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Ancestral inference and encoding of bacterial nonsense mutations for 
phylogenetic genome-wide association studies and convergence analysis

Adaptation by loss of function has been observed in many
human-adapted, pathogenic bacteria1–3. In the Shigella spp.,
convergent loss of function is well characterised and the smaller
genome size, compared with E. coli, is likely the result of genome
streamlining4. Across Shigella dysenteriae, Shigella flexneri and
Shigella sonnei parallel loss of function events have resulted in
convergent metabolic capability reduction and accounted for 47%
of within-species metabolic gene variation4. A study of Salmonella
enterica serotype Typhyimurium found that pseudogenisation was
linked to host adaptation including, for example, in the sseL gene
linked, via inactivation, with systemic dissemination. Further,
pseudogenisation of sseK2, sseK3, avrA and sseL involved in

activating the pro-inflammatory response during infection were
observed5.

Bacterial genome-wide association studies (GWAS) have
successfully been used to make associative and correlative
inferences about the genetic basis of phenotypes of interest6–8.
Confounding any GWAS inferences are the clonality of bacterial
population structures9, genetic content variability10, imperfect
heritability11 and homologous recombination12. Corrections for
confounding population structure have been developed based on
phenotype rearrangement, clustering and dimension-reduction13–

19. Methods have further been developed that take advantage of

the population structure, providing phylogenetic approaches.
Inferences can be made between pseudogenisation events at the
gene level, though possibly resulting from many independent
nonsense mutations, by collapsing to a binary genotype as with
gene presence/absence data. Additionally, correlations may be
inferred between an ancestral change in both genotype and
phenotype. However, providing binary genotype data of LoF per
gene, from independent but phylogenetically clustered nonsense
mutations could incorrectly appear as a single ancestral event.

For the GWAS analysis a dataset of avian E. coli was selected, comprised of
both infectious and asymptomatic carriage isolates from chickens, with some
additional environmental isolates20. Variants were called by Snippy21 against
the reference genome (APECO78), providing SnpEff22 formatted variant call
file (.vcf) output of variant impact on gene function. Variants categorised as
‘HIGH’ impact by SnpEff were included in the analysis of loss of function.
Genome-wide associations were performed for each phylogroup, as in the
original study: A (n=71), B1 (n=85), B2 (n=152) and G/ST-117 (n=220) with
TreeWAS2. Core SNP trees were generated for each phylogroup. Core
genome alignments were generated with snippy-multi21. IQ-TREE23 with the
GTR+I+G substitution model and 1000 ultrafast bootstraps (UFBoot2)24 was
used to generate an initial phylogeny and ClonalFrameML25 was used to
detect regions of homologous recombination and adjust branch lengths to non-
recombinant SNPs only.

All shared mutations (same position&variant) were subjected to tests of
ancestry. The first test, whether the nonsense mutation is monophyletic is
performed with the ETE 3 Toolkit26. The most recent common ancestor
(MRCA) of all genomes with the mutation is determined and if they comprise
all the children of that node, ancestry is asserted. If polyphyly is observed,
ancestral state reconstruction (ASR) is conducted for every internal node back
to the nonsense mutation MRCA with PastML27. All variants at the reference
position are provided as mutated reference codons unless there is no
variation, whereby the reference codon is provided. Where nonsense
mutations are nested within an ancestral nonsense mutation clade, the
ancestral nonsense mutation is considered to be canonical. Whether
mutations are canonical will determine the pattern of ancestry that is reported
for that LoF event; ignoring those that are nested.

It was possible to automatically determine nonsense ancestry
patterns for most genes with nonsense mutation(s) in >1 genome.
For the largest two phylogroups, groupB2 and groupG: 97.95%
and 98.57% of genes ancestries were inferred, respectively. Table
1 displays the genes with the largest number of parallel LoF
events in groupG & B2 genomes. Group G is thought to be an
avian-host specialising lineage and as such convergence on LoF
may indicate adaptive trends both towards and away from
infectivity/pathogenicity. As groupG is specialised to the avian host

many genes observed to have high levels of nonsense
convergence in other groups are already missing or with a high
proportion of inactivation in group G. Others are observed to be
convergent across lineages such as ushA, which has
convergently been inactivated across groups B1 (9 events), B2 (5
events) and G (9 events). An ushA homolog has additionally been
reported to be adaptively inactivated in Salmonella enterica.
Others such as bglB (8 inactivation events in groupG) is a known
(strain-specific) pseudogene in Shigella flexneri.

Determination of the ancestral patterns also allowed a full,
phylogenetic GWAS in order to infer genes, that by their
inactivation, are associated with phenotypic switches. GroupG
had 4 significant nonsense-genes (<.01), all associated with
asymptomatic carriage. In group B2, 4 genes were observed to be
associated, with infection with another 2 associated with
asymptomatic carriage.

Across all lineages the nonsense ancestry patterns were determined for >98% of genes with nonsense mutations in
>1 genome (278-388 genes). However, genes were later filtered due to uncertainty at some nodes during ASR.
Development is ongoing on how to treat these sites. Development is also ongoing into breaking ancestry due to
differential patterns of homologous recombination. Finally, work is ongoing into determining the encoding of very-
similar indels, compensatory mutations, reversals and determining the most appropriate ASR models to infer
ancestral phenotypes. At present, runtime ranged from 8-21 minutes. However, the rate–limiting step of ASR with
pastML is readily parallelisable

Figure 1. The imagined core genome phylogeny of 14 genomes
(t1&t2) with some nonsense alleles in a single gene. In t1 branches are
coloured red based on the ASR of binary nonsense allele states (t1) or
retention of true states with NonsenseCanon (t2). MRCA node n2, is
inferred to carry the ancestral-state of the frame-shifting deletion at
reference position 2764. However, one genome in the clade also has a
premature stop codon. The ancestral mutation is taken as canonical.
(*) Shows a parallel mutation
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Phylogroup B2

Figure 2. (Left) Core genome phylogeny of E. coli phylogroup B2 isolates. Colour rings correspond to phenotypes (inner) and cirA catecholate siderophore receptor gene nonsense mutations (outer rings). Each colour ring moving outwards
corresponds to a different nonsense mutation (labelled). (Scatterplot, left) shows the p-values (log10) where nonsense mutations are associated with the ‘Infection’ or ‘Asymptomatic carriage’ phenotype. Above the red dashed line represents a p-
value of <.01. (Scatterplot, right) displays significant values for phylogroup G. (Right) Core genome phylogeny of E. coli phylogroup G isolates. Colour rings correspond to phenotypes (inner) and moving outwards, a selection of genes with the largest
number of independent nonsense events. Green blocks show where a genome carries (any) inactivating mutation in the gene (labelled)

Phylogroup Locus ID
No. parallel 

nonsense events
Product

GroupG

APECO78_05430 21 Diguanylate cyclase adrA

APECO78_02390 21 Predicted dinucleotide-binding enzymes

APECO78_02385 15 Transposase and inactivated derivatives

APECO78_19150 13 G:T/U mismatch-specific DNA glycosylase ygjF

APECO78_05920 9
bifunctional UDP-sugar hydrolase/5'-nucleotidase 
periplasmic precursor ushA

APECO78_22475 8
Beta-glucosidase/6-phospho-beta-glucosidase/beta-
galactosidase bglB

APECO78_10385 8
4-aminobutyrate aminotransferase and related 
aminotransferases puuE/goaG

APECO78_14690 8 Site-specific recombinases, DNA invertase Pin homologs

APECO78_11515 7 Putative tail fiber chaperone; Qin prophage tfaQ

APECO78_17410 6 CRISPR-associated helicase Cas3

APECO78_23025 6 Mg-dependent Dnase yigX

APECO78_11740 6
Anaerobic dehydrogenases, typically selenocysteine-
containing ynfF

APECO78_09000 6 Glucose-1-phosphatase/inositol phosphatase

APECO78_19255 6 Inner membrane protein ygjV family

APECO78_13800 6 Predicted transporter component 

APECO78_15680 6 Cellulase M and related proteins ypdE

APECO78_06385 6
Glycosyltransferases, probably involved in cell wall 
biogenesis nfrB

APECO78_13990 5 Nucleoside-diphosphate-sugar epimerases fcl

APECO78_10790 5 NAD-dependent aldehyde dehydrogenases aldA

APECO78_13835 5 Histidinol dehydrogenase

APECO78_03975 5
Type II secretory pathway, ATPase PulE/Tfp pilus 
assembly pathway, ATPase PilB

APECO78_21370 5 AraC-type DNA-binding domain-containing proteins gadX

GroupB2

APECO78_08030 10 Nitroreductase A nsfA

APECO78_14490 7 Catecholate siderophore receptor cirA

APECO78_02375 6 Transposase and inactivate derivatives

APECO78_20405 6
Putative peptidoglycan-binding domain-containing protein 
(T3SS) gspA

APECO78_10515 5 Hydrolase A ycjY

APECO78_05920 5
bifunctional UDP-sugar hydrolase/5'-nucleotidase 
periplasmic precursor ushA

APECO78_14995 5 Type V secretory pathway, adhesin aidA

APECO78_22465 5 Enterochelin yieL

Phylogroup G

Table 1. Group B2 and G genes with >4 parallel inactivation events, hypothetical genes not included
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