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Supplementary Text and Figures

Phylogenetic analysis including partially ambiguous
sites

Partially ambiguous sites are those where the identity of the nucleotide at a particular position is uncertain.
This can happen for a variety of reasons, such as sequencing error, limited coverage, or the presence of
populational polymorphisms. When these sites are analysed by uvaia, they can be scored as either a match or
not with a corresponding site in another sequence, depending on the distance chosen. This information can
then be used to calculate the overall similarity between two sequences, which can be then used to infer their
evolutionary relationships.

The phylogenetic likelihood function handles naturally ambiguous sites (Felsenstein, 2003; Yang, 2014), and
this principle (of partial uncertainty) has been extended in polymorphism-aware models (De Maio et al., 2013),
single-cell phylogenetics (Kozlov et al., 2020), and sequencing error models (Burgess & Yang, 2008). The
explicit incorporation of partially ambiguous sites as informative phylogenetic characters led to distances
equivalent to the number of partial matches reported by uvaia (Joly et al., 2015; Potts et al., 2014). These
distances fare well in comparison to others (Zhao et al., 2022), and have been used in phylogenetic studies
(Scheunert & Heubl, 2017).

To compare sequences selected by uvaia with SNP-based neighbours in a phylogenetic context, we used the
“number of partial mismatches” from uvaia along with a set of neighbouring sequences estimated with UShER
(Turakhia et al., 2021). For this comparison, we employed a small sequence database and selected a query
sequence at random. Specifically, we utilised the same 1,000 sequences as before and created a NJ tree
using rapidnj. This tree was then further optimised under parsimony (Ye et al., 2022) to generate the
mutation-annotated tree (MAT) object used by UShER (Turakhia et al., 2021). The sequence Wuhan-Hu-1 was
used as reference. We randomly selected a sequence from this set, England/NORW-316F2DC/2022, and
used uvaia to find all sequences with zero partial mismatches (sequences where all differences are due to
gaps/indels, ambiguous or partially ambiguous sites). In total 27 such sequences were found. At the same time
we extracted the 40 nearest samples to it according to the MAT (McBroome et al. 2021), which we will refer to
as the UShER neighbours. The objective here is to see if the methods are equivalent, and if including partially
ambiguous sites as uvaia does makes any difference phylogenetically.

From all neighbours found by any of the methods, we obtained 12 sequences uniquely by uvaia, 25 sequences
which were found only by UShER, and 15 sequences were found as neighbours by both methods. In Figure

S1 we have a maximum likelihood tree for these 53 sequences under an HKY model (Hasegawa et al., 1985)
with rate heterogeneity between sites modelled through a Gamma distribution (Yang, 1994), estimated with
RAXML-NG (Kozlov et al., 2019). We can see that some sequences found by uvaia but not by UShER are
inferred as being phylogenetically closer to the query sequence than some found by UShER.

Further investigation showed that sequences found only by uvaia do have a higher parsimony distance to the
query sequence according to the MAT object (Figure S2), but which would eventually be selected given a high
enough number of neighbours. Furthermore he sequences chosen only by uvaia had on average 3 partially
ambiguous sites, compared to the average of 0.5 for those chosen by UShER (including those also chosen by
both uvaia and UShER, data not shown).
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Figure S1: Maximum likelihood tree with neighbours to the query sequence England/NORW-316F2DC/2022 according to
UShER (red), to uvaia (blue), and to both (green). The inset shows the sites where an arbitrary set of chosen sequences
differ, to see how likelihood (and Bayesian) methods can, in principle, use partially ambiguous sites to refine the tree
estimation (these sequences are not part of a polytomy). Arbitrarily short branches were replaced by a polytomy by
RAXML-NG. For visualisation purposes, the tree was rooted at the query sequence.

Here we can see that (1) considering partial matches can allow us to find close neighbours which might be
disconsidered otherwise, and that (2) these partially ambiguous sites can be used by existing tree inference
programs, besides allowing for proper incorporation into (future) phylogenetic inference models.
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Figure S2: Subtree extracted from the MAT object containing the same 53 sequences as in Figure S1. The tree is rooted
as is stored in the MAT object, i.e. at the reference sequence (not shown). The branch lengths are in number of
parsimony steps, and the query sequence is represented by a bold black label.

Our objective here is to show an advantage of incorporating partially ambiguous sites into a typical analysis,
and not a competitive comparison with UShER. It's possible, for instance, that one of the methods didn’t select
a given sequence due to the predetermined small neighbourhood size. Since UShER works with user-defined
trees, this experiment suggests that perhaps one could use a distance-based dendrogram using uvaia-derived
distances as input to it. Another approach would be to use UShER to define an initial set of neighbours, given
its broad usage and continuous update of MAT objects for SARS-CoV-2 and scalability (given an existing MAT,
UShER is much faster than uvaia), followed by a more detailed neighbourhood analysis with uvaia. It's worth
keeping in mind that currently for SARS-CoV-2 the efforts to keep up-to-date phylogenetic trees make it more
efficient to use e.g. the UShER ecosystem than to start from scratch, which should be considered in parallel to
the novelties presented by uvaia.

Difference between SNP distances and uvaia-based
mismatches

In the main text, Figure 2 shows that the number of ACGT mismatches according to uvaia is usually higher
than the SNP distance as inferred by snp-dists. In Figure S3 we display histograms of this difference for all
pairwise comparisons, showing that both the number of “text matches” and “ACGT matches” can detect
differences oblivious to a distance which excludes partially ambiguous sites. The figure furthermore shows that
a distance based on the number of partial matches from uvaia is the more similar measure to the SNP
distance. The exceptions are generally cases where there is a comparison between an unambiguous site and
an incompatible ambiguous one, as for example between T in one sequence and R in the other (R is
compatible with A and G, but not T). In these cases the distance based on partial matches will be higher than
the SNP distance (which excludes such sites from the comparison), and in our small data set it occurred once
at every 3,000 comparisons.
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Figure S3. Histogram of the difference in mismatches between uvaia and snp-dists. While their difference is quite evident
when we compare ACGT-only or text mismatches, the number of partial mismatches is almost identical to the SNP
distance, differing at most by one in approx 3,000 pairs, out of the 499,500 comparisons.

Time and memory requirements

To test the performance of uvaia we ran it using subsamples of the COG-UK unmasked alignment data set
(archival copy available at
https://webarchive.nationalarchives.gov.uk/ukgwa/20230507102210/https://www.cogconsortium.uk/priority-are
as/data-linkage-analysis/public-data-analysis/ as of 2023.07.25). We used both a “large” machine (48 AMD
cores with 248GB RAM) and a “small” one (8 AMD cores and 32GB of RAM memory) on the tests, where we
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used default uvaia parameters and all available cores. The reference data set alignments (i.e. the larger set of
sequences for which neighbours to each query sequence must be found) are always compressed with XZ. It is
worth keeping in mind that the whole COG-UK data set used in this simulation study comprises almost 3
million sequences and takes 116MB when compressed with XZ.

The first benchmark is shown in Figure S4, where we fix the number of query sequences and vary the number
of reference ones using the small machine. We see that the execution time is linear to the number of
sequences in the reference database, while the peak memory usage does not change much, and is well below
the small node capacity. For each combination of data sets, both the execution time and the maximum
memory usage were recorded from the same uvaia run. The same behaviour was observed with the large
machine, with shorter execution times as expected (result not shown). In Figure S5 we have a similar analysis
where we fixed the reference data sets and varied the number of query sequences in the compressed
alignment file. The memory usage is bound to reasonable values (way below 1GB) while the execution time
increases a bit higher than linearly with the number of query sequences, due to the increased sequence
diversity for larger query data sets (hampering search optimisations).

The pool size (i.e. how many reference sequences are loaded at once into memory) is determined
automatically by uvaia in this case based on the number of cores available, and will influence the peak
memory usage —influenced as well by the XZ decompression algorithm, by the query data set size and to a
smaller degree by the number of neighbours to keep track of, and by the overall server load.
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Figure S4: Execution time (top) and peak memory usage (bottom) for running uvaia on a fixed set of 1k sequences
against a variable reference data set size on a small node. The X values on each panel correspond to each other, from a
reference genome data set of 6471 SARS-CoV-2 genomes (200MB uncompressed) to a data set of approximately 1.5M



sequences (45GB uncompressed). The reference database files input to uvaia were always compressed (smaller than
100MB). Both axes are in log scale.
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Figure S5: Execution time (top) and peak memory usage (bottom) for running uvaia on a fixed set of 5,000 (blue) or
10,000 (black) reference genomes on a large node. Both query and reference alignments were compressed with XZ,
which may affect the peak memory use. Both axes are in log scale.

We also compared the execution time of uvaia with that of snp-dists, using 8 or 32 threads of the large
machine for both programs. We varied the number of samples randomly, as before, but using the same
random sample for both the query and reference sets for uvaia, since snp-dists requires a single alignment file.
Here the alignment was not compressed to remove some execution overhead, although the output files
generated by uvaia are still compressed with XZ. The results are shown in figure S6, where we see that
snp-dists is faster than uvaia in particular for small data sets. This is because uvaia assumes that the number
of reference sequences is potentially larger than the available memory, incurring in execution overheads and
all query sequences being loaded into memory at once. The peak memory usage of snp-dists was also smaller
than the one from uvaia, specially for a small number of sequences (results not shown).
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Figure S6: Comparison between the execution times of uvaia (black lines) and snp-dists (red lines) for a given same data
set, with number of sequences varying from 53 and 99005, for 8 (left column) or 32 (right column) cores. The same
alignment file is used as the query and reference data sets for uvaia, in order to be comparable with snp-dists. Both axes
are in log scale. The top panel shows the timings for the individual tools, while the bottom panel shows the ratio between
the timings per data set. The left panels show runs using 8 cores (for both snp-dists and uvaia) while the right panels
show results using 32 cores.
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