sequence DNA fragments much longer than 1000 bp. Therefore, one has to build up
sufficient DNA fragment length (per specimen) by PCR amplification and sequencing of many
short fragments. Also Sanger sequencing deals with single samples. This makes the procedure either
labour and time intensive or expensive or both, especially for intraspecific studies wherein the time

to the last common ancestor and hence intraspecific genetic divergence, is much smaller.

The use of nuclear markers (with the size limit imposed by Sanger sequencing) are less useful since
the exons tend to be more conserved than mitochondrial DNA (Hwang and Kim 1999) and short

fragments of the more variable introns are difficult to amplify using PCR.

Next Generation Sequencing (NGS) platforms (Margulies et al. 2005, Shendure and Ji. 2008,
Metzker 2010) offer the advantage of parallel sequencing of multiple samples in a single run, thus,
enormously reducing time and cost per sample. However, the initial NGS procedures were designed
to sequence the entire genome. While the cost per base is indeed very low for sequencing the entire
genome, the cost per specimen is still very high (upwards of INR 200,000/USD 250 for large

genomes like that of frogs). It is particularly a waste when the project does not even require that
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large amount of data — the cost per “necessary” data would be even higher. The technique of
RADseq (Restriction Site Associated DNA Sequencing; Baird et al. 2008, Davey et al. 2011)
enormously reduces sequencing costs but still costs INR 15-20,000 (USD 175-200) per sample.
Furthermore, the effectively random nature of the location of restriction sites, on which the

technique is based, precludes the possibility of selecting particular loci.

We developed a strategy that combines selectivity and library prep of individual samples using
long-range PCR, and can multiplex many hundreds (or even thousands) of samples to make use of
inexpensive sequencing using NGS. This process can generate 10-40 kb DNA sequences at less
than INR 1000 (USD 10) per sample — making it economical to study intraspecific variation of

hundreds of specimens.

The principal steps in our strategy included
1. DNA extraction from Tissue samples of individual frogs
2. Genome Target Selection and Primer Design
3. Amplification of target region and attachment of Indexes for sequencing using PCR
4

Standardizing protocol for multiplexed sequencing via NGS

Section 2.2.1: DNA Extraction from Tissue Samples

DNA was extracted from frog tissue using Invitrogen’s ChargeSwitch gDNA mini-tissue kit
(CS11204). The procedure makes use of buffers of different pH to bind the beads to DNA or release
them from the surface of paramagnetic beads. The bound DNA is washed by acidic solutions to
remove the impurities and then eluted using neutral or basic solutions. Unlike silica columns which
yield DNA fragments of ~3 kb size, ChargeSwitch beads yield DNA fragments well in excess of 10
kb which is essential for amplifying large DNA fragments.

The product recommends 10-25 mg of (mouse) tissue for the volume of the (25) standard reaction
volumes in the kit. However, our samples consisted of small pieces of thigh muscle or toe clips
amounting to no more than a few milligrams. We ran several assays to optimise DNA extraction
using only a tenth of the prescribed ChargeSwitch bead volume. The rest of the protocol was as per
the manufacturer’s recommendation. The purified DNA sticking to the beads was eluted into two

vials of 30 pL of 1X-TE. The extracted genomic DNA were run on 1% agarose gel to check for size
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and integrity. Their concentration was measured using a NanoDrop (Desjardins and Conklin. 2010).
Second elutions had slightly lower concentrations and less distinct band as expected. The amount of

genomic DNA obtained ranged from 0.2 to 2.5 pg. Their size was likely to be in excess of 10 kb.

Section. 2.2.2: PCR selection and amplification of target fragments

We aimed to sequence two DNA fragments of size 5-10 kb, one each from mitochondrial genome
and the nuclear genome. This was deemed sufficient for detecting genetic variation in order to
determine differences between populations of a species. We targeted loci associated with the

standard genes which had been used in previous phylogenetic studies (Table 2.1).

Section 2.2.3: Genome Target Selection and Primer Design

Mitochondrial fragment

The entire mitochondrial genome ranges approximately from 15 kb to 21 kb and is much smaller
than the nuclear genome. Mitochondrial whole genome sequences are available for a wide range of
anuran taxa which facilitates the design of primers in conserved regions. We decided to sequence a
large single fragment of mitochondrial DNA of ~7 kb which included rRNA, tRNA and several
protein coding genes. This fragment included the gene COX1, which is well known for its use as a
molecular barcode for species delineation (Hebert et al. 2005). A survey of published literature
revealed that 12S, 16S and tRNA val were popular regions for locating primers (Table 2.1). The
forward primer was designed in this region. We could not find a published primer downstream of

COX1 and hence designed a new primer for our taxa.

L Fs0® F6IT Fed Fa3s Fes6 Foad FPC MPC FS09 Fel? Fa30 FesS5 FoSe Foed FPC  MPC

Figure 2.2: Electrophoresis of genomic DNA extracted using the ChargeSwitch protocol. The ladder (L) is a 7000 bp
fragment. FPC and MPC are frog and mouse tissue positive controls. The rest of the lanes are for the study samples
including the first (E1) and second (E2) elutes of DNA. The extracted DNA was much larger than the 7000 bp marker.
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We downloaded mtDNA sequences of 5 species from Table 2.1: Mitochondrial gene loci of

Rhacophoridae family and aligned the sequence published primers

G Pri
between 12S rRNA and tRNA Lys. The sequences ene rimer paper
128 Darst and Cannatella, 2004
belong to Rhacophorus schlegelii (Genbank ID: 125 Faivovich et al, 2004
NC 007178), Polypedates megacephalus (Genbank 128 Titus and Larson, 1996
ID: AY458598), Polypedates braueri (Genbank ID: 128 Wilkinson et al, 1996
NC 042797), Rhacophorus dennysi (Genbank ID: 128 Graybeal, 1997
. . 12S Goebel et al, 1999
NC 027452), Buergeria buergeri (Genbank ID:

- 16S Darst and Cannatella, 2004
AB127977). We designed two pairs of forward and 16S Faivovich et al, 2004
reverse primers, with one pair meant as a backup in 16S Palumbi et al, 1991
case the first set did not work. 16S Hedges, 1994

16S Titus and Larson, 1996
. . 16S Wilkinson et al, 1996
The internal primers served the purpose of
tRNA Val |Darst and Cannatella, 2003
redundancy, in case the combination of two external

primers failed to amplify. The locations of these
primers on the mtDNA alignment are shown in

Figures 2.3-2.5.

500 ’ 1500 2500 3500 4500 5500 6500 7779
Consensus O O O N O N Y A N S E— N —— R

R schicgelii  (IDSHNY-INIGSENNR: NDI i ND2  ~{s(_ COXL _  +{COXZ i
P megacephalus  NIZSIND-SNNIGSINND- NDI 9 ND2 — Ji(s  COXI  +COX2 &
P braueri D SR ND1 34 ND2_ i+ COXL 4 COXZ )}
R dennysi EEED SEREEER ND1 i< ND2 b4l COXL  4{COX2 '
B buergeri D SR ND1 340 ND2 R COXI {COX2 %

Figure 2.3: Alignment of partial mitochondrial DNA sequence of 5 species from Rhacophoridae family. Deep green
triangles above the alignment are forward primers and light green triangles are reverse primers. All the genes are
annotated. tRNA labels (pink triangles) are too small to be displayed.
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Consensus [AAACGCECAGGGTACTACGAGEET - A - GETTAAAACCCAAAGCACTTGACGGTCTOOCACCCAACTACAGCAGECT GTTETATAATE
ﬁl
0
R schlegelii AAACGCCAGGGTACTACGAGCCT A GCTTAAAACCCAAAGGACTTGACGGTGTCCCACCCAACTAGAGGAGCCTGTTCTATAATC
P megacephalus -AAA SGTACTACGAGCCH M GCTTAAAACCCAAAGGABTTGACGGTGTECCACCCAACTAG TATAATC
P braueri - AAA 5 “CGE_ A GCTTAAAACCCAAAGGAMTTGAC 3 / ATAATC
R dennysi AA=-C THA  GCTTAAAACCCAAAGGACTTGAC ATAATC
WAACGC BARTACGAGC lr ARGCTTAAAACCCAAAGGACTTGAC! ATAATC

B buergeri

Consensus VA TAACATGAT TMVAGD EGEETTAGAAGAGGCEAAGTEGTANGATGCGTAACTATATTGGAAAGT CTAETT G CAATAAGANAAT GTA(

R scbfegem' WA TAACACAT THACE CGECTTAGAAGAGGCAAGTCGTAACATOGGTAAGTATACTGGAAAGTGTACTTGGAATAACAAAATGTAL

P megacephalus HANTAACEEATETGECG CGCCTTAGAAGAGGCAAGTCGTAACATGGTAAGTATACTGG

P braueri NARTAACEHEAT TEACEGCGEMT TAGAAGAGGCAAGTCGTAACATGGTAAGEATACTI TECTTGGAATAACAAAATGTGI
R dennysi EA TAACACAE THACHE CGCCTTAGAAGAGGEAAGTCGTAACATGGTAAGTATACL S TACTTGGAATAACAAAATGTAL
B buergeri BA TAACACAN EEEECG CGCCTTAGAAGABGCAAGTCGTAACATGGTAAGTGTEC ﬂ;mc-rJ CTTGGAABMAACAAAATGTAL

Figure 2.4: Alignment of sequences from 5 Rhacophoridae species showing the regions where the forward primers
(FMT1 _TF and FMT2 TF) were located.
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Consensus CAGTTETTTATCAACACCTATTTTGATTETTTGGRICACCEAGAAGTETATATTETTATTET TECAGGIR TTEGCRATCATETOACATC

R schlegelii

P megacephalus
P braueri

R dennysi

B buergeri

Consensus

R schlegelii
P megacephalus

P braueri

R dennysi
B buergeri

CAGTTCTTTATCAACACCTATTTTGATTCTTEGGECACCCEGAGGTCTATATTCTTATTC
CAGTTCTTTATCAGCAMBTGTTTTGGT THT T TGGEMCACCCAGAAGTCTATATECTEATECT
CAGTTCTETABMCAACACCTATTTTGATTIRT THGGHC ABICCAGAAGTIT ABATTCTTAT THIT
CAGTTERTETABCAACACETATTTTGATTCTTTGGRCACCCHMGAAGTCTATATTCTTATECT

7700 7710 7720 7730 7740 7750

7760

7770
-------- TTTTCATTAAGAAGETATAT GGRACAGEGACACCCTTTTAAGETGTAGATAGCTGA TTCCAACCACCCTTAATGAA

?7?9

ENGENEENT TTTCATTAAGAAGCTATAR GGERACAGCEACABMCCTTTTAAGETGTAGATAGGTGA TTCCAACCACCCTTAATGA

ISR T T TTCATTAAGAAGCTATAT GGEBAC-GCGACGBGCCTTTTAAGCTGTAGATAGGTGA TTCCAACCACCCTTAATGA
TTTTCATTAAGAAGCTATAT GGEAC-GCGACAGCCTTTTAAGCTGTAGATAGGTGAMTTCCAACCACCCTTAATGAA

--TTCAEMTAAGAAGCTATAT GGEERCAGCERACABMCCTTTTAAGETGTAGATAGGTGA TTCCAACCACCCTTAGTGA
——-—CATTAAGAAGCTATANBGGEC AGCGACAGCCTTTTAAGCTGTAGATAGGTGE TTCCGBACCACCCTTAATGA

Figure 2.5: Alignment of sequences from 5 Rhacophoridae species showing the regions where the reverse primers
(FMC1_TR and FMC2_TR) were located.

Table 2.2: Candidate nuclear genes considered for the sequencing campaign.

Gene Number of Exons UTR Primer location Primer paper
Rhodopsin 5 --- 1# & 4™ exon Bossuyt et al, 2000
Tyrosinase 5 - 1" exon Bossuyt et al, 2000

CXCR4 2 1*' exon 2" exon Biju and Boosuyt, 2003
SIA 3 1 & 2™ exon 34 exon Bonacum et al, 2000
Ragl 2 1* exon 2™ exon Biju and Boosuyt, 2003
Rag2 3 3" exon 1* exon Hoegg et al, 2004
POMC 3 1* exon 34 exon Wiens et al, 2005
SLC8a3 6 - 1 exon Shimada et al, 2011
NCX1 10 - 1* exon Shimada et al, 2011
BDNF 2 - 2™ exon Meijden et al, 2007
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Nuclear gene fragment

Our objective was to sequence the region between (and including) two exons — in a gene used in
previous studies for phylogeny (Table 2.2) — which were separated by 5-10 kb. We expected the
intronic regions, which are likely to be under far less selection pressure than protein-coding exons,
to show significantly higher mutation rates and hence a stronger signal to study genetic structure at

the intra- and inter- population levels.

Table 2.2 shows the candidate genes that we considered for this exercise. It lists the number of
exons, untranslated regions (UTRs — to avoid locating primers in them) if any, and the primer
locations. We selected Rhodopsin as the target gene since (i) NCBI sequences were available for
both the 1% and the 4™ exons (X1 and X4) for locating the forward and reverse primers, and (ii) the
DNA length between them provided about 6000 intronic bases — perhaps long enough for separating
close taxa but not so long as to cause issues with long-range PCR. We also considered the ~10 kb
intergenic region between Rag?2 (3rd exon) and Ragl (Ist exon) but decided to go with the shorter
Rhodopsin to avoid the more stringent quality requirement of PCR amplification of the longer

fragment.

While there were many anuran sequences of the 1st and 4th exon (X1 and X4), they could not
provide the length of the region between them. This could only be obtained from species for which
the entire gene had been assembled and annotated. When this project was first envisaged the whole
genome sequence was available for only 2 anuran species: Xenopus tropicalis ( Hellsten et al. 2010)
and Nanorana parkeri (Sun et al. 2015) The annotated gene of X. tropicalis yielded a length of 2318
bp for Rhodopsin X1-X4. We identified X1 and X4 on (a contig of) the Nanorana genome and
obtained a length of 5494 bp.

1000 1500 2000 2500 3000 6500 FO0o0o
Consensus | I

ldentily m’a.'._'\.'.._'l.r’.ﬁﬂ"nr:ﬁ'r'r.'.',n".:r'.u';u{r_' ff—-v"m'u."nm;i-'.ri."n.n_u'n" _me'x“;.(._.n_;r]—m.n_
F’ril=‘.'l..L PriRRl I'-'liF:'_‘l PriR2

Nanorana NN | E—— ——-—— L 1 1 1 N 1/ ——

Xenopus | R —{IT T N T/

X1 ) Intron X2 Intron (X3 Intron [ X4 ]

Figure 2.6: Alignment of Xenopus and Nanorana sequences. Genome contigs are thick black bars, exons are blue,
introns are orange, primers are dark green (forward) & light green (reverse). Histogram on top indicates extent of
match between sequences (green: match, red: no match). Exon order is in forward sense 1% (X1: left-most) to 4™ (X4:
right-most).
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We designed two pairs of forward and reverse primers for both X1 and X4: FRH-1A and FRH-1B,
forward primers for X1; FRH-1C and FRH-1D reverse primers for X1; FRH-4A and FRH-4B,
forward primers for X4; and FRH-4C and FRH-4D reverse primers for X4. These primers are
partially modified versions of the ones published by Bossuyt and Milinkovitch (2000). A PCR
reaction of the within-exon primers (e.g. FRH-1A and FRH-1C in X1; FRH-4A and FRH-4D in X4)
was conducted to first confirm the binding and specificity of all primers with short fragment under
identical conditions. Subsequently the forward primer of X1 (FRH-1A) and the reverse primer of

X4 (FRH-4D) were used to amplify the entire fragment of ~6000 bp in one long-range PCR.

The primers were initially tested on individuals from 3 different frog families. Figure 2.12 shows
successful amplification using the primers of species from the families Dicroglossidae,

Rhacophoridae and Ranidae respectively.

Section 2.2.4: PCR amplification

We used PrimeStar GXL (Catalog R0O50A) polymerase from TAKARA for the long-range PCR.
PrimeStar GXL is a high fidelity PCR enzyme which can generate amplicons of 30 kb or higher. We
also added Bovine Serum Albumin (BSA) at 5 mg/mL to the mix to prevent reagents from sticking
to the walls of the vials. We carried out the 20 pLL PCR reactions in 0.2 mL vials. The PCR master
mix was prepared by adding the required volumes of all the reagents, with the polymerase (stored

on ice on the bench) being the last to be added.

970 980 990 1000 1010 1020 1030 1040 1050
Consensus IR EA G G A TN GA GET G AEAT GARKIG GAREA GAA G CIBE! AATITTTTATAT AT CTINIAATANIATT GGG G TS GTA
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Xenopus tropicalis FiC T TRETAEAE - CREKGG - CH T

1300 1310 1320 1330 ” 1340 = 1350 1360 1370 1380
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Nanorana parkeri

! T CEETEC ARGGERTACTTC
Xenopus tropicalis ¢
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Figure 2.7: Location of primers on exon 1 (X1) of the Rhodopsin gene. FRH-1A and 1B are the forward primers and
FRH-1C and 1D are the reverse primers.
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Figure 2.8: Location of primers on exon 4 (X4) of the Rhodopsin gene. FRH-4A and 4B are the forward primers and
FRH-4C and 4D are the reverse primers.

The reaction mix is listed in Table 2.3. The reaction parameters were (i) Denaturation: 98 °C, 10 s
(i1) Annealing 55 °C, 15 s, and (iii) Extension: 68 °C, 1 min per kb. The list of primers designed
and/or used in this study is listed in Table 2.5.

Extension time: After testing several pairs of mitochondrial primers, we used the pair FMT1-TF
and FMC2-TR since they yielded the longest
product of 7178 bp. The two reference
genomes yielded nuclear Rhodopsin gene (X1
to X4) lengths of 5493 bp (Nanorana) and
2318 bp length in Xenopus. Intron length can
vary a lot between species, and too short a
time results in no amplification at all.
Therefore, to be on the safe side we set 10 min
extension time (sufficient for up to 10 kb

length) for all reactions.

We confirmed that the long-range PCR of
Rhodopsin (1* to 4™ exon) worked for multiple

genera including Occidozyga, Xenophrys,

Amolops, Nanorana, Chiromantis, Kurixalus, Figure 2.9: Electrophoresis image demonstrating the

binding of the primers using short-range, within-exon
PCR. The labels are L: ladder (with a single 500 bp

Theloderma, Leptobrachium and Polypedates. marker), NC: negative control and 3 frog samples (in
order, Dicroglossidae, Rhacophoridae, and Ranidae

Raorchestes, Fejervarya, Amolops,
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In this study, we will only discuss the analysis

related to Raorchestes mitochondrial samples.

Section 2.2.5: Index PCR

Multiplexing hundreds of samples was made
possible using barcode indices at three
different locations. Nanopore library prep
involves adding a barcode index. The
sequencer software automatically identifies
this index in the reads and sorts the output

according to this index.

L Im 2Zm 3m 6m Tm 8m 9m 12m 13m NC

Figure 2.10: Electrophoresis of Raorchestes
mitochondrial fragment for different extension times.

Additionally, we used 10 internal primers in the regions before the forward amplicon primer

(IndexF in Figure 2.11), and 10 internal primers in the region after the reverse amplicon primer

(IndexR in Figure 2.11). These corresponds to 10 x 10 = 100 unique combination. We added these

barcode indices using a second PCR which were primed using the T7 and T3 tails in the primers of

the amplicon (first) PCR. The additional bases K-F and K-R shown in Figure 2.11 are not of

relevance to this exercise. They had been used in a previous study to add sequencing flow cell

adaptors to the fragments.
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Figure 2.11: 2-stage PCR for amplicon generation and indexing. AmpliF and AmpliR are the amplicon primers. T7 and
T3 promoter sequences were used as the tail in the first PCR and primers for the second PCR to add the barcode indices
IndexF and indexR. K-R and K-F are not of significance for this study, being carry-overs from a previous study which
had used the same barcode indices.

1IS 28 35S 45 58 6S 7S 8S 95 10S 11S12S 13S 148 15SSIGSEEES

Figure 2.12: Electrophoresis image of the PCR products of the nuclear rhodopsin gene for
multiple genera including Occidozyga, Xenophrys, Amolops, Nanorana, Chiromantis, Kurixalus,
Raorchestes, Fejervarya (115), Amolops, Theloderma, Leptobrachium and Polypedates. The
bands varied in size but were all in excess of 6 kb.
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Table 2.3: Summary of all PCR reagents, their initial and final concentrations

Reagents Reagent Volume per reaction Reagent
Initial conc (nL) Final conc
PrimeStar GXL polymerase 1.25 (U/uL) 0.4 0.025 (U/uL)
Buffer 5X 4 1X
dNTP mix 2.5 mM each 1.6 0.2 mM each
Primer F 10 uM 0.5 0.25 uM
Primer R 10 uyM 0.5 0.25 uM
BSA 5 mg/mL 34 0.85 png/uL
Water - 7.6 -
Template DNA 10-100 ng/uL 2 1-10 ng/uL

Table 2.4: Amplicon primers used in this study. Primer tails (T7 and T3) are listed at the end

Primer Name Locus Sequence Modified from
FMTI-TF mtDNA-12S T7-CTTAAAACYCAAAGGAYTTGWCGGT | Darst & Cannatella. 2003
FMC2-TR | mtDNA-tRNALys T3-CACCTRYCTACAGCTTAAAAGG This study

FRH-1A Rho-Exonl T7-ACCATGAAYGGAACAGAAGGYCC Bossuyt et al. 2000

FRH-1B Rho-Exonl T7-AACGGAACAGAAGGYCCMAAYTT Bossuyt et al. 2000

FRH-4C Rho-Exon4 T3-TTTGTTCAGSAYAATGTAGATGAC Bossuyt et al. 2000

FRH-4D Rho-Exon4 T3-AGSAYAATGTAGATGACRGGGTTG Bossuyt et al. 2000
T7: TAATACGACTCACTATAGGG T3: CAATTAACCCTCACTAAAG
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Table 2.5: Barcode indices with tails (K1, K2, K3) and PCR priming sections (T3 and T7). The tail sequences were
incidental (being designed for another project) and not of consequence.

Name |Forward Index Sequence Name Reverse Index Sequence

T7F1 K1-ACGCTGTACGCG-T7 T3-F1 K3-ACTCGTGACT-T3
T7F2 | K1-CATAGTGCATACG-T7 T3-F2 K3-CAGATGTCAGA-T3
T7F3 K2-GTATCACG-T7 T3-F3 K2-GTCTACAGTCTG-T3
T7F4 | K1-TGCGACATGCG-T7 T3-F4 K3-TGAGCACT-T3
T7F5 |K2-AGTGCTCA-T7 T3-F5 K2-AGTGCTCA-T3
T7F6 | K2-CTGTAGAC-T7 T3-F6 K2-CTGTAGAC-T3
T7F7 | K2-GACATCTG-T7 T3-F7 K2-GACATCTG-T3
T7F8 | K2-TCACGAGT-T7 T3-F8 K2-TCACGAGT-T3
T7F9 | K2-ATCTGCGA-T7 T3-F9 K2-ATCTGCGA-T3
T7F10 |K2-CGAGTATC-T7 T3-F10 K2-CGAGTATC-T3
K1 ACACTCTTTCCCTACACGACGCTCTTCCGATCT CGATCT

K3 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT

Section 2.2.6: PCR Product Purification

Several techniques are available for purification of PCR products including silica column based
filters with molecular size cut-off and bead based purification. Our primary considerations, apart
from elimination of unused primers and other contaminants, was intact large fragment of DNA for
downstream processing and expense. We selected the MAGBIO HighPrep PCR Clean-up kit (AC-
60005) which uses magnetic bead based purification and is less expensive than other PCR clean-up
systems. This bead-based procedure selects fragments of a particular size based on the ratio of the
volume of bead mix and PCR reaction, with lower bead ratio selecting longer DNA fragments.
Following the manufacturer’s protocol we tested the purification using bead volumes of 4 uL, 8 pL,
and 18 pL with 10 pL PCR product. The reaction with 0.4X bead volume resulted in a good degree
of elimination of unused primers and primer-dimers (Figure 2.13). Figure 2.14 provides a
comparison of the pre- and post-cleanup PCR products — the post-cleanup lanes are free of primer-

dimers and unused primer signals.
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Figure 2.13: Electrophoresis image of the results of bead purification protocol. Sets of PCR
products were purified with bead volume ratios of 1.8, 0.8 and 0.4.

L FiniM FOLME FozZM FoZMEP FiisM Foo3ME FeodM Fadb P

Figure 2.14: Comparison of pre- and post-purification PCR product with 0.4X bead volume.
The samples with the suffix M and MP are pre- and post-purification, respectively.

Section 2.2.7: DNA Quantification
Measuring DNA concentration with reasonable accuracy is important for creating an equimolar pool
of multiple samples for Next Generation Sequencing (NGS). One can measure DNA either using

absorption based spectrophotometer (e.g. NanoDrop) or with an emission based fluorometer.

An absorption spectrophotometer, e.g. NanoDrop, is useful to obtain the composite absorption
spectrum of all the constituents of a sample. The absorption at the frequency associated with the

DNA may have contributions from other constituents in the sample. Furthermore, though a
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NanoDrop does not require any additional reagents (and hence is very inexpensive), it is very labour

intensive and unsuited for processing a large number of samples.

DNA does not fluoresce by itself, but fluorescence may be observed by a bound complex of DNA
and some organic dyes (e.g. Ethidium bromide, SYBR etc). This technique can be very sensitive
and accurate and may even be used to detect a single molecule (Valeur B and Berberan-Santos M.N.
2013, Simbolo et al. 2013). We rejected the use of Qubit fluorometer (Haendiges et al. 2020) to
quantify DNA as it is both expensive and labour intensive. DNA can also be detected using PCR in
the presence of fluorophore-linked single-stranded oligonucleotides with high specificity of binding
to the amplicon of interest. This technique lends itself to high accuracy and high throughput for a

large number of samples but is very expensive.

Instead, we used the TECAN Infinite M200 Pro, a micro-plate reader to measure the concentration
of DNA in our purified PCR products. This procedure provides quite accurate measurements (error:
~1 ng/ull) but comes with the advantage of processing upwards of 64 samples at a time and is

extremely inexpensive (approx. 1 USD for a plate of 64 samples).

We note that pooling multiple DNA samples for NGS only requires knowledge of the relative DNA
concentration at the level of the individual samples. We created a set of standard DNA samples of
10, 20, 30, 40, 50, 75 and 100 ng/uL by dilution from a readily available high DNA concentration

source like salmon sperm (Sambrook and Russell. 2001) or mouse tissue extracted in the lab. The

Table 2.6: Configuration of well concentrations in a 96-well plate reader used to measure linearity of Tecan Infinite
M200 Pro. The values shown are the concentration of the DNA standard set.

A B C
100 100 100
75 75 75
50 50 50
40 40 40
30 30 30
20 20 20
10 10 10

E F G
100 100 100
75 75 75
50 50 50
40 40 40
30 30 30
20 20 20
10 10 10

100 100 100 100
75 75 75 75
50 50 50 50
40 40 40 40
30 30 30 30
20 20 20 20
10 10 10 10

o | o|lo|lo|lojlolo|o P

o|lo|lo|lo|lco|lo|joc|o | X

I S| U R W N
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concentration of this purified standard set was measured using the NanoDrop. The concentration of

all samples were determined in relation to the response of the fluorometer for this reference set.

We note that pooling multiple DNA samples for NGS only requires knowledge of the relative DNA
concentration at the level of the individual samples. We created a set of standard DNA samples of
10, 20, 30, 40, 50, 75 and 100 ng/uL by dilution from a readily available high DNA concentration
source like salmon sperm (Sambrook and Russell. 2001) or mouse tissue extracted in the lab. The
concentration of this purified standard set was measured using the NanoDrop. The concentration of

all samples were determined in relation to the response of the fluorometer for this reference set.

As a first step we measured the linearity of the response of TECAN by measuring the fluorescence
counts for the standard set. Each well was loaded with a mix of 99 uL 1X SYBR Gold and 1 uL of
DNA in 1X-TE. The configuration of the plate reader for this assay is shown in Table 2.6. The
result of the experiment is plotted in Figure 2.15. The linearity is quite good to better than 10% out

to 100 ng/ul.. Though, an input value of ~ 20-30 ng/uL seems to be best in terms of dispersion.

Concvs Fl
35000
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25000
20000
i
15000 =
10000
5000
0= %
T T
0 20 40 Gl 80 100
Conc {ngiul

Figure 2.15: Linearity of TECAN Infinite M200 PRO. X-axis is the input concentration of the
standard set and Y-axis is the fluorescence counts.
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There were two further issues to be solved for using this method:
1. non-zero fluorescence for zero DNA input: which would result in considerable
overestimation of the DNA concentration
2. Measurement of the unknown sample concentration with optimal measurement

concentration of 20-30 ng/uL: clearly a problem which require an iterative solution

Both these issues were solved using an advantage of a plate-reader that an instrument like the Qubit
does not have. One issue with Qubit is that the sample and the standard have to be measured under
approximately same conditions of temperature and exposure to ambient light, since the DNA
binding fluorescent dye (like SYBR) usually degrades when exposed to light. This can be an issue

when dealing with a large number of samples.

The default for a 96-well plate is that all the samples are exposed to the same ambient light and
temperature. Furthermore, TECAN only take about 3 minutes to read all the wells while the plate is
held in a controlled environment. Also, the same plate can be inserted into the instrument and read
multiple times — while the fluorescence counts may change from one insertion to the next, all the
samples experience the same ambient condition and hence their relative fluorescent response does

not change.

Non-zero fluorescence of the well: We observed that the background (i.e. counts without DNA)
fluorescent intensity varied from well to well, from plate to plate, and with time. However, the
relative values across the wells remained the same for a plate, even across several weeks. Therefore,
we followed the following protocol:
1. The schematic for measuring the DNA concentration is shown in Table 2.7
2. [Initially fill all the wells with 99 pL of 1X-SYBR and 1 pL of 1X-TE (total 100 puL)
3. Measure the fluorescence of the wells
4. Take out the plate and add a further 1 pL to each well, consisting of
1. 1X-TE without any DNA in the wells Z1
ii. 20 ng/uL DNA standard into C20
iii. 30 ng/uL DNA standard into C30
iv. 40 ng/uL DNA into C40
v. target DNA to be measured into the wells labelled DNA-binding
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5. Measure the plate again.

The mean ratio of Z0 and Z1 provided a measurement of gain variation between measurements 1
and 2. As previously mentioned, the relative variation across the wells remained constant over
weeks. We then did a well-by-well subtraction of the background using the different values of Z0
and the mean ratio of Z1/Z0. The gain function of the instrument — in counts per nanogram — was
calculated using the wells with standard DNA (C20, C30 and C40). This was used to determine the
concentration of the target DNA.

We note that
1. the relative numbers of the different categories of wells may be changed as per convenience
and requirements of efficiency and accuracy.
2. We loaded each target sample into 2 wells to confirm accuracy of the values. This may also
be increased or decreased as per requirement.
3. We set the instrument to measure each well 5 times. This may also be changed as per

requirement.

Table 2.7: Plate layout for measuring DNA using a plate-reader. Z0 are measurements without DNA (99 uL 1X-SYBR
+ 1 uL 1X-TE). Subsequently, 1 uL was added to the wells for Measurement 2 of the same plate: 1X-TE to Z1, standard
20 ng/ul. DNA to C20, standard 30 ng/uL DNA to C30 and standard 40 ng/uL DNA to C40 and DNA samples in the
rest.

Measurement 1 Measurement 2
1 2 3 4 5 6 7 8

A Z0 Z0 Z0 Z0 Z0 Z0 Z0 Z0 C20 [[BINAT [ BINAY DNA DNA DNA DNA|
B Z0 Z0 Z0 Z0 Z0 Z0 Z0 Z0 DNA DNA DNA DNA DNA DNA ‘ DNA|
C| 20 20 20 20 Z0 20 20 20 DNA DNA ‘ DNA DNA DNA|
D Z0 Z0 Z0 Z0 Z0 Z0 Z0 Z0 DNA ‘ DNA ‘ DNA‘ (o708 DNA " DNA
E | 20 20 20 20 Z0 20 20 20 1 C40 7| P)\AN M DNA DNA DNA ‘
Flzo |2 |2 |2 |2|2n|2]|n DNA |
G| 2 | z0 | 2z0 | 20 | 20 | 20| 20| 2 DNA DNA M- DNA DNA DNA DNA|
H | 20 20 20 20 20 20 20 20 DNA DNA ‘ DNA DNA ‘ DNA|
I | z0 | z0 | z0 | z0 | z0 | z0 | z0 | 20 DNA \ DNA\ yAlll DNA DNA DNA DNA|
J Z0 20 20 20 20 20 20 20 _DNA | DNA ‘ DNA ‘ DNA DNA|
K Z0 Z0 Z0 Z0 Z0 Z0 Z0 Z0 DNA DNA DNA | DNA DNA DNA|
L Z0 Z0 Z0 Z0 Z0 Z0 Z0 Z0 DNA DNA DNA DNA DNA
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Achieving optimal concentration for measurement: If a measurement indicated a higher
concentration than desired for a target, we simply diluted the well with SYBR+TE solution by the
appropriate amount and re-measured the plate. On the other hand if the measured concentration was
lower than optimal we simply added more of the target DNA into the well and compensated for this
during the calculation. We observed that the addition of 10 pL into a well, and the consequent

change of the geometry of the liquid in the well did not appreciably change the instrumental counts.

Section 2.2.8: Next Generation Sequencing (NGS)
We explored two NGS platforms to sequence the 350 samples of length 6000-7000 bp. The first was

[llumina using tagmentation to prepare the library and the second was Oxford Nanopore.

Library-prep for Illumina using Tagmentation
We used Illumina MiSeq as the platform for the initial attempt at sequencing the DNA fragments. It
produces paired end reads of 150 bp each. Illumina requires fragmentation of the target region into
reads of size 200-500 bp. The target sequence is determined by reassembling the reads. Illumina
reads have to be labelled with identification barcodes to be able to separate those from different
samples. The technique of Tagmentation, fragments the target amplicon and simultaneously tags
them with adaptors. A PCR may then be performed on these fragments with the adaptors serving as
primer binding regions to add identification indexes (barcodes) and external Illumina sequencing
flowcell adaptors to all the fragments of a sample. As it happens, while the actual cost of
sequencing the reads is low, the cost of sample preparation is 10-100 times higher. This makes it
prohibitive for a study which requires pooling PCR amplicons from several hundred samples. We
experimented with two strategies to reduce the cost:

1. Development of in-house protocol which would be a substitute for commercial tagmentation

2. Standardise use of commercial tagmentation reagents at much lower volume than

recommended
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Illumina’s commercially available Nextera kits makes use of transposition for tagmentation but the

structure of their protein as well as other reagents are undisclosed.

Picelli et al (2014) described procedures for cost-effective tagmentation based library preparation
using in-house Tn5-transposase. Transposase is a protein that facilitates excision of DNA from
donor sequence and inserts it into the target sequence. The paper further demonstrated how to
modulate library lengths and generate tagmented library from subpicogram levels of DNA. We
synthesised the enzyme in the lab and succeeded in tagmenting the target DNA. However, we
abandoned this exercise since it was felt that getting stable performance from the in-house enzyme

required more time than at our disposal.

We also explored an alternative strategy of reducing the volume of DNA, and hence tagmentase per
sample to reduce the cost. We achieved routine success while using just 1/3rd of the enzyme
recommended in the protocol, but this was still very expensive from our perspective. We targeted a
reduction of the volume to 1/10th and even 1/20th. We achieved some degree of success and in fact
sequenced 10 samples. However, consistency of tagmentation quality was still an issue at those low
enzyme levels. More importantly, we found that tagmentation resulted in considerable depth bias
across the target fragment. Further, reconstructing the sequence especially in the intronic region

(with repeated sections) of non-standard organisms was an issue.
Therefore, we settled on the Oxford Nanopore sequencing platform which provided an easy and

inexpensive method of library prep, and also long fragment sequencing which did not have issues of

assembly.
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Figure 2.16: Bioanalyzer plot of the DNA size (bp) profile after tagmentation by the in-house synthesised tagmentase.
The tagmented DNA was subsequently barcoded via PCR using both Quantitect and Illumina’s polymerase. The
Quantitect product in particular shows considerable yield. NTC is the plot of the DNA-less negative control.

Library-prep for Nanopore MinlON

The availability of a third generation sequencing platform, MinlON, from Oxford Nanopore
Technologies (ONT) persuaded us to alter our library preparation techniques for sequencing on
MinlON. The MinlON device is a small portable device of dimensions 10 x 3 x 2 cm and weighing
only 90 gm. It can be plugged directly into a standard USB3 port on a computer with modest
hardware requirements, as low as 8 GB RAM and a solid-state storage disk of at least 128 GB
(recommended 1 Tb). The MinKnow software which allows users to control various aspects of

sequencing can run on any operating system.

The principal steps during library prep include the addition of identifying indices (barcodes) for
each sample, followed by sequencing flow cell adaptors. In the case of Illumina, which can only
work with short fragments, this required (expensive) tagmentation of each of the hundreds of

samples, which increased the cost a lot.
MinlON works best with long DNA sequences and so fragmentation was not needed. We added the

barcodes using a PCR, rather than the more expensive tagmentation. Subsequently, the flow cell

adaptor for the entire pool was added using a single ligation reaction.We split the set of samples into
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3 pools. Each individual in a pool had a unique barcode combination. The first pool comprised 100
indexed samples of Raorchestes mtDNA and nuDNA and 50 of Megophrys, the second pool
comprised the next 100 samples of each category, and the third pool contained the remaining
samples. Since our samples varied considerably in concentration, in each pool, we sorted the
samples into subclasses of DNA concentration: [1.0, 2.0], (2.0-5.0], (5.0-10.0], (10.0-20.0], (20-50],
and (50-150]. We pooled the DNA sample within each subclass in equimolar proportions. The
concentration of the sub-pools were measured using Tecan and the calculated concentrations were
found to be similar to expected ones. Finally, the sub-pools were mixed in such proportions that all
the samples in a pool were equimolar. This hierarchical mixing was undertaken to avoid dealing

with small volumes.

To summarise, at this stage we had 3 pools of equimolar DNA samples consisting of mtDNA and
nuDNA fragments. The first two pools had 100 unique barcode combinations representing 100

unique individuals. We note that these 100 barcode combinations were the ones we had attached

Table 2.8: Final DNA volume to be added per pool

Label | Number of samples Pool conc (ng/pL) | Volume (pnL) DNA (ng)

Pooll 251 5.26 25 131.5
Pool2 258 4.66 25 116.5
Pool3 106 5.92 16.8 99.5

Flowcell

L 6‘
s
\ “\,“‘ MInION Mkl
V device

USB port

Figure 2.17: MinION device showing the flowcell and membrane pores embedded inside it (Lu et al, 2016)
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using the PCR, and were the same in all the pools. In the next step we ligated the Nanopore

barcodes and flowcell adaptors so that the 3 pools could be sequenced in the same run.

We followed the manufacturer’s protocol specifically designed for sequencing amplicons. Nanopore
barcodes were attached to the three pools using 3 (of the 12) barcodes in the kit EXP-NBD104. The
other reagents were from SQK-LSK 109 kit. The procedure included:

* Library end-prep and dA tailing: Each pool (28 pL) was mixed with nuclease free water
(20 pL), NEB Ultra II End-prep reaction buffer (3.5 pL), NEB Ultra II End-prep enzyme
mix (3.0 pL) and incubated at 20°C for 5 min followed by 65°C for 5 min. This step
repaired any sticky ends (unlikely for amplicons) and added the nucleotide “A” to the ends
of each fragment. This end-repaired library was purified using Ampure XP beads.

* Barcode ligation: Nanopore barcodes NBO1, NB02 and NB03 were ligated to the 3 pools
by mixing the barcodes (2.5 pL for each) with end-repaired library (22.5 pL) and NEB Blunt
TA ligase (25 pL) and incubating for 10 min at room temperature. The products were again
purified with Ampure XP beads.

* Equimolar pooling of barcode attached libraries: The details of each pool are listed in
Table 2.8. The Nanopore barcoded pools were mixed to obtain equimolar concentrations of
all fragments (proportional to the number of amplicons in each) ... flow cell pool.

* Sequencing adapter ligation: 65 pL of the flow cell pool was added to Adapter Mix II (5
uL), NEBNext quick ligation buffer (20 pL), and quick T4 DNA ligase (10 pL) and
incubated at room temperature for 10 min. Post-adapter ligation, the pool was purified with

Ampure XP beads and eluted in 15 pL nuclease free water.

The entire process yielded an NGS library of concentration 15.1 ng/uL, which is ~48.70 fmol
(amplicon size ~7 kb). The recommended concentration for loading on the flow cell is 5-50 fmol.
We loaded on the flow cell a mix of 7 puL library, 5 uL nuclease free water (effectively 12 pL library
of 20.3 fmol), sequencing buffer (37.5 uL) and loading beads 25.5 pL.

Sequence Data
The sequencer was run for 48 hrs to obtain ~10 Gb (giga bases) of data. The manufacturer’s
software MinKnow outputs both raw fast5 and base-called fastq files. This software also separated

the data for the 3 Nanopore barcodes: NBOI, NB0O2 and NB03. We obtained 833, 1220 and 492
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fastq files comprising 7.53 GB, 8.15 GB and 4.62 GB respectively (note: fastq contains both bases
and quality, hence size would be double the number of bases sequenced; GB=Gigabases). Each
fastq file contained 4000 reads except the last one of each barcode. Overall the run yielded

3331007, 4879671 and 1967352 reads, respectively.

Demultiplexing Reads: separating the internal barcodes
Read sequences of individual samples were demultiplexed first based on their amplicon sequences
followed by the index sequence. All the reads of each (internal) barcode along with the read-names

were extracted to one csv file.

Subsequent analyses were performed individually for each sample, using scripts written in R

(v3.6.2).

We used clustalW from the package msa to search for the amplicon primer sequence (without the
tail) in the first 200 bases of a read. The total length of flowcell adaptor + index + amplicon was
only ~66 bases. Therefore, restricting the search to 200 bases was deemed sufficient and
considerably reduced the time needed for computation. Since the 5’ end of the read could either
have the forward or reverse amplicon primers, we searched for both. A match flag was set if the
number of mismatches was 0-3 bases. The forward and reverse amplicon matches were stored in
separate files.The matched reads of each primer pair were next searched for the identity of index
sequences: 10 indices with T7 tail with the forward amplicon primer and 10 indices with T3 tail
with the reverse amplicon primer, a total of 100 combinations. The matching of the barcode index
was tested only in the immediate region before the amplicon+T7/T3 locus at the 5’ end or in the
immediate region after the amplicon+T7/T3 locus at the 3’ end. Barcode index flags were set to
match only if the number of mismatches was 2 or fewer. Only a read with matching indices on both

the 3’ and 5’ ends were considered as valid, and assigned to the appropriate individual frog.
All the reads of an individual were aligned in Geneious (v2022.2.2). Even at this stage the aligned
reads were inspected by eye to remove obvious alignment errors. Any erroneously assigned read

which either had wrong index or more than two mismatches were removed.

The calling of the consensus base at a locus is the subject matter of the next chapter.
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A Consensus Base-Calling Procedure for NGS Data

Section 3.1: Introduction

Advancement in sequencing strategies both in terms of computational and technological
improvement have found numerous applications in ecology such as biodiversity assessment through
metabarcoding (Taberlet et al., 2012; Deagle et al., 2019), profiling microbiome communities
(Fierer, 2017), understanding population structure for conservation implications (Allendorf et al.,
2010), phylogeographic analysis (Robin et al., 2010) to name a few. The limited multiplexing
capabilities of Sanger sequencing (Sanger and Coulson, 1975) was greatly improved by the
introduction of next generation sequencing technologies which enabled high-throughput generation
of millions of reads while simultaneously sequencing hundreds of samples (Shokralla et al., 2014;

Golan et al., 2012).

Next generation sequencing technologies like Illumina and Roche rely on DNA fragmentation
followed by assembly of the sequenced fragments (about 150-300 bases) to obtain the sequence of
entire region of interest. [llumina, in particular, provides reads which are inexpensive (cost per base)
and accurate. However, as mentioned in the previous chapter, the library-prep is expensive for
highly multiplexed targets and the assembly can be problematic while resolving repeat regions,
detecting structural variant (Stancu et al., 2017). Biases in fragmentation can also result in uneven

coverage of the region of interest.

The development of single molecule real time (SMRT) sequencing implemented in Pacbio and
Nanopore technologies address the problem of fragmentation and assembly. These technologies
allow sequencing of an entire intact single DNA molecule of over 800 kb (Jain et al., 2018) even
exceeding 2 Mb (Payne et al., 2019) in real time. The MinlON platform implementing nanopore
technology and commercialised by Oxford Nanopore Technology (ONT) is a portable sequencing
platform which does not require a traditional dedicated sequencing facility — any computer with

modest hardware configuration can become a sequencer with the MinION.
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The major limitation of Nanopore sequencing, compared to Illumina, is the high error rates.
MinlON, when it was introduced, provided a low read accuracy of 60% (Goodwin et al., 2015,
Laver et al., 2015) which gradually improved to 85% (Jain et al., 2018; Stancu et al., 2017; Jain et
al., 2017; Tyson et al., 2018) but still falls short of the >99% accuracy offered by Illumina. Read
accuracy has been commonly defined as the percentage of bases in a read segment that match the
reference out of the total length of the read segment-reference alignment (Rang et al, 2018). The
reported per read accuracy is also based on the subset of reads that can be aligned to a reference
sequence (Rang et al., 2018). Although the average accuracy per read is low, the consensus
generated from homologous read alignment has reported final accuracies exceeding 99% (Loman et
al., 2015; Li H. 2016; Koren et al., 2017; Wick et al., 2018). While a final accuracy of 99% (1 in
100 error) can be sufficient in many cases, we set out to achieve accuracies of <1 in 1000 to be able
to construct well-resolved phylogenetic trees at the intraspecific level and to detect population

diversity on time scales much smaller than climate cycle periods.

When sequencer reads are aligned to a reference one usually see bases of more than one kind at
each locus. One needs an objective criterion for calling a particular base as the consensus at a locus.
Sequencers usually assign a quality to each base in a read in terms of the Phred score

Q =-10 log (probability of a base call being incorrect)

The Q score has often been used as a reliability metric in identifying the consensus base at a locus.

We present here a list of issues that we have identified from published literature (e.g. (Bonfield &
Staden 1995; Azam et al. 2012; Stock et al. 2024; Espada et al. 2022):
1. Given the centrality of reliability of a base (i.e. its Q score) to consensus-call, how close is
the formal error provided by the sequencing facility (Qr) to the actual value from data (Qp)?
2. Do the errors occur at random? In which case, increasing the depth should make the base-
call more accurate.
Or are there systematic errors? In which case, increasing the depth will not improve the
accuracy.

3. Different researchers use different thresholds for base-calling:
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© How dominant should a base be to become the consensus base-call? 95%? 90%? 75%?
50%?

© How should this threshold change with depth? Statistically depth (i.e. sample size) and
accuracy have a non-linear relationship.

o What should the Q score threshold be for usable data? Q =3? Q =57 Q =10?

o Should the threshold be set at the level of a read? Or at the level of each base?

4. How should we treat gaps?

o Gaps are not “real” bases from a sequencer; they are only introduced when the reads are

aligned to find the consensus base

o In fact, there are two kinds of gaps:

=  Gaps occur when a sequencer Table 3.1: Representative alignment for consensus
calling

skips over a real base in the o 1] 23]alslel|7]8]o9]10
. f d 1 . Consensus C|T|A|C|G|A|C T|C
input fragment — a deletion — clolalclolalc —
= Gaps also occur when a read2 | ClC Al TPRIAIC =
read 3 C|G|A|C|A|[A]|C T | =
sequencer wrongly “reads” a ead4 |(c|c|Aa|lc|c|Aa]cC T|cC
. . . read 5 C|A|A|C|[A|[A|C T| C
non-existent base in the input i | clalalclclalcle 7=
fragment — an insertion read? |CIAJAJCIAIAIAITIT IS
read 8 c|—-|A|C|G|A]|C T | -
e all the other reads in the read9 |c|G|a|T|Aa|lA]C T =
. . read10 [ C |G |A|cCc|G|A|C T B
alignment pick up a gap at rrad1l |c|alc|c|alalc T|c
the site of an insertion. readlz Jrjvjajcjejale TI=

© Gaps do not have a Q-score;
therefore, they do not have a
reliability measure
o Should the gaps be ignored while calculating the distribution of bases at a locus?

5. How can we assign a realistic and objective error to a base-call?

All previous strategies improve the accuracy of a base-call to a greater or lesser extent. However,
we did not come across any procedure which provides an error estimate separately for each called
base, or a justification for the criteria used to make a base-call. Indeed, we suggest that any
justification for using a particular set of criteria to call a base is contingent upon the accuracy with

which we want to do the same.

Page 48



Chapter 3: Consensus Base-Calling

In principal, even a sequencer which has random errors as large as 33% (Q ~ 5) on any particular
read-base should yield a consensus base-call with confidence level greater than 99.9% for depth
N=30 final probability is ~ 1/(1 + 0.5%%). In practice, this almost never happens because of
systematic errors. Researchers have generally obtained very large depths (200-5000 per locus) to
“increase accuracy”. But, even this does not guarantee accuracy in the presence of systematic

CITOorS.

In this chapter we present a statistical procedure to call the consensus' base at a locus of an aligned
block. This procedure first determines the error probability of individual bases in a read either using
a reference sequence or from the data itself in an iterative manner (the latter is ongoing work). This
error probability can be a function of depth and actual read quality (as against the formal quality
provided by the sequencer). Finally, these quantities are put into a bayesian framework to derive the
error on each base-call, which can be subject to a threshold to obtain sequences of the desired

accuracy.

Section 3.2: Base-calling Algorithm
At the outset we define the terms used in this chapter:

* Reference-set or Reference: A sequence with known bases for comparison with sequencer
reads. The reference-set consists of 4093 non-contiguous Reference-Bases across the
mitochondrial fragment of interest. The reference set was used
© to develop the base-calling algorithm
© to estimate errors of called-bases, as a function of depth
o then — apply the algorithm to other sequences

* Reads: the single molecule sequence of bases output by each pore of MinION

* Read-base or Reference-Locus: Bases in reads obtained from Nanopore/MinlON

*  Depth: Number of read bases at a locus
©  Median depth for our specimens ~100

¢ Base-call or Consensus base or Called-base: Consensus of read bases at a locus

The principal steps in the base-calling procedure were as follows:

1In this chapter, we use the terms consensus base and base-call interchangeably, depending on the

context.
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* Construct the Reference-Set

* Use the comparison between Read-base and Reference-base to calculate the actual base
error (Qp)

* Determine the fractional distribution of bases {Gap, ACGT} at any locus
Note that we are treating the gap as a base here. This fractional distribution may be
calculated after factoring in the Qp value of each base in the locus

* For each reference base as a function of depth, determine the probability that a particular
read-base ... Reference-to-Read probability distribution
© both reference- and read-base consist of any of {Gap, ACGT} ... 25 combinations in all

» Using the Bayes theorem, fractional distribution of bases at the locus and reference-to-read
probability (derived from a reference set of known bases) to determine the probability of
each of the 5 possible consensus bases at a locus

* Apply a minimum probability threshold to call the consensus base at each locus. We applied

an error threshold of <107

Section 3.2.1: Reference-Set

The frog individuals we collected had not been identified, primarily due to lack of taxonomic
material. We knew that they were species of the Philautus-Raorchestes complex of the family
Rhacophoridae and very likely to be conspecific. Therefore, we generated the reference set from
published mtDNA segments of 10 different species comprising 4 from the genus Polypedates, 4
from the genus Rhacophorus and 2 Raorchestes species from the study site. These last two species
had been previously sequenced using [llumina Miseq and are not part of the MinlON dataset. These
10 mtDNA sequences were aligned in Geneious (v2022.2.2) in the region covered by our
sequencing campaign. We selected those loci as the reference set where all the 10 species had the
same base, i.e. 100% consensus, indicating that those bases were conserved across the
Rhacophoridae family, including in the Raorchestes species in our sample. Figure 3.1 shows the
reference set (100% consensus — individual sequence bases in grey) as well as the loci which were
excluded (variable regions — individual sequence bases in colour). A total of 4093 out of 7219 bases

served as the reference set.

All MinION mtDNA reads were mapped to the consensus obtained from this 10-species alignment.
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Section 3.2.2: Q scores
Figure 3.2 shows the distribution of Qr scores provided by MinION. It includes data from over 1.3

million read-bases.

1.

The distributions are very different for the 4 bases. In particular, G distribution peaks at very
small values (Qr = 3) while T has a broader distribution with a peak around Qr = 23. The
median Qr value for G is 11 while that for T is 19. The corresponding error probabilities are
7.9% (for G) and 1.3% (for T) — a factor of 6 difference!

Setting an arbitrary threshold of 6 or 8 would eliminate most of the G bases at a locus,
resulting in an erroneous base-call. For instance, in Table 3.1 at locus 2: if most of the G
bases were excluded from the analysis because they fell under the threshold they may

actually turn out to be fewer than the A bases — which may not be of much higher quality but

lie just above the threshold.

Subsequently, we calculated the actual Qp value in the following manner: Calculate the fraction of

read-bases corresponding to the reference set which are not the same as the reference-base.

Calculate this fraction separately for each of {ACGT} and separately for each Qr value. That is,

at each of the 4093 reference loci

count the number of read-base = A and Qr = 13 in which the reference-base is A ... zl
count the number of read-base = A and Qr = 13 in which the reference-base is not A ... z2
Qo(A, 13) =-10 log[z2/(z1+22)]

repeat this for all values of Qr (35 values: 1-35) and for all 4 bases {ACGT} ... 140 values

170 180 190 200 210 220 230 240

Consensus IGTIAGGTIMGG"PGIAGITI A MAI aleler VAR HE ma:m-ac-wamnam.qm unmmwm-c.m.wm i‘IA'!'GAA.
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Figure 3.1: Aligned set of mtDNA from 10 different species (names on the left side of the figure) for generating the
reference set, The coloured bases indicate locus in which one or more bases differ from the rest. The reference set was

defined by loci with 100% consensus
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Figure 3.2: Distribution of formal Phred-Q scores (error probabilities) of ACGT bases from the fastq files provided by
MinION.
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Figure 3.3: Comparison of actual calculated from data) and formal Phred Q (from MinIlON) for each base. Phred-Q is a
measure of the error probability of a read-base.
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Figure 3.4: Cumulative probability distributions of of Qr (MinION: black) and Qp (Actual: coloured). The cumulative
probability at any value q is calculated from the fraction of bases with Q > q. The coloured vertical line on X-axis is the
median Qp value of each base.

Figure 3.3 shows a plot of the comparison between Qr and Qp. It shows several interesting features:
1. Forvaluesof Qe <13 ... Qp>Qp, else Qp <Qr

2. The highest Qp value lies between 17 (for T) and 23 (for G). It is well below the formal

value which extends all the way to 40. The actual error probabilities of the “best quality”

read-bases are 30 times higher than claimed by MinION

Figure 3.4 shows the cumulative probability distribution of Qr and Qp values separately for
{ACGT}. The shapes are very different, especially at the higher end. In particular, there is a sharp
fall in the distribution of T above Qp = 17. The median Qp values range from 12 to 15. Therefore,
the actual errors are factors of 0.8 to 2.4 higher than the formal errors. We note that a 2.4x increase
in error needs a 6x increase in depth to be compensated. Clearly, weighting the bases by Qp while
calculating the locus fraction is essential — having a single (arbitrary) threshold Q value for all bases

is not appropriate for an objective recipe for base-calling.
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Table 3.2: Read-bases at a locus. Qr and Qp are the formal (MinlON) and actual data Q scores, respectively. Q-Wt is
the weight of each base, being the ratio of Qp of the read base and mean Qp for the locus. The distribution of counts and
base-fraction of the 5 bases is also listed.

Read# | Read-base Qr Qo Q-Wt

1 A 13 12.77 1.29 Qb Sum 128.7

2 C 5 7.24 0.73 Qo Mean 9.897

3 A 11 11.34 115

4 Gap -

5 A 14 13.42 1.36

6 A 11 11.34 115

7 G 5 6.79 0.69

8 A 9 9.75 0.99

9 Gap - Counts Gap A C G T
10 T 4 5.70 058 Raw 2 8 1 1 3
11 T 4 5.70 0.58 Q-weighted 948 | 0.73 | 069 | 2.10
12 A 9 9.75 0.99

13 A 14 13.42 1.36 Base-Fraction Gap A C G T
14 A 12 12.07 122 Raw 0.133 | 0.533 | 0.067 | 0.067 | 0.200
15 T 8 9.37 0.95 Q-weighted - 10.729 1 0.056 | 0.053 | 0.162

Section 3.2.3: Fractional Distribution of Read-bases at a Locus
The core data input for base-calling at a locus are depth and fractional distribution of bases at the
locus. Indeed, the particular method by which one determines the base fraction distribution is at the

heart of the issues with base-calling.

Table 3.2 provides an example of the distribution of read-bases at a locus with depth 15. One can
define the fractional distribution in two ways:
1. Fraction of counts of each of the 5-base {Gap,ACGT}
o equivalent to the assumption that all read-bases in the locus are equally reliable.
2. Fraction of Qp-weighted counts of each of the 4-base {ACGT}
o Qp is the logarithm of error. Therefore, the sum of two Qp values is equivalent to the
multiplication of the corresponding error probabilities. Therefore, simple weighting of

the bases by their Qp values is equivalent to working with their joint error probability.

We note that gaps cannot be included in the second case since they do not have a Q score.
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Section 3.2.4: Reference-to-Read probability

Using the reference set one can determine the probability that a particular reference-base will result

in the measurement of a particular base-fraction at a locus. This will in general be a function of the

depth at the locus. For instance, considering all loci (= N¢) for which the reference-base is C

* let Nca = number of loci

with fraction of read-base =

Ais 0.2 (any value between
[0:1.0])

* let Ne¢ = number of loci

with fraction of read-base =

C is 0.8 (any value between
[0:1.0])

* For a good sequencer, Nca/

Nc¢ will be closer to 0.0 and

Nee/Ne will be closer to 1.0

Two actual Reference-to-Read

probability profiles (from our data)

are shown in Figure 3.5. The X-

axis of the plot is the base-fraction

of the read base — in this case the

read-bases are {Gap} and {T}. The

reference base in both plots is

{Gap}.

The raw curves were calculated
with a resolution of base-fraction =

0.02. Since the data is not

10 0 T T T T ™3
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Figure 3.6: Reference-to-Read depth fraction probability profiles
estimating the probability of read-base depth fraction for read-base T
(upper) and Gap (lower) when reference is a Gap. The colour
represent different depth classes.

continuous we then smoothed with a window size of 3 points. The raw profiles extended to about

10*. We did a linear extrapolation of the curve by another 2 orders of magnitude. This may be

justified by the fact that many distributions which involve the product of probabilities of occurrence

(e.g. Poisson, binomial, multinomial) have an exponential decay away from the peak. As it turns

out, linear extrapolation to 107 is not really necessary — a floor at
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10 or even 107 is sufficient for the purpose of estimating consensus-base error probabilities at the

level of 107,

As expected, the ref{Gap}-read{Gap} profile is non-zero mostly at values of gap-fraction closer to
1.0 ... i.e. when the reference-base is {Gap}, the most probable read-base is also {Gap}. On the
other hand, the ref{Gap}-read{T} profile is non-zero most at values closer to 0.0 ... i.e. when the

reference-base is {Gap}, the probability that the read-base is {T} is small.

The colours indicate depth — yellows: low, greens: mid and blue: high. The black is the mean curve
which has also been smoothed. Clearly, the higher depth curves are also narrower near the peak —
their values lie closer to the expected value (0.0 or 1.0), i.e. they are more accurate. It is reassuring

that the profiles for different depths are similar.

Ref{Gap}-Read{Gap} corresponds to the case of an insertion in a sequencer. When one or a very
few reads pick up {ACGT} at a locus, all the other reads in the alignment will pick up a {Gap}, 1.e.
the fraction of gaps at that locus will be high. On the other hand any profile of the type
Ref{ACGT}-Read{Gap} corresponds to a deletion. In this case the fraction of gaps at that locus

will be high. A good sequencer will only occasionally skip a base and introduce a gap at that locus.

We generated 25 such probability profiles for base-fraction from raw counts, i.e. for each
combination of 5 reference base {Gap,ACGT} X 5 read-base {Gap,ACGT}
We generated 16 such probability profiles for base-fraction from Q-weighted counts, i.e. for each

combination of 4 reference base {ACGT} X 4 read-base {ACGT}

We created look-up tables of the probability profiles parametrised by reference-base, read-base, 8
classes of depth, 51 classes of base-fraction. Loci with depth values in-between the nominal values

of the depth classes were processed using interpolation.
Section 3.2.5: Calling the Consensus-Base

We used the reference set to calculate the probability of getting a particular base-fraction of a

particular read-base ... given a reference-base. Whereas, the problem we need to solve is the
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inverse: given a particular observed set of values of the base-fractions of all the read-bases what is

the probability of a particular consensus-base?

The Bayes theorem is the natural tool to achieve this inversion:

where,

K

M

Lk

P(M | L)

Pk [M)=Dk :

P(Lk)

P(M)

P(Lk|M)=PM | Ly).P(Lg) / P(M) ... =P«

Index denoting a particular base; K=0: Gap, 1:A, 2:C, 3:G, 4:T

: measurement set, i.e, the set of all 5 base-fractions at a locus.
. condition that the consensus base is K

. conditional probability of observing a particular M, given a particular

reference-base K ... the reference-to-read probability profiles we have
previously described and calculated from the reference-set and data

Conditional probability that the consensus base is K given the observed
measurement set ... the goal of this exercise

: Prior probability of Lx. One can start with the distribution of

{Gap,ACGT} in the reference set as a measure of P(Lx) and if necessary
iteratively update the values after each round.

: Summation of [P(M | Lx) . P(Lk)] over all values of K

Calculate Pk for all values of K at every locus, i.e. Pi=Gap, P:=A, P=C, P:=G, P.=T.

Determine the consensus-base as per a defined set of criteria.

We applied the following criteria:

* calculate Psx
calculate Psx

. using Q-weighted counts for the 4-base set {ACGT}
. using Q-weighted counts for the 5-base set {Gap,ACGT}

* consensus base = Gap if Psp > 0.9999, else

* consensus base = B if Psp > 0.9999, where B is one the 4-base {ACGT}, else

* consensus base = B if Ps g is highest and Psj is not second highest and Psg > 0.9999
o B was the dominant base using the 5-base set but its probability was less than threshold
o the Gap was not the second most dominant base ... therefore ignore it.
o Since Gap is not in the reckoning, use the 4-base set probability for the consensus call

else

e etc ... as per user accuracy requirement ... else

» flag the locus by setting consensus base =N (could be any)
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We followed the simple prescription of ... “when in doubt, flag the data”. Flagging F loci out of a
total of T loci reduces statistical significance by sqrt{T/(T-F)}. For T ~ 10*, erroneously flagging
even F = 100 valid loci, would result in a loss in signal-to-noise by a factor of 1.005; or equivalent

to working with a fragment of length 9900 instead of 10000 — quite negligible. However, wrongly

including an incorrectly identified locus would greatly Table 3.3: Base-calling results.
. . Good-N4: consensus {ACGT} = reference;
increase the error. Our goal is to reduce errors to 1 base Bad-N4 consensus {ACGT} # reference;

in 10*. Including just 10 incorrectly identified loci will ~F12& flagged by the procedure

increase the error rate by factor of 10 which will reduce 10 kb fragment
phylogeny time resolution by factor of 10. Essentially, Depth | Good-N4 BAD-N4 | Flag
losing some data is less harmful than introducing 38 9937 8.6 54.1
wrong data. 60 9949 6.2 45.3
82 9956 3.2 40.5
Table 3.3 summarises the results of consensus base- 106 9958 3.7 38.7
calling algorithm, normalised to a 10 kb DNA 132 9957 4.2 38.5
369 9960 5.6 34.8

sequence. “Good-N4” column represents those loci
where the consensus called-base matches the reference
set. “BAD-N4” column is the number of loci where called consensus base differs from that in the
reference despite having error probability < 10*. The “Flag” column represents those loci where the
consensus call did not meet the accuracy threshold. A fraction of these would have been part of
Bad-N4 column, doubling the numbers there, thereby reducing the time resolution in a phylogenetic

tree, perhaps by the same factor.

We draw attention to the fact that the values in “BAD-N4” initially decreases with depth but
increases again. We do not understand this yet but it is related to the systematic effects. It may be
related to the fact that as the depth increases the consensus alignment greatly increases the length of
the alignment. For instance, for a depth of about 20, the alignment of the ~7000 mtDNA amplicon
increased to about 10000 with the insertion of gaps; for a depth of 1000 the aligned length was
about 30000. This is because a sequencer insertion in even a single read will add a gap to the
alignment, and the probability of insertion at a locus increases with depth. The difficulty in
accurately identifying all the spurious gaps — 23000 gaps in an alignment of length 30000 —
especially in the presence of systematic effects, may be responsible for the marginal increase in

CITOTIS.
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Figure 3.7: Distribution of flagged consensus bases (set to N) in an alignment of mtDNA amplicon of 48 individuals of
a frog species.

This brings us to the major advantage of this technique, and one which is not reflected in the table —
its ability to deal with gaps in an objective manner. Consider two samples: one with a read depth of
30, of which 27 read-bases are {ACGT}, and another with a read depth of 100 of which 73 are gaps
and 27 are {ACGT}. All researchers will routinely call the consensus-base from {ACGT} in the
first case. However, should the consensus-base in the second case be {Gap} or should it be called
from the 27 read-bases of {ACGT}? We did not find any objective way of making this decision in
published literature; our recipe provides a way. Table 3.3 deals with accuracy in the estimation of
ref-base {ACGT}. Quantifying the efficacy of the procedure in identifying gaps is less straight-

forward.

This method of base-calling resulted in an unexpected bonus after we aligned the mtDNA sequences
from multiple individuals of one species. Figure 3.7 shows the distribution of flagged bases, i.e.
those which were marked N by our algorithm because the error probability was not less than 10~*.
Remarkably, these flagged loci are not randomly located across the amplicon. They occur in ~30
loci across the 7200 bp amplicon but 14 loci have 3 or more flagged bases. Clearly, MinION has
systematic issues associated with the sequence motifs at these loci. Base-calling at these loci

without an objective error probability-based criteria will very likely result in correlated errors in the
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sequences — resulting in well supported but spurious branches in the phylogenetic tree. A simple
solution is to not use these loci in analysis — and our technique shows the way to identify these

problematic loci.

Section 3.3: Discussion

Recent advancements in single molecule real-time (SMRT) sequencing has made it a very attractive
sequencing strategy especially for projects where a reliable, time-tested reference sequence is not
available. In particular, the Nanopore MinlON platform offers the prospect of getting ~20 GB data

in a very convenient manner and at modest cost. However, it has a reputation for poor accuracy.

The consensus base-calling technique that we have presented here solves this problem to some
extent and is of particular utility to the study of non-model organisms. Our approach was tailored to
suit both the scientific goals as well as financial constraints. Whole genome sequencing of 200 frog
specimens was entirely out of the question; indeed, even ddRAD would have cost close to INR 4

million (USD ~40000). Our wet lab cost for this study was about INR 0.3 million.

Of course, ddRAD would have given us a lot more data, but that quantum of data was not needed,
and that too for an order of magnitude increase in costs. Similarly, putting together 7000 bp of data
using Sanger sequencing requires a much higher quantum of effort and at least 5 times in expense.
Our approach of long-range PCR followed by Nanopore sequencing and an objective base-calling
algorithm occupies a niche in between ddRAD-NGS on the one hand and Sanger on the other hand
in terms of expense and effort. This will be particularly useful for intraspecific studies which

requires large amounts of DNA to compensate for the short time of divergence.

The cost for increasing the size of the sequence data is merely cost of 4 or 5 more long-range PCR —
about INR 300 (USD 3). The sequencing cost itself does not increase:
the 15 GB expected from a MinlON has enough capacity to provide 50 kbp sequence at an
average depth of 200 for 1500 samples.

But even from a scientific perspective (of course, apart from expense — which is very much an
integral part of scientific strategy!) this technique serves a particular niche. Sanger sequences of

single genes are too small for accurate phylogenetic tree construction. More accurate trees using
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~10 kbp can only be constructed by sequencing a dozen or more genes. Similarly, ddRAD builds up
its data from small ~150 bp from across the genome. They both provide an “average” view of the
phylogenetic history of the organism. With ~10 kb sequence length per gene our technique can
generate accurate single-gene phylogenetic trees to understand the differing histories of genes in an

organism.
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Intraspecific Diversity along Elevational Gradients

4.1 Introduction

The variation of species-level diversity along elevational gradients is well documented (Whittaker
& Niering 1975, Terborgh 1977, Rahbek 1995, Stevens 1992, Lomolino 2001, Colwell et al. 2004,
McCain & Grytnes 2010, Steinbauer et al. 2016). The observed elevational patterns are more varied
than along latitudinal gradients (e.g. Miraldo et al. 2016). The observed patterns, which vary with
taxa and locales, include monotonic decrease of diversity with elevation (Rahbek 1995,Vazquez &
Givnish 1998, Heaney 2001, Lomolino 2001, Tang & Fang 2004, Gebrehiwot et al 2016),
unimodal/peaked (Terborgh 1977, Sanders et al 2003, Bhattarai & Vetaas 2006, Acharya et al.,
2011; Guo et al. 2013, Zhou et al. 2019), and low-elevation plateau followed by a decline (McCain
2009, Paudel et al. 2018, Els et al. 2021, Snider et al. 2024). These patterns are likely to be
influenced by a combination of climatic, ecological and anthropogenic factors (Whittaker 1967,
Gaston 2000, Brown 2001). Studies on biodiversity patterns along elevational gradients have
reported mid-elevation peak for birds (Pandey et al. 2020), decline in species richness with
elevation for mammals (Snider et al. 2024) and increase in species richness with elevation owing to
lower anthropogenic disturbance in high elevations for plants (da Silva et al. 2014). Elevational
gradients have also been reported to exert variation in diversity patterns between exotic and native
plant species with the native species exhibiting high phylogenetic diversity and impacted more by
ecological filtering and the exotic species exhibiting high phylogenetic clustering and impacted

more by climate change (Manish Kumar, 2021).

Understanding patterns of biodiversity and their variation is therefore a key area of investigation in
ecology. Elevational gradients in comparison to latitudinal gradients, offer an attractive ecological
setting for investigating diversity patterns by hosting large variation in environmental conditions
within a relatively short geographical space. This compactness makes the logistics of collecting data
easier in some ways and especially in the case of a single slope, provides a context in which
dispersal barriers have little role in determining species composition. Also, the climatic regime (e.g.

dominant wind direction and rainy season), biogeographical history and the regional species pool
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are largely the same across the environmental gradient. Therefore, elevational gradients are

excellent for studying the impact of the environment on diversity.

The selection pressure that the environment exerts on species is actually mediated by its impact on
individuals. Therefore, one expects that the steep environmental gradient (large range and short
distances) may lead to locally adapted populations of a species at different elevations — i.e. genetic
differentiation of populations. It may be noted that in our study site a transect of 10 km ground
distance spans 3000 m in elevation and as much temperature range as latitudinal band spanning
3000 km (i.e. the length of India). Furthermore, the very short distances between the locally adapted

populations may result in mixing which increases genetic diversity at any elevation.

Therefore, elevational transects are excellent contexts for studying the dynamics of intraspecific
diversity” through the competing processes of local adaptation and impact of mixing of intraspecific
diversity in the mountains. Intraspecific diversity can also be an indicator of greater prospect of
survival of a species or population from a conservation perspective (e.g. Piaggio et al. 2009;

Massad et al. 2024).

The elevational influence on genetic diversity can be posed at two taxonomic levels:

1. At the species level: Does the (mean) elevation at which a species is found influence its
genetic diversity? This can be further explored by sampling all the elevational populations
of the species, or by sampling the diversity at a single elevation.

ii. At the population level: Do the different elevational populations of a species have different

levels of genetic diversity?

Section 4.1.1: Comparison of genetic diversity across elevational populations

In a meta-analysis comprising 41 studies, Ohsawa & Ide (2008) found four different patterns in
plants: 26% reported the highest intraspecific diversity in the mid-elevation populations (perhaps
due to optimal conditions at the centre, and suboptimal periphery), 19% showed the lowest diversity
in the highest elevation populations (perhaps due to harsher conditions resulting in smaller
population size, drift and short time since the last glacial maximum), 24% exhibited an increase in

diversity with elevation (perhaps the high elevations acted as long term refugia with little

2 Unless otherwise mentioned intraspecific diversity and differentiation in this chapter refers to genetic diversity and
differentiation — typically estimated by quantifying variation at neutral DNA loci.
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anthropogenic disturbance and habitat fragmentation) and 29% had no significant correlation

between diversity and elevation.

Daco et al (2022), using microsatellite markers, found no pattern of diversity in the plant Anthyllis
vulneraria across a 500-2500 m elevational transect 2000 m (48 km ground distance) but did detect
a decline in diversity across 2500 km of latitude. However, Ju et al (2022) report a peak in diversity
in the mid-elevation population in the plant Juniperus squamata. They ascribed this to
anthropogenic stress at the lower elevations and environmental harshness at higher elevations. Hahn
et al (2012) reported no change in genetic diversity with elevation in 3 plant species, while Reisch

& Rosbach (2020) reported that intraspecific diversity was lowest in the alpine zone.

Meng et al (2019) reported contrasting patterns in the broad-leaved tree Euptelea pleiospermum.
They sampled along an elevational gradient spanning 900-2200 m located at the core and the edge
of its latitudinal range. They observed a considerable decline in diversity with elevation at the core
but a much weaker pattern at the latitudinal edge. They also found that the diversity in the

latitudinal edge was less compared to the latitudinal core populations.

Low et al (2014) reported no change in genetic diversity between 0 m to 1200 m in the black fly
Simulium tani. Polato et al (2017) showed a decline in diversity with elevation for the higher
elevation montane mayfly Baetis bicaudatus but not in the lower elevation species (B. Tricaudatus).
Liao et al (2024) reported association of genetic diversity with habitat for zoo-planktons when
nuclear markers were used but not with mitochondrial DNA. However, there was no elevational
pattern to the diversity. Giordano et al (2007) reported a decline of genetic diversity with elevation

in the long-toed salamander in north-western Montana.

In summary, there is no particular pattern of elevational variation of intraspecific diversity across

elevational populations of species across multiple taxa.
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Section 4.1.2: Comparison of genetic diversity in species at different elevations

Thiel-Egenter et al (2008) is among the few — the only one we encountered — in which intraspecific
diversity in species from different elevations were compared. They studied 22 high-elevation plants
from the Alps and Carpathians using AFLP. Curiously, they found that species with narrower
elevational range in the highest vegetation belts had higher genetic diversity. They also reported that

wind pollinated and dispersed species had higher diversity than self- or insect-pollinated ones.

Section 4.1.3: Genetic differentiation between elevational populations of species

Moran et al (2017) reported a weak but statistically significant genetic differentiation which
increased distance (across a 250 km transect) in populations of the invasive plant Solidago
canadensis using microsatellites and cpDNA as molecular markers. Daco et al (2022) found a
gradient of differentiation across both elevation (2000 m) and latitude (2500 km) in the plant

species Anthyllis vulneraria. They ascribed both to isolation by distance.

Shi et al (2011) studied populations of Castanopsis eyrei, a dominant tree in subtropical forests to
investigate the effects of both isolation by distance and by elevation. They sampled 24 populations
between 251 and 920 m. They sequenced 8 microsatellite loci and estimated genetic distance using
Fsr. They reported that genetic distance was correlated to both geographic and elevational distances.
They concluded that the higher rates of gene flow among sites at similar elevations was a signature

of isolation by elevation (i.e. local adaptation).

Hahn et al (2012) reported considerable genetic structure in the plant Briza media but did not
discuss any correlation with distance. However, their higher elevation populations showed a greater
degree of differentiation suggesting higher barriers to dispersal. A study on European larch in the
French Alps along a gradient of 1350 to 2300 m found low genetic differentiation and minimal

spatial genetic structure (Nardin et al. 2015).
Rufous-collared sparrow (Zomnotrichia capensis) population in the Andes showed elevational

differentiation in mitochondrial markers but not with nuclear DNA (Cheviron & Brumfield 2008).

However, even the mitochondrial DNA did not show any correlation with geographical distance.
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Thus, there are examples for genetic differentiation driven by distance (at same elevation) and by
the environment (at different elevations). There are also instances of differentiation without any
obvious correlation with either distance or elevation. The nature of the genetic markers (nuclear or
mitochondrial) also seems to make a difference. Naturally, life history traits — especially dispersal —

is also expected to play a role.

Section 4.1.4: This Work

We sampled 233 individuals of Raorchestes frogs along the 400-2400 m transect in Eaglenest,
targetting approximately 10 individuals in each elevational band of 100 m. We did not know of their
species identity at the time of sampling because (i) their calls are very similar and (ii) the
intraspecific variation in colour forms is similar to the difference between species. Subsequent
sequencing of a short mtDNA fragment showed that they belonged to 3 species which occupied
largely non-overlapping elevations (Mishra 2015). We managed to sequence long-fragments (6-7
kb) of mtDNA and/or nuDNA for 172 individuals. We constructed a phylogenetic tree of these frogs
with the mtDNA to estimate both genetic differentiation and diversity from SNPs therein.

The genetic data was used to address the following questions:

1. Do the 3 elevationally segregated Raorchestes species have comparable intraspecific
diversity?
Does distance from the elevational edge, both at the top and the bottom of the slope, impact
intraspecific diversity, especially under the regime of climate cycling?

2. Are the individuals of a species at different elevations adapted to the local environment
(e.g. temperature)?
The entire geographical distance between the upper and lower elevational edges of the
species ranges is only ~5 km. The single mountain slope on which the Raorchestes were
sampled does not have any obvious barriers to the movement of frogs. Therefore, any
genetic differentiation between individuals at two different elevations is most likely to be

due to local adaptation.
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Section 4.2: Data and Methods

Section 4.2.1: Basic Data

Phylogenetic tree constructed using neighbor-joining (NJ), maximum likelihood and bayesian
inference with Rhacophorus schlegelli as an outgroup returned three elevationally associated
clades: the low elevation species around the settlement of Khellong (n = 48), mid-elevation species
around the settlement of Sessni (n = 31), high elevation species above the settlement of Bompu (n =
93). The sequences were aligned in Geneious (v2022.2.2). NJ was implemented in Geneious,
maximum likelihood implemented in IQTree (v2.3.6) and bayesian inference in MrBayes(v3.2.7).
The topology at the level of clades is same for all three techniques. We note that it was sufficient for
us to separate the 3 species (which was done with mtDNA); this study does not require the identity

of the species.’

Section 4.2.2: Pair-wise Phylogenetic Distance
Both objectives required calculation of pairwise phylogenetic distances which were obtained from
Geneious (v2022.2.2) which provides patristic distances in the form of branch length for each pair

of frog sequence.

We estimated genetic diversity within a population or within a species by the mean branch length
between individuals within the group. Differentiation was estimated by the mean branch length

between all possible individual pairs between pairs of populations within a species

We tested local adaptation within a species by regression of genetic distance against elevational
distance. We assessed this by plotting pairwise phylogenetic distance against pairwise elevational
distance for each individual within a species. The actual ground distance across the entire
elevational range of the species varied from 3 km (Bompu) to 10 km (Khellong). The median post-
natal dispersal distance is 100-300 m for small bodied frogs (Smith and Green 2005) and 500-1500
m for large-bodied frogs (Dolmen and Seland 2016). Therefore, 3-10 km is a very short distance
even when compared with the low vagility of frogs. Therefore, any increase of genetic distance with
elevational distance was much more likely to be due to ecological differences than due to isolation

by distance.

3 The 3 species are referred to by the localities nearest to them: Khellong, at low elevation; Sessni, at mid-elevation;
Bompu, at high elevation
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Local adaptation was also explored by analysing the genetic differentiation among population pairs
in the form of Fsr which we obtained from Arlequin v3.5. We had sampled Raorchestes along a
continuous transect due to which there were no discrete locations where sufficient numbers of
individuals were collected and therefore could be subsequently treated as populations. So, we split
up the elevational ranges of each species into bands of 100 m. We analysed as a population every
such band which had at least 7 individuals. Sessni, which also had the least number of individuals
had only one elevational band with sufficient individuals. So, we lowered the threshold number of

individuals to 5 for Sessni.
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Figure 4.1: mtDNA phylogenetic tree for 172 Raorchestes specimens (many have been excised due to limited
space) yields 3 distinct elevationally associated clades. The right half of the figure has been expanded to
show the two major clades in the Sessni species.
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Chapter 4: Intraspecific Diversity along Elevation

Section 4.3: Results

Section 4.3.1: Comparison of genetic diversity in species at different elevations

Figure 4.2 and Table 4.1 show the intraspecific genetic diversity for the 3 elevationally segregated

species. The middle elevational Sessni species was found to be the most diverse, as evidenced by

higher mean and higher SD of its intraspecific phylogenetic distances

Table 4.1: Intraspecific pairwise phylogenetic distance for each species.

Species N Phylo-Dist | Phylo-Dist | Phylo-Dist | Elevation | Elevation | Elevation
Mean SD SE mean (m) | SD (m) SE (m)
Khellong | 48 | 3.18X10* | 2.71 X 10* | 3.92X 10 804.4 165.28 23.9
Sessni 31 738X 10° | 1.2X10% | 2.18X10* 1365.0 202.39 36.4
Bompu 93 244X10° | 1.3X10° | 143X 10™ 1966.4 200.93 20.8
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Figure 4.2: Mean and SD of pairwise intraspecific phylogenetic distance plotted against elevation for
each species. Sessni has the highest intraspecific diversity. Error bars are standard deviation for
phylogenetic distance and elevation (to illustrate the elevational range of the species)
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Chapter 4: Intraspecific Diversity along Elevation

Section 4.3.2: Phylogenetic distance versus Elevational distance within species

The results of the linear regression for pairwise phylogenetic distance and elevational distance are
listed in Table 4.2 and plotted in Figure 4.3. The grey dots represent the individual pairwise
phylogenetic and elevational distances. The red symbols represent the mean and SD of the
individual pairwise phylogenetic distances within each bin of 50 m elevational distance. Linear
regression yielded a highly significant positive relationship between phylogenetic and elevational

distances for the Bompu species (R* = 0.75), but not for the Khellong and Sessni species.
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Figure 4.3: Pairwise phylogenetic distance against elevational distance. We detected a significant positive relationship
for the Bompu species but not for the Khellong and Sessni species.

Table 4.2: Parameters of the linear regression between phylogenetic and elevational distances. The data is the
plotted in Figure 4.3.

Species Intercept Slope R?

Khellong (3.06 £0.18) X 10™* (3.47+6.39) X 10°® 0.04
Sessni (7.72 £1.56) X 107 (-2.83+£4.51)X 10° 0.04
Bompu (2.07 £0.11) X 10* (1.64 £0.28) X 10 0.75
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Chapter 4: Intraspecific Diversity along Elevation

We also investigated population
differentiation ~ with  elevational
distance using Fsr. This analysis
also shows results similar to those
from phylogenetic distance, viz. a
significant  positive  relationship
between the two variables for the
Bompu species but no relationship

for the Khellong and Sessni species.

Table 4.3: Parameters of the linear regression
to Fsr v/s elevational distance. Only the
Bompu species shows an increasing genetic
differentiation with elevation

Species | N | Intercept| Slope | R?
(10
Khellong | 6 0.0287 | -0.809 | 0.39

Sessni 6 0.13 -1.83 10.02
-0.0394 | 4.68 | 0.59

Bompu | 21

Rsqg = 0.592 o
0.30 5005 BOMPU
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Figure 4.4: Pairwise elevational Fsr obtained from Arlequin plotted
against elevational difference for populations of Khellong and
Sessni. No significant relationship observed for either population.
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Chapter 4: Intraspecific Diversity along Elevation

Section 4.4: Discussion

Our objectives were twofold: (i) does the location of a species along the elevational gradient affect
its intraspecific diversity, and (ii) is there a signature of adaptation to local conditions (using genetic
differentiation as a proxy) within the elevational range of each species. We measured both diversity

and differentiation using phylogenetic distance from a tree created using ~7000 bp of mtDNA.

The analysis of intraspecific diversity for the three species indicated Sessni to have the highest
intraspecific diversity. We did not encounter any study which investigated a possible correlation
between intraspecific diversity of a species and its location along an elevational span. The nearest
that we got was Thiel-Egenter et al (2008) which investigated the intraspecific diversity within plant

species as a function of their elevational range and mode of dispersal.

Frogs, being strongly tied to the climatic conditions, are expected to track their (temperature) niche
during the global climatic cycles. The Khellong and Bompu species, at the lower and higher edge of
the mountain may be affected by global climatic cycles. During global maxima, when temperature
rises, Bompu populations would run out of space for tracking cooler temperatures higher up the
mountain and during global minima, Khellong populations would run out of hill forests. The flood-
plain forests of the Brahmaputra valley are quite different from the hill forests despite minimal
elevational difference. Therefore, we propose that Khellong and Bompu populations get decimated
during climate cycling events every 10° years resulting in loss of genetic diversity. However, Sessni
populations located in the mid-elevation can retain their diversity better resulting in higher

intraspecific variation.

The investigation into local adaptation resulted in a significant linear positive relationship between
pairwise phylogenetic distance and elevational distance for only the Bompu species. The correlation
is strong even though the absolute change is small ~0.16% in 1000m. This pattern was also
analysed using Arlequin and Hudson’s Fsr as a measure of pairwise population genetic
differentiation. Hudson’s Fsr (not shown here) did not show a significant relationship with
elevational distance, but Arlequin’s Fsr showed a significant positive relationship with elevational
distance for the Bompu species. However, the Khellong and Sessni species did not show any such

relationship with either measure of Fgr.
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Chapter 4: Intraspecific Diversity along Elevation

We recognise that adaptation to environmental conditions is more difficult to prove and our result
only indicates a relationship between phylogenetic distance and elevational distance. However, we

argue that the circumstantial evidence favours environmental adaptation over isolation-by-distance.

Firstly, the ground distance between the outermost individuals of the Bompu species is merely 2.8
km. This is not much larger than the post-natal dispersal distances of 100-300 m estimated for small
bodied frogs (Alex Smith and Green, 2005). Therefore, one would expect efficient mixing of
elevational populations within the timescale of tens of generations (few hundred years). Indeed we
see no relationship for the Sessni and Khellong species whose ground span is 5 and 10 km (2-3
times that of the Bompu species), which we should have if isolation-by-distance operates in a

similar manner in these closely related species.

Secondly, the 700 m of elevation separating the outermost Bompu species records corresponds to a
temperature difference associated with 700 km of latitude (~5 °C). This is a large enough range for,
especially, temperature-sensitive taxa like frogs. It has long been postulated that higher elevations
are associated with stronger environmental filters (Whittaker, 1967). Indeed, this has been shown at
our field site for moths (Mungee and Athreya, 2020) and for birds (Mungee et al., 2025). This fits in
with expectation of stronger environmental selection on the higher elevation species — the two lower

elevation species at Khellong and Sessni do not show this relationship.

Finally, many studies have detected genetic differentiation between geographically separated
populations of a species. In our case, we see a strong relationship between phylogenetic and
elevational distance. This suggests a continuously and smoothly varying factor responsible for the
differentiation — which suggests either isolation-by-distance or the environment. We have already
argued against distance. Mungee and Athreya (2020) have shown that the composite environment
consisting of temperature, precipitation, air pressure and vegetation cover changes linearly with

elevation.

Hence, our contention is that the observed relationship between phylogenetic distance and
elevational distance is indicative of local adaptation. Table 4.4 lists some of the elevational studies
which tested for genetic differentiation as a function of geographical distance. Our detection of the

relationship in the Bompu species spans the shortest distance in the list — just 2.8 km. We detected a

Page 73



Chapter 4: Intraspecific Diversity along Elevation

change of just 0.08% in 700 m. This is indeed a very small change. We could only measure it
because of the novel sequencing approach that we developed, that we have described in chapters 2
and 3. This gave us ~7000 bp of mtDNA at very low cost. We are in the process of carrying out a
similar analysis with nuclear DNA. Finally, we expect to settle the isolation-by-distance debate over
the next few years by measuring Raorchestes populations along a horizontal contour well in excess

of 3 km (which is the length of the elevational transect).

Table 4.4: Summary of some investigations into the genetic differentiation vs elevational distance relationship.

Source Taxon Elev-Low (m) | Elev-High | Elev-Dist | Geog-Dist | Correlation
(m) (m) (km)

Daco et al. 2022 Plant 471 2362 1891 48 yes

Polato et al. 2017 Insect 2001 3397 1396 26 yes

Low etal. 2014 Insect 235 1405 1170 23 no

Jungels et al, 2010 Amphibian - - - 60 yes

Cheviron & Brumfield, Bird 130 4150 4020 124 yes

2008 450 4030 3580 147

This thesis 1650 2350 700 2.8 yes
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This chapter closely follows a manuscript submitted to BioRxiv (https://doi.org/10.64898/2025.12.19.695388) titled
Width of Range Overlap in Congeneric Bird Species Pairs along an Elevational Gradient in the Eastern Himalayas
(authors: D. Dutta, R. Pandit, R. Athreya)

Chapter 5

Range Overlap in Congeneric Species Pairs

Section 5.1: Introduction

The range of a species is defined as the geographical extent of a species occurrence and the area
occupied by populations of a species (Gaston, 1991). Species ranges offer key insights into its
ecological niche and variation in response to environmental change. The borders of a species range
do not extend infinitely and tend to stabilise where environmental gradient is steepest (Case and
Taper, 2000) often coinciding with locations where another species is more successful — either in
terms of better adaptation to abiotic (environment) and/or biotic factors (competition, predation,
pathogen pressures) (Holt and Keitt, 2005). Interspecific competition and gene flow have been
theoretically shown to be the principal mechanisms involving biotic factors that act synergistically
to set species range limits with competition reducing local densities of a species at its range edge
and gene flow from central populations reducing the frequency of locally adapted alleles (Case and

Taper, 2000).

Empirical studies on factors setting range limits have focused on abiotic and biotic factors as well as
the interaction between them. Factors setting range limits can possibly explain latitudinal and
elevational patterns in species richness (MacArthur 1984, Rosenzweig 1996, Wiens et al. 2006;
Kozak and Wiens. 2010, Giehl and Jarenkow 2012), patterns of community structure (Stephens and
Wiens 2009), spread of invasive species (Peterson 2003) and allopatric speciation (Kozak and
Wiens 2006). Different factors are relevant in setting range limits at different parts of a species

range (Brown et al. 1996).

Role of abiotic factors in setting range limits has mostly been demonstrated with association
between climatic variables and range boundaries between species. The species interactions and

abiotic stress hypothesis (SIASH) predicts biotic factors to be more important in limiting species
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ranges at the warm edge, i.e, at lower latitudes and elevations while abiotic factors are expected to
be more important at cold edge (higher latitudes and elevation). Cahill (2014) investigated range
limiting factors at the warm edge and found that abiotic factors were more important than expected
under SIASH. Experimental manipulations of environmental variables ensures investigation of
direct influence of abiotic factors in setting range limits. Meta-analyses of transplant experiments
beyond species range have been found to be associated with decline in fitness suggesting that niche
limits are indeed range limits (Hargreaves et al. 2014, Lee-Yaw et al. 2016). Abiotic factor in the
form of cold water temperature affecting larval development has been demonstrated in fiddler crab
Minuca pugnax (Sanford et. al, 2006). Expansion and range contraction following episodes of
climatic warming and cooling (Crothers 1998, Parmesan, 2006) also serve as evidence for influence
of abiotic factors. Abiotic factors can also structure species ranges by both inducing physiological
limits as well as indirectly by affecting resource availability as demonstrated in range contraction of
southern flying squirrel (Bowman et al. 2005). Abiotic factors such as temperature and ecotone
(Elsen et al. 2017) was considered to be most important in setting range limits in their respective

taxa and region of study.

Studies investigating the role of biotic factors alone have found them to be responsible for setting
range limits in some but not all cases. Implications of range overlap has been tested in both
laboratory and field settings. Arakaki et al’s (2020) work involving range extending congeneric
fiddler crabs did not find any evidence of competitive exclusion either in terms of habitat selection
or in terms of agonistic behaviour from the species whose range recently came into overlap with a
range extending congener. This implies that range overlap in these species is unlikely to threaten
their future persistence. However, investigation in another taxa (birds) which were distributed along
an elevational gradient found evidence for asymmetric interspecific aggression with the more
aggressive species threatening the persistence of the non-aggressive congener (Jankowski, 2010;
Freeman and Montgomery, 2016). Arif et al (2007) showed that the range of the dominant species
was set by the environment while that of the other was limited by the dominant species. Briers
(2003) inferred that the more dominant species may restrict the other to physiologically poor
adapted areas where it may become susceptible to pathogen and predation pressure. This is of more
concern for congeners with smaller range as any climate change mediated range extension of their
more aggressive counterpart would cause them to run out of elevational space, especially at either

end of the extant elevational range. Investigations into biotic factors determining range limits has
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found behavioural traits such as territoriality (Freeman et al. 2019, Freeman et al. 2022) and

physiological limits (Altshuler 2006) defining species ranges.

Range limits are expected to be set by an interplay of abiotic and biotic factors and some studies
have actually demonstrated it. Altitude or habitat ranges of some bird and fish species are greater in
mountain ranges where parapatric congeners are absent rather than in mountain ranges where
congeners are present (Cadena & Loiselle 2007). Temporal variation in the position of interacting
species’ range limits also suggests that competitive interactions may shrink the realized range of
some species to a smaller spatial area than is physiologically tolerable (Hersteinsson & Macdonald
1992). Edwards & Hernandez-Carmona (2005) demonstrated that the giant kelp, Macrocystis
pyrifera, experienced population
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overlap is expected to induce Figure 5.1: Abundance profile along environmental
competitive exclusion because of gradient (Muster et al. 2002)

niche overlap. The extent of such overlaps indicate the degree of coexistence among congeners
ultimately affecting their overall distribution. Range overlap patterns have also been shown to
exhibit region specific variation in ecological properties of species as demonstrated in closely

related species of birds whose body sizes differ more when their ranges overlap in warm as
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compared to cool climates (Bothwell et al. 2015). Investigating species range patterns therefore,
provides crucial insight for predicting species persistence especially when climate change mediated

range shift is a major concern.

Research on climate change induced range overlap involving closely related congenerics whose
ranges do not currently overlap has predicted an overall future overlap for 6.4% of new world birds,
mammals and amphibians with highest for birds (11.6%) followed by mammals (4.4%) and
amphibians (3.6%) (Krosby et al. 2015). Future species overlap is expected to threaten persistence
through increased competition and hybridisation, leading to suboptimal adaptation for individuals at

the range edge.

Muster et al (2002) have shown some of the species abundance profiles expected under the
influence of both abiotic and biotic factors (see Figure 5.1). In particular, they show the impact of a
second species on the range of the first. Their schematic explains the patterns of range boundaries

arising as a result of interactions between various abiotic and biotic factors.

5.2 Data and Methods
5.2.1 Raorchestes Frogs

As described previously, the 172 individuals of Raorchestes frogs that we sequenced, neatly divided
into 3 well-defined species-level clades, which also segregated by elevation: Khellong species (n =
48; low elevation), Sessni species (n = 31; mid elevation) and Bompu species (n = 93; high
elevation). We derived the abundance ratios (lower-elevation-species to sum-of-both-species) within
each 100 m elevational interval for each pair of Raorchestes species across their combined
elevational range. We fit a logistic curve to the abundance ratio v/s elevation data of the two
adjacent pairs (i.e. Khellong-Sessni and Sessni-Bompu). The sigmoid function that we fit was
probability (same as abundance ratio) p = 1/(1 + exp(Bo + BiE), where E is the elevation. We
defined the range overlap or the range transition width as the elevational span over which the

probability changed from 90% to 10%.
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Frog (Raorchestes): Low vs Mid elevation (Khellong and Sessni) Frog (Raorchestes): Mid vs High elevation (Sessni and Bompu)
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Figure 5.2: Abundance ratio of congeners modelled using a logistic regression along elevation. The solid green line is
the best fit sigmoid curve. The vertical dashed lines define the region where the fraction of the lower elevation species
reduces from 90% to 10% - i.e the width of the transition zone.

All analysis were done using scripts written in R (v4.3.2). The function glm in base R was used to

model logistic regression.

We noted that the transition zones were quite narrow: just 117 and 258 m of elevation. Since we
had only 3 species of frogs we had no way of determining if this narrowness of overlap was a

general feature of either frogs or of the landscape.

However, we did have a large data base of the bird abundance distribution along the same transect.
So, we used the bird data to investigate if the range overlap between congeneric species pairs was

small in general. This is expected to facilitate cross-taxon comparison at a later date.

5.2.2 Bird Data

The bird data used in this study has been described elsewhere (Mungee & Athreya 2021; Mungee et
al. 2025; Maitra et al. 2022). Briefly, birds were recorded on road transects of 200 m length at 49
elevations between 200 m and 2800 m. The transects were separated by 50 m in elevation.
Individual birds were identified to species and recorded by a single individual (Rohan Pandit). Each
transect was sampled 24 times during the summer months of May to July between 2012 and 2014.

This effort yielded 15867 records of 245 species. We have followed the nomenclature and
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taxonomy of Handbook of Birds of the World (HBW) and Birdlife International
(http://www.birdlife.org/).

From the 245 species in the data set, we identified 107 pairs of congeneric species whose ranges
either overlapped or were adjacent to each other. We fit a logistic curve to the ratio of abundance-
of-lower-elevation-species to total-abundance-of-both-species within each elevational transect as a
function of elevation. We grouped the 107 pairs into 5 categories, listed in Table 5.1 and illustrated

in Figures 5.3-5.5:
Table 5.1: Category of logistic

* good fits: difference of less than 200 m or overlap in regression fits for abundance
) o ratios of congeneric bird species
elevation between the nearest individuals of the two pairs
species and the fit had a regular sigmoid shape (Figure .
Fit category | Number
>-3) Good fit 52
* low abundance: fewer than 10 individuals (Figure 5.4, Low abundance 13
bottom row) Truncated 4
* truncated: the sigmoid fit indicated that the range of one Poor fit 18
non-contiguous 20

of the species extended considerably beyond the
sampling limit (Figure 5.4, top row)

* poor fit: no discernible sigmoid shape to the curve (Figure 5.5, top row)

* non-contiguous: distance between the closest records of the two species more than 200 m

(Figure 5.5, bottom row)

We tested the “good fit” category for correlation between transition width on the one hand, and
phylogenetic- and morphometric trait distances on the other. The morphometric traits included body
mass, beak length, tarsus length, beak width and wing length. We expect species pairs with larger
trait differences to exhibit lower interspecific competition and, therefore, have larger overlaps (see

Discussion)

Phylogenetic distances between the bird pairs were obtained from Schumm et al (2020). The data
for the 13 species missing from Schumm et al’s (2020) were obtained from Mungee et al (2021)
who had calculated them using Jetz et al (2012). Morphometric trait values were obtained from
Schumm et al (2020). The morphometric distance was calculated as the absolute difference between

lower and higher trait values of a pair taken as a percentage of the mean.
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5.3 Results

The abundance ratio plot and the sigmoid fit to the data for Raorchestes are shown

The fit parameters are listed in Table 5.2

Table 5.2: Logistic regression model parameters for 2 pairs of Raorchestes

in Figure 5.2.

Speciesl Species 2 Abundance Abundance Intercept Slope Transition
Species 1 Species 2 Width (m)
Khellong Sessni 48 30 18.27 —-0.02 258
Sessni Bompu 30 93 61.48 —-0.037 117

A representational sample of the elevational profiles of the abundance ratio of bird species pairs and

the logistic fits are shown in Figures 5.3-5.5. The distribution of transition widths is shown in

Figure 5.6. Some of the “poor fits” are due to ecological factors, like broad ranges. However, unless

otherwise mentioned all discussion will be based on the species pairs with good logistic regression.

About a quarter of the species pairs have narrow transition widths less than 100 m. However, the

widths extend to considerably higher values for many species.

Figure 5.7 shows the linear regression of transition width against phylogenetic distance. Three of

the species pairs, which were supposedly congenerics, turned out to have very large phylogenetic

distance. The plot on the right shows the regression without those 3 data points. There is no

significant correlation between transition width and phylogenetic distance.

Figure 5.8 shows the linear regression of
transition width against morphometric traits.
The statistics of the regressions of transition
width is listed in Table 5.3. Beak width shows
a correlation at the 95% confidence level.
Mass and wing length show the same at a

lower level of significance.

Table 5.3: Parameters of linear regression between
transition width and other variables including
phylogenetic distance and morphometric traits. Note that

the correlation is with the percentage difference in trait

between the species pair

Predictor variable | Corr-coeff (r) | p-value
Phylogenetic Distance 0.17 0.24
Mass 0.23 0.10 *
Beak length 0.17 0.23
Tarsus length 0.07 0.61
Beak width 0.30 0.03 o
Wing length 0.26 0.07 e

Page 81




The correlation means that greater the difference in the trait values, the wider the overlap in the

species ranges.
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Figure 5.3: Logistic fit to abundance ratio of congeneric bird species. The transition zone, wherein the abundance ratio
falls from 90% to 10% is shown by vertical dashed line. These pairs are from the “good fit” category.
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Figure 5.8: Linear regression of transition width and phylogenetic distance. Three supposedly congeneric species had
very large phylogenetic distance (left). The analysis was redone without those 3 species pairs (right).

5.4 Discussion

We quantified the elevational length along which 107 congeneric pairs of birds overlap. We have
labelled this elevational band as the transition zone — the region where one species gets gradually
replaced by its congener. We quantified the distribution of the width of transition zones for the bird
community and also investigated their relationship, if any, with phylogenetic and morpho-trait
distances between the species pairs. Our analysis showed that range overlap varied from <50 m to

over 500 m for bird species pairs.

Elsen et al’s (2017) work in the western Himalayas showed that the distribution structure and range
limits of birds found species ranges were mostly constrained by temperature followed by ecotone
and competition. Srinivasan et al (2018) compared elevational distribution of bird communities
between seasonal, species-poor western Himalayas and less seasonal species-rich eastern
Himalayas. They found that western Himalayan bird community structure was influenced more by
temperature and the eastern Himalayan one by competition. Jankowski et al (2010) found that
competition was the chief driver of range limits in the low-, mid- and high-elevation nightingale
thrushes in Costa Rica. The mid elevation species was found to react more aggressively to its high
elevation counterpart’s song which can shrink the latter’s range more in the face of climate
mediated range shifts. Cadena & Loiselle (2007) identified competition as well as autoecology-
environment as factors impacting the ranges of Buarremon brush-finches in neotropical montane

forests.
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Freeman et al (2019; 2022) specifically investigated the relationship between range overlap and
several other factors including interference competition, phylogenetic distance and beak divergence.
They found a negative correlation with competition but not with the other two. On the other hand
we do find a positive correlation with beak depth difference. We note that the definition of overlap
is different in the two studies: they defined overlap as the fraction of the smaller range contained
within the larger range. Whereas, we define overlap as the width of the transition zone. Whether and

how this may make a difference to the results remains to be seen.

The relationship between spatial coexistence and divergent ecological traits is well established
across taxa in the evolutionary ecology literature (Adams 2004, Pfennig & Pfennig 2009, Zou et al.
2021, Pigot et al. 2018). Therefore, we expected a pattern of increasing transition width with
phylogenetic distance and the trait difference percentage between congeneric pairs. The results
however fail to establish relationship with our predictor variables except beak width. While the
absence of such relationship makes it difficult to infer any ecological or evolutionary mechanism
driving such patterns, existing literature on range overlap patterns along elevational gradients

indicate that such a lack of relationship is not unexpected (e.g. Freeman et al. 2019)

Evolutionary relatedness has been considered a driver for competition resulting in range exclusion
(Violle et al. 2011, Davies 2006), though, its role has been challenged by others (Mayfield & Levine
2010, Godoy et al. 2014, Germain et al. 2016). Our result does not show any significant link

between range overlap and degree of phylogenetic relatedness.

We found a significant positive relationship between transition width and beak width difference (but
with none of the other traits tested, viz. mass, wing length, beak length and tarsus length). Studies
on bird functional traits related to resource use indicate that beak width is associated with resource
type and mechanistic performance whereas beak length affects foraging access (Navalon et al. 2019,

Anderson & Weir 2021).

This work was motivated by the sharp transition width we saw in the two Raorchestes species pairs.
The bird data analysis shows that the transition width extends from less than 50 m to more than 500
m. At this stage we cannot conclude if narrow transition widths is a feature of the Raorchestes

community, or more generally of frogs. We note that these frogs are characterised by the very loud
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and incessant calling by which they advertise their territories, far more than most birds. They also
differ from birds in having very low mobility and in being ectotherms. Whether these differences

will result influence the distribution of transition widths can only be answered by a future study.
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Table 5.4: Model parameters of logistic regression fit to plots of abundance ratio of congeneric bird species pairs

. . . Slope Transition
Family Genus Speciesl Species2 N1 | N2 | Intercept Probl100 (m) | Width (m)
Campephagidae Pericrocotus lspeciosus brevirostris 121 | 42 524 -41.8 10.5
Campephagidae Pericrocotus speciosus solaris 121 | 32 49 -4.0 110.8
Cettiidae Abroscopus albogularis schisticeps 68 | 194 260 -18.8 23.4
Cettiidae Abroscopus superciliaris albogularis 33 | 68 7 -0.9 499.3
Cettiidae Abroscopus superciliaris schisticeps 33 | 194 132 -10.4 42.4
Cettiidae Tesia olivea cyaniventer 93 | 135 22 -1.1 405.5
Columbidae Treron apicauda sphenurus 50 | 49 330 -43.9 10.0
Corvidae Dendrocitta formosae frontalis 17 | 12 42 5.1 86.4
Cuculidae Cuculus micropterus poliocephalus 66 | 33 13 -0.6 792.8
Dicruridae Dicrurus leucophaeus aeneus 88 | 234 -7 0.4 1014.8
Dicruridae Dicrurus lparadiseus remifer 14 | 41 21 -2.5 177.5
Leiothrichidae Actinodura egertoni waldeni 252 | 87 79 -3.6 122.8
Leiothrichidae Actinodura2 cyanouroptera strigula 111|191 136 5.7 77.1
Leiothrichidae Heterophasia lpicaoides pulchella 218 | 816 30 -2.0 215.1
Leiothrichidae Liocichla Iphoenicea bugunorum 57 | 14 401 -19.4 22.7
Leiothrichidae Pterorhinus qularis caerulatus 46 | 73 334 -23.9 18.4
Leiothrichidae Pterorhinus lpectoralis caerulatus 92 | 73 129 -10.2 42.9
Leiothrichidae Trochalopteron  |squamatum erythrocephalum | 102 | 208 17 -0.9 497.7
Megalaimidae Psilopogon asiaticus franklinii 115| 94 21 -2.2 200.8
Megalaimidae Psilopogon asiaticus virens 115| 95 12 -1.2 374.6
Muscicapidae Brachypteryx leucophris cruralis 93 | 60 1719 -74.0 5.9
Muscicapidae Niltava igrandis sundara 102 | 124 20 -1.0 452.9
Muscicapidae Niltava macgrigoriae grandis 112 | 102 16 -0.9 493.9
Muscicapidae Niltava macgrigoriae sundara 112 | 124 26 -1.4 320.8
Nectariniidae Aethopyga lsaturata gouldiae 157 | 111 43 -1.9 236.9
Paradoxornithidae  |Paradoxornis2  |atrosuperciliaris |nipalensis 30 | 64 84 -5.5 80.2
Pellorneidae Napothera epilepidota malacoptila 14 | 16 7 -0.6 733.4
Pellorneidae Schoeniparus cinereus castaneceps 361 | 139 32 -1.4 309.7
Phasianidae |Arborophila imandellii torqueola 50 | 44 586 -29.0 15.2
Phasianidae | Arborophila rufogularis mandellii 42 | 50 31 -1.9 233.2
Phasianidae | Arborophila rufogularis torqueola 42 | 44 1649 -79.5 5.5
Phylloscopidae Phylloscopus cantator maculipennis 54 | 53 59 -3.6 121.6
Phylloscopidae Phylloscopus cantator magnirostris 76 59 -3.5 124.9
Phylloscopidae Phylloscopus cantator reguloides 215 95 8.1 54.0
Phylloscopidae Phylloscopus cantator xanthoschistos 84 32 -3.8 115.7
Phylloscopidae Phylloscopus reguloides maculipennis 215 53 43 -1.6 266.3
Phylloscopidae Phylloscopus reguloides magnirostris 215| 76 a7 -1.8 241.3
Phylloscopidae Phylloscopus Ixanthoschistos  |maculipennis 84 | 53 158 -7.7 57.1
Phylloscopidae Phylloscopus ixanthoschistos  |magnirostris 84 | 76 148 7.1 61.8
Phylloscopidae Phylloscopus Ixanthoschistos  |reguloides 84 | 215 52 -3.0 148.5
Phylloscopidae Seicercus castaniceps whistleri 181 | 207 43 -1.8 246.8
Phylloscopidae Seicercus intermedius whistleri 71 | 207 50 -2.2 197.7
Phylloscopidae Seicercus lpoliogenys castaniceps 206 | 181 9 -0.4 984.0
Phylloscopidae Seicercus lpoliogenys whistleri 206 | 207 50 -2.2 203.4
Sittidae Sitta cinnamoventris  |formosa 14 | 20 162 -14.5 30.3
Sittidae Sitta cinnamoventris  |himalayensis 14 | 11 65 -4.1 108.2
Sittidae Sitta formosa himalayensis 20 | 11 198 -9.9 44.3
Timaliidae Cyanoderma chrysaeum ruficeps 356 | 307 20 -1.0 431.1
Timaliidae Pomatorhinus  [ferruginosus ruficollis 47 | 69 415 -21.8 20.1
Timaliidae Pomatorhinus  [ferruginosus superciliaris 47 | 22 30 -1.6 2775
Timaliidae Pomatorhinus  |schisticeps ferruginosus 37 | 47 24 -2.3 191.8
Timaliidae Pomatorhinus  |schisticeps ruficollis 37 | 69 88 -5.6 78.3
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In Conclusion

We have demonstrated a hybrid strategy of DNA sequencing which can provide 10-50 kbp of data
per specimen which occupies a niche in between Sanger sequencing strategy on the one hand and
ddRAD on the other, in terms of scientific research, effort and expense. It is an order of magnitude
less expensive than either. This strategy offers the most efficacious manner of study — especially —
ecological and evolutionary processes which require the accurate measurement of intraspecific
genetic diversity. In this context, evolutionary studies on the timescale of climate cycles may be
targeted using this technique. Also, this may well be the best currently available tool to explore the

world of single gene phylogenies to understand how they differ from the over-all genome.

While we developed the technique to estimate the error on individual base-calls with the Nanopore
platform in mind, it is a general enough strategy that can be applied to any platform. The

application to Nanopore was only motivated by that platform’s lower accuracy.

At the moment we have only applied the technique to the mitochondrial fragment. We are currently
in the process of applying the same to nuclear genes. The difference is that it is easier to find large
sections of conserved regions in the mitochondria and more mitochondrial genomes are known. We

expect to shortly identify the best recipe for dealing with nuclear genes.

Finally, this work was carried out in the eastern Himalayas of Arunachal Pradesh in north-east
India. That region is among the most diverse in the world. With under 3% of India’s land area, it
hosts almost two-thirds of the country’s biodiversity. Much of the area has been explored

ecologically only in the last two decades, and much remains to be explored.

One of the principal causes of the diversity is almost certainly the complex connectivity of the
terrain with steep mountain slopes and deep river valleys. The rich organismal diversity of the area
has to be anchored to the genetic diversity at both the species and the intraspecific level. This thesis

shows the road forward.
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