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Abstract

Bacterial genes are sometimes found to be inactivated by mutation. This inactivation may be observable simply because selection for
function is intermittent or too weak to eliminate inactive alleles quickly. Here, | investigate cases in Salmonella enterica where
inactivation is instead positively selected. These are identified by a rate of introduction of premature stop codons to a gene that is
higher than expected under selective neutrality, as assessed by comparison to the rate of synonymous changes. | identify 84 genes
that meet this criterion at a 10% false discovery rate. Many of these genes are involved in virulence, motility and chemotaxis, biofilm
formation, and resistance to antibiotics or other toxic substances. It is hypothesized that most of these genes are subject to an
ongoing process in which inactivation is favored under rare conditions, but the inactivated allele is deleterious under most other

conditions and is subsequently driven to extinction by purifying selection.
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Introduction

Bacteria are often found to contain genes that have been
inactivated by mutation (Hall et al. 1983). Frequently, there
is a single inactivating mutation: a premature stop codon, a
frameshift mutation, a missense mutation, or the insertion of
a transposable element. Although often referred to as pseu-
dogenes, they usually lack the defining features of the mainly
eukaryotic phenomenon. In most cases, they are simply pre-
sumptive null alleles.

Enteric bacteria provide the opportunity to study gene in-
activation in exceptionally well-characterized organisms that
are in many ways similar but exhibit important differences. In
the first systematic search for inactivated genes in Escherichia
coli genomes, Homma et al. (2002) identified 95 in the com-
mon laboratory strain K12. Ochman and Davalos (2006), who
attempted to recognize additional types of gene disruptions,
identified over 200 candidates in K12. McClelland et al. (2004)
found a greater number of inactivated genes in Salmonella
enterica serovars Typhi and Paratyphi A, which cause the se-
vere disease typhoid and are restricted to human hosts, than
in serovar Typhimurium, which is less pathogenic and has a
broader host range. Several analogous comparisons have
yielded similar results (Jin et al. 2002; Chain et al. 2004;
Thomson et al. 2008; Feng et al. 2013). Whatever contribu-
tion relaxed selection may make to this systematic difference,
positive selection in the course of adaptation to a new niche
has been implicated in the inactivation or loss of particular
genes (Day et al. 2001; Tong et al. 2005; Prosseda et al. 2012).

Selection-driven gene inactivation or loss can occur in re-
sponse to ordinary laboratory conditions. Laboratory growth
or storage can select for inactivation of rpoS in E. coli and
Salmonella (Zambrano et al. 1993; Sutton et al. 2000; Spira
et al. 2011; Snyder et al. 2012; Bleibtreu et al. 2014). In a
long-term evolution experiment with E. coli B, ribose catabo-
lism was consistently lost in parallel lines, and this loss was
shown to confer a 1-2% selective advantage (Cooper et al.
2001). Parallel inactivations of other genes in multiple (though
not all) lines, which are likely due to positive selection, were
also observed in this experiment (Woods et al. 2006).
Experiments designed to identify mutations subject to labora-
tory selection found parallel gene inactivations in E. coli K12
and in Salmonella Typhimurium LT2 (Kndppel et al. 2018).

Gene inactivation is often discussed as the first step in
complete gene loss (Andersson JO and Andersson SG 2001,
Dagan et al. 2006). Whatever may happen to any particular
allele, this is the expected fate of the gene if selection is too
weak to maintain gene function or if inactivation has a long-
term net advantage. These are not, however, the only possi-
bilities that can lead to the observation of an inactivated gene.
In most populations, there will be recently arisen alleles that
are so deleterious that they are likely doomed to eventual
extinction. The more deleterious they are, the more recently
they must have arisen (with high probability) in order to have
persisted to the time of observation. This is a simple conse-
guence of the fact that it takes time for selection to act.
Related phenomena include disparities between the
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compositions of within-species polymorphism and between-
species differences, which form the basis of the test intro-
duced by McDonald and Kreitman (1991), and a higher ap-
parent dN\/dS in very close comparisons (Rocha et al. 2006).

Another possibility, actually a special case of deleterious
mutation, is that inactivation of a gene is positively selected
under some conditions but is deleterious in an average sense.
Suppose, for example, that inactivation confers resistance to a
rarely encountered substance, but also has an overriding dis-
advantage in the absence of the substance. Inactivated alleles
might be short lived and remain rare in the population, de-
spite the detectable effects of the condition-specific positive
selection. This phenomenon might reflect fundamental trade-
offs faced by the organism, such as that between the advan-
tages of importing useful substances and the associated risk
of importing harmful substances.

Because such alleles are short lived, in a distant compari-
son, they will be rare relative to the evolutionary distance or to
a proxy such as synonymous changes. Detection of positive
selection will therefore require sufficiently close comparisons.

Here, | examine the occurrence of premature stop codons
in S. enterica genes, identifying genes subject to selection-
driven inactivation (SDI). The data set analyzed consists of
over 100,000 genomes falling into a few thousand clusters
of very closely related isolates. The timescale of comparison is
very short because only within-cluster sequence changes are
considered. A total of 84 genes were inferred to exhibit SDI
based on a ratio of inactivation events to synonymous
changes that exceeds the neutral expectation. Many of these
genes are involved in pathogenesis, major “lifestyle” traits, or
other processes of particular interest to researchers.

Materials and Methods
Data

Single-nucleotide polymorphism data and isolate information
for S. enterica were obtained from the NCBI Pathogen detec-
tion project, build PDG0000002.1233 (archived at ftp:/ftp.
ncbi.nlm.nih.gov/pub/jcherry/sal_stop_codons, last accessed
February 7, 2020), along with derived data and source
code). Isolates with collection dates prior to 2012 were dis-
carded, as were the few isolates of Salmonella bongori.
Phylogenetic trees were built for each cluster with at least
five remaining isolates by a variant of maximum compatibility
(Cherry 2017) and midpoint rooted. Positions of single-nucle-
otide polymorphisms in coding sequences were determined
from the annotation of the reference sequence for each
cluster.

Inference of Sequence Changes

Sequence changes and their tree locations were inferred from
a most parsimonious reconstruction under a “soft” interpre-
tation of polytomies (Maddison 1989), which avoided

inference of multiple parallel changes where a single change
could explain the data. In cases where the reconstruction was
ambiguous, usually due to ambiguities in the character state
data, a single reconstruction was chosen. The reconstruction
was chosen such that an ambiguous state for an isolate was
reconstructed as ancestral rather than derived whenever pos-
sible, which is conservative with respect to inferring changes
on internal branches. The details of handling ambiguities, and
the choice of a “soft” rather than “hard” treatment of polyt-
omies, were found not to affect the results substantially.

Determination of Presumptive LT2 Orthologs

Genes from different reference isolates were grouped based
on presumptive orthology to LT2 genes. Orthology was in-
ferred as follows. For speed, each protein was first compared
with all LT2 proteins of identical length in a gapless alignment.
A sequence identity of 70% or more was considered a match,
and reciprocal best hits were classified as orthologs. The pro-
teins remaining were then compared with all LT2 proteins by
tetramer content, with a requirement of 10% of tetramers in
common for a pair to be a candidate match. For this calcula-
tion, the denominator was taken to be the minimum of the
two sequence lengths, and the numerator taken to be the
sum of the minimum of the number of occurrences of the
tetramer in the two sequences (usually 0 or 1, but possibly
higher when a tetramer occurs multiple times in a single se-
guence). The candidate pairs were then aligned using BLAST,
and a 70% identity threshold again applied, with gap posi-
tions counted as mismatches. It was also required that at least
80% of each protein in the pair was aligned in a nongap
position. Reciprocal best hits were again classified as
orthologs.

Inference of Selection for Inactivation

The ratio of the number of changes creating stop codons to
the number of synonymous changes was compared with a
neutral expectation for each gene (the ratio of the neutral
expectations, as the expectation of the ratio is undefined).
A one-sided binomial test for an elevated ratio was performed
for each gene. The expectation for each gene was computed
based on its codon composition and estimates of the relative
rates of the 12 types of single-base substitution. First, all 4-
fold-degenerate sites were analyzed and the frequencies of
the different types of substitution determined. Then, for each
of the 61 sense codons, relative rates of synonymous and
nonsense changes were calculated. Finally, for each gene,
the expected relative rate was determined from its codon
composition. Estimates calculated from different isolates
(which vary in codon composition) were found to correlate
highly, so estimates based on the LT2 sequence were used.
Because small changes in stop codon location can occur
without harm to protein function, the last 20 codons of each
coding sequence were excluded from the analysis. Also, the
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test for elevated nonsense rates excluded changes expected
to be accelerated by Dcm methylation and by M.Sinl methyl-
ation in clusters containing the gene encoding that enzyme.

Correction for multiple testing (over 4,000 genes) was per-
formed by a modified false discovery rate (FDR) procedure.
The procedure was modified to account for the fact that the
tested distribution (binomial) is discrete. The usual procedure
estimates the expected number of tests with a P value not
exceeding a threshold as the product of the P value and the
number of tests. This is replaced with the sum of binomial
probabilities that the P value is at least that small.
Furthermore, this probability is based on an empirical distri-
bution of relative rates that reflects the fact that nonsense
rates for many genes are lower than the expected neutral
rate, presumably due to selection. Details of this procedure
are provided in the supplementary text, Supplementary
Material online.

Results and Discussion

The analysis presented here is based on single-nucleotide var-
iation data for clusters of closely related isolates of S. enterica.
These clusters were formed by application of a clustering al-
gorithm to pairwise sequence distances based on nucleotide
k-mers. The size of the clusters varied from five isolates
(smaller clusters were excluded from the analysis) to several
thousand. Isolates within a cluster differ by fewer than 300
nucleotide substitutions among the millions of genomic posi-
tions compared. Thus, because the analysis considers only se-
guence changes inferred to occur within a cluster, the
analyzed changes represent a relatively short evolutionary
timescale. Coupled with the large numbers of isolates (over
100,000) and inferred sequence changes (over 400,000), this
makes it possible to observe types of sequence change that,
although driven by selection (perhaps under rare conditions),
are rare in the population and unlikely to proliferate for long.

Reconstructions of sequence changes on inferred phyloge-
netic trees formed the basis for inferences about inactivation
by nonsense mutations and, for comparison, synonymous
changes. Figure 1 shows a phylogenetic tree for a small cluster
with the reconstructed nonsense mutations indicated by gene
names and branch coloring. A cluster with an atypically large
number of inactivations for its size was chosen for the purpose
of illustration. Supplementary figure S1, Supplementary
Material online, shows the tree for a large cluster, with inacti-
vation events for some frequently inactivated genes indicated.

After removal of Dcm mutation hotspots (see below) and
sequence changes near the ends of coding sequences, there
were a total of 11,456 nonsense mutations among presump-
tive orthologs of strain LT2 genes. The number of synonymous
changes was 124,864.

Although synonymous changes are not strictly neutral in
bacteria, selection is weak for most genes. On the short evo-
lutionary timescale relevant here, the effect of selection on

synonymous changes is likely negligible. In support of this
claim, it can be noted that the ratio of nonsynonymous to
synonymous changes in the data set is more than half of the
neutral expectation for almost all genes. This contrasts with an
average value of <0.1 for between-species differences (dN/
dS), indicating the weakness of effects of selection on the
observed sequence changes.

The observed ratio of nonsense to synonymous changes,
0.092, is 69% of what is expected in the absence of selection
(0.133). It may seem surprising that so many nonsense muta-
tions are observed, because they would be expected to be
deleterious in most cases; otherwise, genes would not persist.
However, because the clusters analyzed consist of such closely
related isolates, the mutations represent recent events in evo-
lutionary history. There has therefore not been much time for
selection to act, and mutants subject to sufficiently weak pu-
rifying selection can still be observed. The nonsense mutations
likely represent, for the most part, the mildly deleterious var-
iants that can be found in any population. Their bearers would
be examples of the “living dead” (Rice 1996): Individuals that
are alive and viable, but doomed to likely eventual extinction
due to purifying selection.

The present work concerns gene inactivation events that
are driven by selection, even if the resulting mutants fail to
persist because selection disfavors them in the long term.
These two effects of selection are compatible: They can
both apply if inactivation is favored under some conditions
but disfavored more commonly or more strongly under
others, such that it is disfavored in an average sense.

A total of 84 genes were inferred to exhibit SDI by prema-
ture stop codons. These are presented in table 1 and supple-
mentary table S1, Supplementary Material online. The latter
includes web links to the protein and gene entries at NCBI and
additional information about the genes and their inactivation.
Before addressing particular genes, | discuss several aspects of
the analysis.

Inferring Selection for Inactivation

Selection for inactivation was inferred when a gene's rate of
inactivation by nonsense mutations, relative to the synony-
mous rate, exceeded the neutral expectation, provided that
this excess was statistically significant. Under neutrality, we
would expect many more synonymous changes than acquis-
itions of stop codons because mutations are more likely to be
synonymous than to create a stop codon. Of the 61 x
9 =549 possible single-base changes to sense codons, 134
are synonymous but only 23 create stop codons. Not all types
of mutations occur at the same rate, and sense codons occur
at different frequencies. Analysis of changes at 4-fold-degen-
erate sites yielded estimates of the relative rates of different
types of mutations. Each gene’s codon composition was then
used to obtain a gene-specific neutral expectation of the

20 Genome Biol. Evol. 12(3):18-34 doi:10.1093/gbe/evaa010

Advance Access publication February 11, 2020


https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaa010#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaa010#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaa010#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaa010#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaa010#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaa010#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaa010#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evaa010#supplementary-data

GBE

Selection-Driven Gene Inactivation in Salmonella

(Panunuod)
Jopod
1920  SLZ0000 €l 6 oL vE'8 37 1z [9€  SO3€ -sues} sleydsoyd-g-|0sAD  1'GZZL9Y AN E8TTINLS 1di6 spunodwod
4540} S0-IveE'E w60 L 14 9zl 13 124 6°L 61-38 Jopodsuesy opidad  |L'LLE6SY AN 9LEONILS wywaqs JIx0) 0}
0100 6060000 2950 4 1L 66'6E vl SS [S'8T  Ot-39 sdusb dwnd xn|ys Jo Jossauday  1'2/S6SF AN 08SOWNLS ywel aoue)sisay
paiejal
V90 L6100 €L € 14 €L 6 Ll L9 20000 uiRoid Auoreinbas sequily  L°/pS6SY AN ZSSONLS muiy 2cepns
2/2000 6£100°0 o 45 8 veY 143 SS vSoL  [Z3C ase|Aypaw-y-auishl uyisbeld  1'LL609Y AN 8S6LIALS all4 1192 J13Y10
(4N
L0v0'0 801000 8190 ol €C S891 1374 SS LE6 9z-31 Ul pajenpeul 'asejoipAyoydsoyd  L'6876SY AN #6TOINLS vysn vusn
sauab
L8100 L0L00 L6¥°0 L 6l oLyl [43 0S V'8 LZ-3€ 9dUdNUIA JO JojeInBal DUIS OS]y 1'88LL9Y AN £98ZINLS oy siole|nbau
£0-390°C 877200 8€C0 Ll Ll S8'S £€C 68 S9'cc 953l souab SdUBNIIA Jo JojeINBRY  1'96/19Y N S/STINLS any DUSINIIA
Hodxa apueydesijod
6/80 90-316'C 6€’L Ll l 6£0 S 1Z LS'T 92000 ul panjoaul Ajqissod  1'060€97 N SZZHINLLS HalA
£09°0 ¥£€000°0 60°L 14} 14 €ee LE €C 709 60-3L udod |e;ausDd  1'0LZL9% AN £9ZTINLS Ddwo
J1031dada4 210ydouspls
LT6'0 90-3ev'C 151 €l L L0 €L 8¢ 98'C S0-3v djejoypaied Juspuadap-quoL  L'rbLL9Y AN 66LZINLS Vi
S0 S0-39LY Y} Ll S 19°€ 1S 6C [43%4 60-36 joyd uuodoydsoyd  L'LESO9Y AN ZLSLINLS Jdwu
L9C0 920000 €€8°0 6l cl [4374 0S A7 19°S vL-3€ uyod swoayId  1'961657 AN L6LONLS vnyj sutszoud
Joydadai sueuq
691700 oL-3ELY LLL0 14} 133 9€lL 6€ ozl v9'8lL S/l 719 ulweyA juspuadap-guol  L'600€9% AN OELPINLS gnq -wsw JsInO
uioud
Lo 1010000 <l 1z cl 9L'E 9 8¢ L0t £0-3€ sixezowayd Bupdade-jAyisin L'0ELZ9Y dN  9LZENIS Jadbw
uie04d si01dadal
€10 €1-38€Y 1/80 14} 14 [4E X4 14 val 8t'€C  SOl-36 sixezowayd Bundadde-jAyis N L'76€€9Y AN EESPINILS 18] sixejowsyd
[44 X1} SLEOD L0 0 0 Ul l € Z€6l 9S00 sody jo uoipnpoud ssseany L'€6L097 AN LEBLINLS das
Aunipe
611000 890 102°0— 14 l 6L°L 6 L [WAE3 .00 s} saseanul pue sody spulg  L'9LEESY AN 6LEOINLS 2
uonepeJbap wouy
sody
900 8¢€'0 89600 4 4 SL's S 6 [T6  €0000  spajoud uRjold Joydepenuy  £8/£6S AN E8EOINLS dedl
asuodsal
ssaJ3s JO Jole|nbau Jaysew sioye|nbau
Sc-3L0'L €0L00°0 (44N} Ll 4 €L 874 89¢ SE'Ly Slz-3z  topey ewbis ssesswhlod YNY  L'SP8LIY AN ¥Z6TINLS sods  asuodsal ssans
1> 0<
SNSI9A L  SNSIdA QS ‘ufsg doys dx3z/sqo  °uAs doys dx3/sqo
(z1) sweN
senjeA d N4l naL saypueig [eulaqu] saypue.g ||y va4d uondiunsaq 1PnNpoid/auan uR)oid sely susp  auap Kiobayen

JSE| SSW0D ,S9USD) IBYI0,, 1Y 1dadxe ‘ulpiuod Asyi 1eyl sausb sy} buowe sjusns Jo Jaquuinu 1saybiy syi Aq pa.splo ale ssiobaled say| suopod dois aunjewsid buidnpold siusas Jo
Jaquunu (Saypueiq ||e) [e10) dU} JO JSpJo Bulpuadsap ul pajsl| ale Asy Aiobaled Loea UIYIIAA "sa1ioba)ed [euoiduny OJul PIPIAIP aJe S3USD) “Yd4 PRIIPOW %0 | e 1e |dS 03 123[gNns 8 0} palajul sausb 8 ayL

L 3lqeL

21

Genome Biol. Evol. 12(3):18-34 doi:10.1093/gbe/evaal10 Advance Access publication February 11, 2020



GBE

Cherry

zeLo 700 7sS°0 8 l 790 6l ol 1LC LLOO Aynow jo JojenBais sAsOod  1'80609% AN SS6LINLS ZIl4
SUOI}IPUOD UOIIeA Aynow
91500 8200 68°0 9 €l LYl 6l [43 Ll £1-39 -lels sspun Ajjnow jo Jossaiday  L'OLE09Y AN YRELINLS NIpA Jo sio0je|nbay
Jojejnbau asuods
2€S00 9¢T0 8920 8 0 0 6l 9 9€'e 600 -94 WIAshs Jusuodwo>-om]  1'SO¥Z9Y N ZOSEINLS ydwo
6¥7500°0 SO0 Zsv0'0 L l €91 9¢ €l LLS G0-3¢ Joie|nbal asuodsas Bulpulg-YNd  L'ZLZL9% AN 0LZZINLS gs3.
J03e|nbB3I Ssuodsal wid)
9110000 2590 SoL'0— 9 l el €l 8l 10l 60-3€  -SAs uBUOdWO-OMY WIS OS)Y  L'00609% AN L¥6LINLS AdAn
YA X1} €610°0 L09°0 13 € 190 06 €C 4: 3% 1900 asesdjsuenjoydsoyd  L'LLZL9Y N 69TCNLS asa
aseuny SIosuas
S7100°0 €800 L0 9¢ l SE0 €8 123 LL'E 80-31 duipnsiy waishs jusuodwod-oml  1'6/8L9%7 AN 8S6CINLS Vieq  |ejuswuolinug
Y3bua| uieyd usbnue-o pue
uoned
1840 £S€0°0 SLL € € 8'8 6 S 687 90°0 -I{ipow Sd1sa3enbas 'yseq oSV L'/SLEIY AN Z6ZHINLS vawd
aseusjsueuyjfsope|ed
6690 821000 Y} S 0 0 LT vl 8¢ Sv00 -9'| apuey»esAjododr 1'61929% dN  6LLEINILS gey
aseuaysueyjfsodn|b
LLLO 6€000  LYLO 6 14 60°L 6€ 9l 10°C S60°0 -'L apuey»eshjododi]  1'£1929V AN LLLEWLS rey
9102 §47 3y} 4o uolbal
aso1day
900 £€90°0 1 23740) 14 4 6'C 9 9l 20T 980°0 jo uonejfioydsoyd feem os)y  1'91929% AN  9LLEINLS Aep
ui@)0.d Jueu
99200 8Lz0 SvZo 6 € 14%4 9¢ Ll 6L G0-38 -1w3dp Yibuaj uleyd usbnue-0  L'FZ0L9% AN 6L0ZINLS gzzm
Po43p uleyd apis Sd1
‘aseuaysuesjoydsoyd
S¥<0'0 /8200 €6v'0 8 l S0 [474 1Z 4 9500 asope|eb areydsoyd-dan L'£Z019Y dN  Z80TINLS d9H
8LE0 9900000 680 8l l L€°0 13 [£3 6t 60-3€ asebl| usbiue-Q ‘7eem osly  L'€1929% N ELLEINLS TeH
aAl} uabjue-Q JO JUeUIWISIBP
6.0 90-32LY [44a S Ll SL'8L €l 8€ [4%°1% 1z-3¢ S9ZISoYIUAS ‘asesdjsuea DY L'SZLL9Y AN ZETTINLS vjeo sd/usbnue-o
uie04d
zeLo SLS'0  vZv00 L 4 LEOL l 14 SL0C 200 suelquisw Jauul sAneInd  L'20/6Sy AN LLZOWILS —
LTE0 €5200 S6L°0 6 14 Jxard 9€ Sl €1°¢ 7800 asesdysuesy |ASOdAD  L'OLL6SY AN STLZOWILS —
€160 S0-3SLY LS'L 14 L SE6 1z 6l X274 90-38 asesdysuesy |ASOdAD  1'90/657 AN LZZONLS —
S€9°0 L0000 L'l 6 L SEY 6¢C €C ey 90-3¢ asesdysuesy |ASodAD  1'S0L65F AN OZLONLS —
69€0 S¥c00'0 €80 € 6 L9PL 0€ LT 4% £0-3€  8seinw asopejeb-dan aaeInd  L'y0L6SY AN 6LZONLS —
18 40] 800000 w60 €l Ll 6'E 4] LE €€ £0-3V asesdjsuedy AsodAID  1°LL/6GF AN 9ZLOWILS — apueyddeshjod
20€°0 90-361°L 8/80 14 ol 96'E 69 14 L'E olL-3€ asesdysuedy AsodAD  1°'60£6GF AN YZLONILS — pazuspeleypun
sso|
uodn a>ue)sisas UuPAWOPIYSO)
1> o<
SNSI9A L  SNSIdA QS ‘uhsg doys dx3z/sqo  ‘uAs doys dx3/sqo
(z1) sweN
senjeA d N4l naL saypueig [eusau] saypue.g ||V Ha4d uondudsaq 1PNpoid/ausn uR)oid selly dusp  ausn Kiobayen

panunpuo) | a|qeL

22 Genome Biol. Evol. 12(3):18-34 doi:10.1093/gbe/evaa010 Advance Access publication February 11, 2020



GBE

Selection-Driven Gene Inactivation in Salmonella

(panunuOd)

€290

€0

90

120

6/8°0

1080

€420

€Lco

S6v°0

€€9°0

89600

LeLo

8020

8L'0

1890

LESO

[4<T4Y]
LS1°0

680

€9'0

7900

oro

6550

9680

6200

19€00°0

6v7C’0

89¢°0

6110000

S200

9¢¢00

8¢90°0

£5900°0

180000

SLLo

£££000°0

618000

8€L0°0

£0L00°0

6¥7700°0

L700°0
vzio

¥€00°0

LEC00

€05S0°0

Sloo

£8€000°0

9€00°0

8Ll

Le80

8180

S9€°0

1571

19°1

vLL0

290

886'0

49"

o

9C'l

LeL0

€190

8Ll

€0l

68L°0
LL7'0

'L

L26'0

697°0

6/8°0

o'l

16°L

14

oL
14

€l

8l

oL

4}

vl

0¢

4}

145

- e -

920°L

6€0

Jul

0's

680

61°0€

459

(44

el

13740

8L

[4%3

[4x4

0’

13974

S9'L

€9°C

ve'e

9C'S

A% 3

[8C

23

09

123
LE

6l

vl

Ve

LE

Le

09

9l

0¢

1374

€9

89
L

0€

9C

6l

6l

o

9C

ol

ol

Sl

[4}

Sl

cl

9l

Ll

€l

Sl

Sl

€l

0¢

6l

8¢

8

8l¢

66'L1

SO'E

LEE

LEVL

9L'S

9C’e

9s'C

8lL'C

e

[

90°L
9L’

SE'C

8L
6S'C

6°C

89y

09

€y

S9'¢

80000

S¥0'0

8¢0°0

9S00

€100

90-3¢

S0-31

S00

Sv0°0

L00

9900

£v0°0

L0-3V

¥200°0

.00

€00

600
1600

€00

20000

£0-3€

£0-3V

£0-31

9800

Japodsuesy

91ejAxoquedip-yD dlqoiseuy
Joyenipe jeuondids

-ueJ} aseAjusboipAy arew.oq

ujaj0.4d podsuesy ujway 3|qissod

aseawuad auisolf)

aseawad apisospnN
1uspuadap
H(d)awN -g esepnp

-9J DI1BWOJROINU 40D “F Ul gSju
jspuadap HAAWN 'V dsepnp

-2J D1]BWOJROIYU ¥[0D *F Ul /Sju
uoipajul
J1wa1sAs wusy-buo) ‘uoned

-lW 192 150y sHQIyul 'SSE L Z-1dS
BHojowoy nibA ‘uioid

uo[38.39s |A 3dA| papodus-9-ds
yyeap sbeydosdew pue bui

-leubis gx-4N sHQIYu! ‘SSEL Z-1dS
aseusysalpoydsoyd dINY

D1pho-,g' € 1103 3 ul ypdd pajjed
(4IN)13 dwAzua

asesaysuesjoydsoyd usbosuN

suoJsadeyd YNy

aselaysaipoydsoyd dIND-IP-21PAD
uiajoud Buipuiq

-dIND-1P-D sisayuAs asojn||9D
nungns

AKioyenbau aseyiufs ssojnjed
nungns

J13Aje1ed aseyjuhs asojn||D

wisljoqeled asoqu Jo Jossaiday
wisjjoqelsw

a1ephAyoqued jo Jossaidai [eqo|n
wisijogeled

asope|eb 4o Jossauday
wisijogeled

91euU0INX3Y JO Jossaiday
ase|AxoqgJedap aulu

-16.e jo Jojenipe jeuondudsuel]
uouddo (surpneped)

pe> Jo JojeAide |euondiosues
sixejowsyd pue Ayjnow

Jo @uay pue “Hqyy4 Jo Jossaiday

L'68LEIY dN
1'08LL9Y dN
L'ZTLEO9Y dN
L'€E¥C2or dN
L'0SEL9Y dN

1'0£S6SY dN

1’19865t dN

1'92009% dN
L°£8T6SY dN
1'920€97 dN
1’86029 dN
1’02619 dN
1’20809 dN
1'ZLS29r dN
L'€2ST9Y dN

1’61529 dN

1'02529% dN
1'S8LZ9Y dN

L'8¥7097 dN

L'9ELLOY dN

1'99€€97 dN

L'09LE9Y dN

L'Z6vL9 dN

1'ZLTL97 dN

SCEVINLS

6S8CINLS

IELNLS

EEEEINLS

607CINLS

8/SONLS

VL8OINLS

LSOLIALS

68COINLS

LSLYINLS

EBLENLS

€00EINLS

IVBLINLS

LL9ENLS

CC9ENLS

8LIENLS

619EINLS
988EINLS

88YLINLS

L6LCINLS

LOSYINLS

S6CVINLS

LSSTINLS

0EETINLS

vnop

vy
Elel

Jdnu

guu

vepw

£
sbun
IDEN
2
dsid
ooud
Hapd
399
g9

vq
ysqu

ow

s/eb

ynxn

Alpe

ope>

vy

sauab dljogelsy

suijoud Japod
-sueJ} J3Yyl0

sosepnpal
dllewoJleoniN

suiej0.4d dU)
-NJIA [RINPNAS

sujej0.4d
Aioye|nbau dsiN

uolnew.oy
wijiyorg

uonezijin
Jebns
O siossauday

aduelsisal ppy

23

Genome Biol. Evol. 12(3):18-34 doi:10.1093/gbe/evaal10 Advance Access publication February 11, 2020



GBE

Cherry

95990 €€€00 8¢l L 0 0 14 14 €99 800 uRjo.d dlwse|doifd aaReINd  1'€62657 AN S6ZONLS —
1450 S/L°0 L0°L 4 € 8 € 14 [4%A €800 uRjo.d dlwse|doifd saeINd  1'699L9% AN ZHLTNLS —
uie04d
SLY'0 8/000 7860 L l 60'S Ll L e L60°0 sueiquiaw Jsuul 9AneINd 1918657 AN 6ES0INLS —
S78°0 862000 ss'l 4 l ST 6 L 68'€ 900 uzoud [dndYlodAH  L'vFZ6St AN 6EZONLS Ooef
L9t'0 68900 /LS80 S € %3 €l L 8LE S60°0 uszoud [edndYlodAH  L'eW6LIY AN 9ZOEINLS —
aW0.1Yd2034> aairend Jjod '3
68L°0 LELOO 9l 4 € £99 oL 8 95'€ 900 o3 uejiwis ‘usjoud ednayodAH  1'8YLZ9Y AN PEZEINLS HeyA
aseuajsuelyAysw
S.6°0 6120000 (44 8 € 65°C 6l 8 16¢C 9800 -([9ln-[8L9L]sulUspe) YNYI SEZ  L'€086SY N 9Z80INLS Jwp
€900 6€L°0 LSE0 14 0 0 oL 6 Ly Z100 3sed|N doo|-d pspIpaid  L'L8LL9Y AN  8ETZINLS —
2290 9/€00°0 €l 8 4 Sl 6C Ll vee S60°0 osefi| sujueje-a-duluely-a  |'GEL6SY dN  OELOINLS galpp
S9¢£°0 8LL'0 78L0 9l S e 374 4% 81T L60°0 D aseyyuAs uidiolpied  €'6L109% N 8YLLIALS o8P
6150 9S€00°0 'l € 0 0 Ll €l €9 S0-3¢ usjoud [ednaylodAH  1'68/66% AN LOSOINLS Y9A
sisayjufsolq
sujweAjod u; doys sazA|
LEEO 67100 9180 0C 4 €60 LS €l €LC 980°0  -eed 'asejfxoquedsp SuIyHUIO  1'0€029% AN LLEINLS Dads
86€°0 876000 8880 6 L [4%3 8¢ Ll e 6200 g9sebl YNA  1'6€9797 AN B6ELEINLS g61|
S T4N(] 8L¥00 LSS0 Sl € SLL 124 Ll 6€°€ 70000 (L osepndad) ssepnadujoulwy  L'/6L09% AN LZZLINLS L1dad sauab Jay10
9580°0 99¢€°0 (A 4N0] 9 0 0 €C L LL'E €800 v oseyyufs suiaishy  1'G9EL9F AN OEVZINLS s>
uiej04d
2€T0 LLE00  ¥99°0 9l 4 4 9€ Ll 8/'C SE00 Hodsuesy suRlshd diqosseuy  L'ESLZIY AN 6EZENILS dnf>
wsijogejed uonejiwisse
955000 8920  99L°0 S l €L L 6l SgLL Cl-3L aulashd Jo Jojenbal sAsod  L'SSEESE AN 6SPOINLS 4o anyns
uosado
96500 S0L°0 13740 8 0 0 0C 6 69°C 60°0  dsolqidw Jo Jojenfal SAIISOd  L'ZILEIY dN  L6THINLS ypw
1> 0<
SNSI9A L<  SNSIBA QS ‘uhs doys dx3z/sqo  ‘uAs doys dx3/sqo
(z1) swenN
senjeA d N4l naL saypueig [euaqu] saypue.g ||y a4 uondunsaq 1Pnpoid/ausn uis0.d sely dusp  auap Kiob=re)

psnuuod | 3|qeL

24 Genome Biol. Evol. 12(3):18-34 doi:10.1093/gbe/evaa010 Advance Access publication February 11, 2020



Selection-Driven Gene Inactivation in Salmonella

GBE

nonsense:synonymous ratio. This ratio was on average 0.126
but varied significantly among genes (standard deviation
0.049).

Correction for multiple testing (over 4000 genes) was per-
formed by a modified FDR procedure. The procedure was
modified in two ways. The standard FDR procedure assumes
that P values are uniformly distributed between 0 and 1 if the
null hypothesis is true, so that the probability of a P value less
than or equal to a threshold p* is equal to p*. This assumption
is correct for continuous distributions, but not for discrete
distributions such as the binomial that is relevant here: The
probability that the P value is at least as small as p* may be
smaller than p* (even 0), making the FDR too conservative.
The modified procedure sums the actual probabilities that the
Pvalues are at least as small as the threshold. Another reason
that the standard FDR is too conservative is that nonsense
rates for many genes are much lower than the expected neu-
tral rate, presumably due to selection, making them much less
likely to produce small P values by chance. The modified pro-
cedure estimates the distribution of nonsense rates relative to
the neutral rate for genes not selected for inactivation and
uses it for computing the probabilities of P values under the
null hypothesis. This distribution is used only for correction for
multiple tests; P values are computed under the neutral ex-
pectation. Details of this procedure are provided in the sup-
plementary text, Supplementary Material online.

Estimation of this distribution introduces some uncertainty
into the procedure. However, simulations indicate that it esti-
mates FDR reasonably well, with actual FDRs at a nominal rate
of 10% equal to 10.4-11.1% depending on the assumptions
(supplementary text S1, Supplementary Material online).
These simulations also confirm that the standard FDR is far
too conservative for this data set, with an actual FDR of only
0.5% at a nominal 10% FDR.

Supplementary table S1, Supplementary Material online,
reports the P values and the standard FDR values for each
gene along with the modified FDR. At a standard FDR of
10%, 42 genes show a significant effect. With a very conser-
vative Bonferroni correction, 33 genes are significant at a 5%
P value cutoff.

The inferred distribution of relative nonsense rates has a
substantial peak at 81-82% of the calculated neutral value,
but negligible probability mass near the neutral value itself
(supplementary fig. S2, Supplementary Material online).
Simulations suggest that this is unlikely to be an artifact of
the estimation procedure. Because inactivation of many genes
may be close to neutral on a short timescale, this may indicate
that the calculated nonsense mutation rates are too large,
perhaps due to context effects on mutation rate. If so, the
calculated P values are too conservative. If the actual rate is
assumed to be 82% of the calculated rate, a total of 135
genes show a significant effect. Many of the additional genes
fall into the categories in table 1.
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Fic. 1.—The phylogenetic tree of a cluster showing inactivations of
LT2 orthologs by stop codons. Every branch on which an inactivation event
is inferred to occur is labeled with the gene name, and the branch and its
descendants are colored. Note that the inactivation of rtcR affects two
isolates, though its color is overridden on one isolate and a terminal branch
because of the later inactivation of ytfE in a descendant.
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Dcm Methylation Sites and Other Hotspots of Mutation

Cytosines methylated by the Dcm methyltransferase
(COWGG, W=A or T) are hotspots for transition mutations
in the laboratory (Coulondre et al. 1978) and in nature (Cherry
2018). The high-frequency transitions can produce stop
codons: a CCAGG — CTAGG transition, which is equivalent
to a CCTGG — CCTAG transition on the opposite strand,
produces a TAG stop codon in two of the six possible reading
frames. This phenomenon is quite significant: 28% of the
observed stop codons are due to transitions at Dcm sites.

It would be possible to incorporate Dcm hotspots into the
model used to compute expected rates under neutrality.
However, there appears to be significant variation in mutation
rate among Dcm sites, and there are in most cases only a few
of them in each gene, so the reliability of the calculation
would be questionable. Furthermore, the inclusion of muta-
tional hotspots makes it more likely that independent parallel
sequence changes will appear to be a single change. For these
reasons, Dcm sites are excluded from the analysis presented in
table 1.

For most genes, Dcm sites contribute modestly to inactiva-
tion by stop codons, typically adding only a fraction of the
total due to other sites. The notable exception is ydiV, for
which a single Dcm site is responsible for 401 inactivations.
This site apparently has an extraordinarily high mutation rate,
which may be an evolved feature. This phenomenon is dis-
cussed further in the section on ydiV.

Also excluded were transitions at M.Sinl methylation sites
(GGWCQ) in clusters containing that enzyme. These have a
much smaller total effect than Dcm sites, but a few M.Sinl
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hotspots would contribute significantly to some of the non-
sense counts in table 1 without this measure.

The possibility that other mutational hotspots create the
appearance of selection can be addressed by examining the
distributions of the positions of the nonsense mutations in the
identified genes. As can be seen from supplementary figure
S3, Supplementary Material online, for all genes but one
(IrhA), stops are distributed across multiple positions, none
of which dominate. This indicates that hotspots of mutation
are not responsible for the results.

The IrhA gene may not be a genuine exception. Although
eight of the nine observed nonsense mutations occurred
within a single codon, they are split 3:5 between the second
and third positions, either of which can give rise to a stop
codon by a transition. These adjacent nucleotides might
both have unusually high mutation rates. However, the ob-
servation would also be explained by selection that is specific
for a stop codon late in the gene because this only partially
eliminates function.

Tree-Based Tests for Laboratory Artifacts

A possible cause of gene inactivation is inadvertent selection
during growth and storage in the laboratory. Indeed, the gene
in table 1 with the largest number of inactivations, rpoS, is
known to be subject to such selection (Zambrano et al. 1993;
Sutton et al. 2000; Spira et al. 2011; Snyder et al. 2012;
Bleibtreu et al. 2014). This laboratory phenomenon is not
without interest, but it should be distinguished from SDI in
the wild.

In experiments designed to identify mutations subject to
selection during laboratory growth of a derivative of S. enter-
ica Typhimurium LT2, Knoppel et al. (2018) observed muta-
tions in only two of the genes in table 1 (barA and nmpC)
during growth in lysogeny broth, the usual medium for
growth of S. enterica. This result supports the view that the
results presented here identify mostly natural SDI. However,
although several genes or gene categories were affected in all
four replicates, these experiments cannot be assumed to have
identified all genes subject to selection in the laboratory.
Furthermore, what is true of the particular strain used in these
experiments need not hold for all of S. enterica. It is notewor-
thy that mutations in rpoS were not observed during growth
in lysogeny broth, although one was observed in a minimal
medium.

Two tests can be applied to a case of SDI to provide evi-
dence that it is a natural phenomenon rather than a labora-
tory artifact. These tests are illustrated in figure 2. Both make
use of the phylogenetic trees and reconstructions. Neither can
distinguish between laboratory-selected inactivation and
strong effects of long-term negative selection in the wild,
which are difficult or impossible to distinguish with the data
at hand. Culture-free sequencing might eventually resolve the
guestion in all cases.

The first test is to consider only sequence changes that are
found on internal, as opposed to terminal, branches of the
tree. A mutation that occurs in the laboratory affects a single
isolate and occurs on a terminal branch, and the reconstruc-
tion will, with rare exceptions, reflect this fact. If the ratio of
nonsense to synonymous changes on internal branches
exceeds the neutral expectation, this phenomenon cannot
be attributed to events in the laboratory.

A diminished nonsense:synonymous ratio on internal
branches may reflect purifying selection in nature rather than
positive selection in the laboratory. Long-term selection against
inactivated alleles would mean that they are less likely to survive
from deep in the tree to be observed and also less likely to be
found in multiple isolates (and hence on internal branches).
Thus, this test can provide evidence for a natural phenomenon
but otherwise is ambiguous rather than demonstrating conclu-
sively that frequent inactivation is a laboratory phenomenon.

The second test is based on the lengths of the terminal
branches on which observed nonsense mutations arise, with
any contribution of the nonsense mutation itself removed. It is
assumed that the other sequence changes occurred in the
wild. One justification for this is that they are enriched for
synonymous changes, which are presumably unlikely to be
selected strongly in the laboratory.

The probability that a nonsense mutation is observed be-
cause of selection in the laboratory is expected to be unrelated
to the length of the terminal branch leading to the isolate. A
naturally occurring nonsense mutation, on the other hand, is
more likely on a longer branch, which on average corresponds
to a longer evolutionary time. If the possibility of long-term
selection is neglected, this probability is proportional to the
true length of the branch, which is estimated by the observed
length. The expected values of terminal branch length are
computed for each nonsense mutation under both assump-
tions, based on the observed terminal branch lengths of the
tree on which it occurs. The length of the branch on which it
occurs is scaled according to these expectations such that a
value of O corresponds to the expectation for a laboratory
mutant and a value of 1 corresponds to the expectation for
a mutation that occurred in the wild. These are averaged for
the nonsense mutations observed for a gene to yield a mea-
sure that | call the terminal branch length index (TBLI). Values
of this measure are given in table 1, along with P values for
the null hypotheses that it is <0 and that it is >1. Details of
these calculations are given in the supplementary text,
Supplementary Material online. This test, too, can fail to pro-
vide evidence for a genuine natural phenomenon due to long-
term purifying selection, which may restrict observed non-
sense mutations to the very tips of terminal branches, which
are not longer on branches beyond a certain length.

The best evidence for a natural effect occurs when the TBLI
is close to 1 or higher and statistics reject a value of 0 or less
but not a value of 1 or more. However, an intermediate value
of the TBLI can also provide evidence for a natural
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Fic. 2.—Distinguishing an effect in nature from a laboratory phenomenon. Branches on which sequence changes occur are marked with a slash, and
they and their descendants are colored. Upper panels: Laboratory mutations occur on terminal branches (magenta, upper left panel). Natural mutations can
occur on internal branches as well (green, upper right panel). An inflated nonsense:synonymous ratio on internal branches is evidence for a natural
phenomenon. Lower panels: A laboratory mutation is just as likely to occur on a short terminal branch (red) as a long one (blue), as illustrated in the lower
left panel. Naturally occurring mutations are more likely to occur on longer terminal branches (lower right panel). The TBLI quantifies the extent to which the

latter expectation is realized.

phenomenon, provided that the ratio of observed to expected
nonsense mutations remains convincingly high after correc-
tion. For example, the TBLI for fliB, 0.446, is well below 1, but
it is statistically distinguishable from O. Even if only 44.6% of
the 47 terminal-branch nonsense mutations are natural, com-
bined with the eight internal nonsense mutations they give
approximately a 29:34 nonsense:synonymous ratio, yielding
an observed:expected ratio of 5.6, indicating a strong natural
effect. In this case, the ratio on internal branches (4.84)
agrees.

An important difference between the two tests is that the
internal branch ratio is computed using all trees, whereas the
TBLI utilizes only those on which nonsense mutations occur
for a gene. They may also be affected differently by selection
because occurrence of a mutation on an internal branch
requires its presence in multiple isolates, whereas the TBLI
depends only on evolutionary time.

For about 83% of the genes in table 1, at least one of the
tests provides evidence that SDI occurs in nature. Where ev-
idence is lacking, laboratory selection is a possible explanation,
but purifying selection in the wild or insufficient power due to
small numbers might be responsible. Most of the isolates in-
cluded in the study were grown only for the purpose of mo-
lecular characterization rather than being cultivated

extensively, which should minimize laboratory selection.
Most of the inactivated alleles would be expected to experi-
ence long-term negative selection in the wild, because most
of the genes have been maintained by purifying selection for
millions of years.

Genes Exhibiting SDI

A few genes exhibiting SDI are discussed below. A more com-
prehensive discussion, which considers most of the genes in
table 1, can be found in the supplementary text,
Supplementary Material online.

Sigma Factor RpoS

The gene with the largest number of inactivations, by a factor
of 2.5 if methylation hotspots are excluded, is rpoS. This gene
encodes a sigma subunit of RNA polymerase that activates
transcription of a variety of genes in response to starvation
and other stresses (reviewed by Battesti et al. 2011 and
Landini et al. 2014), including virulence genes (Fang et al.
1992; Velasquez et al. 2016).

Inactivated rpoS genes have frequently been observed
in S. enterica and E. coli, due in part to selection during
storage or growth in the laboratory (Zambrano et al. 1993,
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Sutton et al. 2000; Spira et al. 2011; Snyder et al. 2012;
Bleibtreu et al. 2014). However, rpoS is frequently inactivated
in fresh isolates of S. enterica serovar Typhi, though not of
Typhimurium (Robbe-Saule et al. 2003).

There is a severe relative deficiency of nonsense mutations
on the internal as compared with terminal branches.
Furthermore, the TBLI is small and clearly distinguishable
from 1. It is reassuring that both tests indicate the possibility
of laboratory artifacts in this known case of laboratory selec-
tion for inactivation.

It is nonetheless possible that SDI occurs in nature, as sug-
gested by the observations of Robbe-Saule et al. (2003). Both
tests might be affected by long-term selection for RpoS func-
tion in nature, and the counts on internal branches are statis-
tically compatible with a 2-fold or greater enhancement of the
inactivation rate by selection. Furthermore, the TBLI (0.172) is
statistically distinguishable from 0 or less. Taking it as an esti-
mate of the fraction of terminal-branch inactivations that are
natural implies that a total of about 48 inactivations have
occurred in the wild. This figure should not be regarded as
a precise estimate. However, if it is qualitatively correct then
rpoS is among the genes most frequently inactivated in nature
and its inactivation rate is several times the neutral
expectation.

SDI of rposS in the wild might be driven by the same forces
that drive it in the laboratory. However, some of the genes
regulated by RpoS are most relevant in a host. Among them
are virulence genes (Fang et al. 1992; Chen et al. 1995;
Veldsquez et al. 2016) and genes involved in biofilm forma-
tion (Davidson et al. 2008), functions that are shared with
many other genes that exhibit SDI (discussed below).
Ferenci (2003) discusses possible reasons for rpoS inactivation.

Chemotaxis Receptor Tsr

The second most frequently inactivated gene (neglecting
methylation hotspots) is tsr, which encodes a methyl-
accepting chemotaxis protein (MCP). MCPs serve as receptors
for chemotaxis. The loss of an MCP can be viewed as a partial
loss of motility and chemotaxis. It may cause the bacteria to
remain stationary when they otherwise would have moved
along a concentration gradient. Loss of one MCP might also
allow the cells to follow a weaker concentration gradient
sensed by another MCP.

Tsr-mediated taxis toward alternative electron acceptors
(“energy taxis”) is important for one route to invasion of
host cells (Rivera-Chavez et al. 2013). Selection for tsr inacti-
vation may be related to this process, either because inactiva-
tion permits invasion by another route or because it prevents
invasion.

Because this is the first such gene to be discussed, it is
worth pointing out that there is strong evidence that SDI of
tsr occurs in nature. The observed:expected ratio is high on

internal branches—nearly as high as the overall ratio—and is
based on a large enough number of sequence changes that
there is no great uncertainty in its estimate. Also, the TBLI is
close to 1, statistically indistinguishable from 1, and easily
distinguishable from 0. Inactivations of tsr that occur on inter-
nal branches can be seen in supplementary figure ST,
Supplementary Material online.

Virulence Requlators HilD and HilC

Salmonella enterica virulence determinants are regulated by a
complex network of proteins and small RNAs (Holzer et al.
2009). The hilC and hilD genes are part of SPI-1 and encode
transcriptional activators that activate virulence genes indi-
rectly and directly (Ellermeier et al. 2005). There is also mutual
activation between HilC, HilD, and RtsA. Both HilC and HilD
activate SPI-1 genes, but only HilD can activate SPI-2 genes.

It is notable that there are no nonsense mutations, but 52
synonymous changes, in hilA. The derepression of hilA by hilC
and hilD is the main means by which they activate virulence
genes. Inactivation of hilA may give a more severe phenotype
that is not favored. Also, HilC and HilD can activate a subset of
SPI-1 genes independently of HilA (Akbar et al. 2003), which
may be important to selection for their loss.

Phosphohydrolase UshA

UshA is a periplasmic phosphohydrolase. It has long been
known that ushA is inactivated by a missense mutation in
many Typhimurium isolates, including the laboratory strain
LT2 (Burns and Beacham 1986), and by a different mutation
in isolates of the serovars Gallinarum and Pullorum (Edwards
et al. 1993; Innes et al. 2001)., which are close relatives. The
present results indicate that inactivation of ushA is driven by
positive selection.

In many clusters, ushA is inactivated in all isolates. In addi-
tion, as table 1 indicates, many inactivations are observed
within clusters. More so than with other genes, these some-
times occur fairly deep in the tree and affect many isolates.

UshA is active toward a wide range of substrates (Neu
1967; Alves-Pereira et al. 2008). Selection for inactivation of
ushA may be related to the intracellular lifestyle: Because of its
periplasmic location, UshA might hydrolyze important com-
pounds of the host cell, causing it unnecessary harm.
Expression of ushA is increased when S. enterica enters a
nongrowing state that is induced by acid (Ninez-Herndndez
et al. 2013), so selection for inactivation may be related to this
state or to its abandonment.

The four Typhimurium isolates studied by Innes et al.
(2001) all contained the same inactivating missense mutation,
suggesting that inactivation in Typhimurium was due to a
single mutational event. Although several Typhimurium clus-
ters are completely affected by the know missense mutation,
in other clusters several inactivations by nonsense mutations
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are observed. Thus, even within Typhimurium, inactivation is
due to multiple events, and inactivation is an ongoing process.

Notably, no stop mutations are observed in ushB, which
encodes another extracytoplasmic phosphohydrolase and is
inactivated in E. coli (Edwards et al. 1993). The notion that
inactivation of ushA and ushB are essentially equivalent losses
of redundant functions is not supported by these results.

SbmA

The sbmA gene encodes a periplasmic transport protein. In
E. coli, this protein is involved in entry of some bacteriophages
and bacteriocins into the cell, and its inactivation results in
resistance to them. SbmA is involved in the import of PR-
39, a porcine antimicrobial peptide, and its inactivation con-
fers resistance to this peptide (Pranting et al. 2008).

The isolate information points to PR-39 as a driving force
for inactivation. Of the 30 cases of terminal-branch inactiva-
tion, five, or 16.7%, are from pigs or pork products. By com-
parison, only 3.6% of all the isolates are from porcine sources.
This difference is statistically significant (P=0.0045, two-
sided Fisher's exact test). If the total terminal branch length
is considered (4.5% porcine), the enrichment is slightly smaller
but remains statistically significant (P=0.011, two-sided bi-
nomial test).

Of the nonporcine isolates, eight, or 26.7% of the total,
are from cattle or beef products, whereas only 3.1% of all
isolates are from these sources and they correspond to only
4.0% of the terminal branch length (differences statistically
significant: P=2.2E-6, two-sided Fisher's exact test, and
P=1.6E-5, two-sided binomial test). This suggests that cattle
produce a peptide similar to PR-39 that also is imported by
SbmA and selects for sbmA inactivation. Analysis of bovine
sequences identifies a candidate peptide (the mature peptide
component of NP_777251.1). Like PR-39, it is rich in proline,
arginine, and phenylalanine, and it has similar length.

Although humans produce a PR-39 counterpart of sorts,
FALL-39 (Agerberth et al. 1995), sequence similarity is limited
to the portion of the precursor protein that is excised; the
mature peptides bear little resemblance. The six identifiable
human cases may represent infections from pork and beef
products, as the phylogenies strongly suggest in four cases
(they are uninformative in the other two).

Biosynthesis of an Uncharacterized Polysaccharide

Strong evidence for SDI exists for seven genes that are part of
a cluster apparently involved in the synthesis of a polysaccha-
ride. These include five glycosyltransferases, a UDP-sugar
(probably galactose) mutase, and an inner membrane protein
(possibly involved in polysaccharide or precursor export).
This polysaccharide might, like cellulose, be involved in bio-
film formation. In addition to cellulose, another polysaccha-
ride is present in the extracellular matrix in Typhimurium

biofilms, and it contains galactose (de Rezende et al. 2005).
This substance is different from an additional polysaccharide
present in S. enterica Enteritidis biofilms (White et al. 2003),
and this gene cluster is present in Typhimurium but absent
from most Enteritidis genomes. In any case, the frequent in-
activation of these genes suggests that this polysaccharide has
an undiscovered importance.

Four of these genes were identified by Barquist et al.
(2013) as being “required” in Typhimurium, but not in
Typhi. Many of the inactivations by stop codons, however,
occur in Typhimurium. This seeming contradiction might be
explained by the operational definition of “required” used by
Barquist et al., which is compatible with the viability of an
inactivated mutant. Barquist et al. also argue, based in part
on differing “requirements” for these genes, that the cell
surface is more important for Typhimurium than for Typhi.
However, the evidence does not support this conclusion.
These two points are discussed in greater detail in the supple-
mentary text, Supplementary Material online.

O-Antigen Ligase Rfal

The rfal gene (also called waal) encodes O-antigen ligase. Its
inactivation leads to lack of attachment of O-antigen to the
LPS core, a major change in the cell surface.

Inactivated rfaL is found disproportionately in isolates from
urine. Of the 30 cases of inactivation restricted to a single
isolate, 8 (26.7%) are from urine and for 15 the relevant
information is not available. Only 1.2% of all isolates are
marked as isolated from urine, so this is an enrichment by
more than a factor of 22 (P= 1.4E-9, two-sided Fisher's exact
test), or ~18 compared with the fraction of terminal branch
length (P=1.2E-8, two-sided binomial test). In addition, one
isolate is from porcine kidney. Selection for loss of this gene
presumably operates most strongly in the urinary tract and is
perhaps related to adhesion. Adhesion to host cells is known
to be increased in rfal mutants (Holzer et al. 2009).

In addition to a high TBLI, the overrepresentation of isolates
from urine is evidence that SDI occurred in the wild. On inter-
nal branches, however, the nonsense:synonymous ratio is < 1/
3 the neutral expectation. This appears to be a case where a
lack of apparent SDI on internal branches is caused by long-
term selection against inactivated alleles and does not indicate
a laboratory artifact. Because of the second form of evidence
that SDI is natural, this gene provides a particularly good ex-
ample of this phenomenon.

Motility Regulator YdiV/

Salmonella enterica is motile (and chemotactic) under some
conditions and nonmotile under others. Expression of flagellar
genes is under tight regulation and responds to a variety of
inputs. The choice between motility and nonmoatility is a major
“lifestyle” decision that can involve tradeoffs. Even when
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motility would otherwise be advantageous, it comes with
costs: Expression of flagella consumes resources and results
in a 2% decrease in growth rate (Macnab 1996), and flagella
may be a target of antibodies, are recognized by the immune
system as pathogen-associated molecular patterns (Miao
et al. 2007), and serve as attachment sites for some bacter-
iophages (Choi et al. 2013; Hendrix et al. 2015). Mutations
that eliminate flagella confer advantages under some condi-
tions and disadvantages under others (Weinstein et al. 1984;
Allen-Vercoe et al. 1999; Van Asten et al. 2000; Kilroy et al.
2017).

YdiV represses expression of flagella under conditions of
poor nutrient availability. Salmonella enterica is unusual in that
it exhibits motility and chemotaxis only when nutrients are
plentiful (Koirala et al. 2014). In most other bacteria, including
E. coli, just the opposite is true: Motility and chemotaxis are
exhibited only when nutrients are rare. It may be that most
bacteria use chemotaxis for foraging, whereas S. enterica uses
it for host colonization (Koirala et al. 2014). Loss of YdiV might
make S. enterica adopt the use of chemotaxis for foraging like
most bacteria. It might also be selected because it prevents
biofilm formation, or because it allows the use of chemotaxis
for host invasion under conditions that normally prevent it.

A notable feature of ydiV is that 401 nonsense inactiva-
tions occur at a single Dcm-methylated position, nucleotide
367 of the LT2 coding sequence. This is more than ten
times the total at other positions in the gene, and by itself
gives ydiV a higher rate of these events than any other gene
if Dcm sites are included. This phenomenon is not
accounted for by the typical effect of Dcm methylation,
which increases the transition rate by a factor of
~8 (Cherry 2018). Assuming that selection for a stop codon
is not significantly stronger at this position than at others in
the gene, its transition rate must be higher than average for
a Dcm site by more than an order of magnitude.

Although there is significant rate heterogeneity among
Dcm sites, this site appears to be exceptional. The coding
seguences contain just one other with a comparable transition
rate, and only three more that come within a factor of 2. This
analysis accounts for the ~11-fold effect of selection for ydiV
inactivation: the fastest Dcm position elsewhere in the ge-
nome exhibits 31 transitions, which is lower than the 401/
11.34 = 35 expected for the ydiV site without selection.

The methylated position on the opposite strand of this Dcm
site does not share the extraordinary transition rate: No
changes are observed there, even though a transition would
be synonymous. Another Dcm site lies just upstream of this
one, with six base pairs separating the two, but such closely
spaced Dcm sites are not rare in the Salmonella genome. The
second site is apparently not highly mutable for a Dcm site
either: Only three transitions are observed there. Transitions at
both methylated positions of the second site are nonsynon-
ymous, but if they are strongly disruptive their frequency
should be increased by SDI.

It is tempting to speculate that the presence of this extraor-
dinarily mutable site in a gene subject to SDI is an evolved
mechanism for generating inactivated alleles. However, the
straightforward version of this hypothesis faces two difficul-
ties. First, there is the likelihood that inactivated alleles are
“dead ends” due to long-term purifying selection. Second,
no allele that destroys itself will be favored by the success of
the derived allele, which does not increase the frequency of its
highly mutable parent. Both objections could be overcome by
sufficiently frequent reversion, but there are only two candi-
date reversion events at this position of ydiV, both of which
are suspect because an equally parsimonious reconstruction
eliminates them.

A plausible alternative is that a small fraction of cells with
inactivated alleles contribute to the success of the parental
genotype, in which case a high rate of inactivation could be
favored due to kin selection. However, in this case, it is the
intact parental allele that enjoys a fitness advantage, so SDI
does not follow, though the two phenomena might be
related.

Gene Presence and Absence among Isolates

If inactivated alleles are not subject to negative selection in the
long term, the usual outcome is expected to be complete loss
of the gene. Sufficiently weak purifying selection would also
diminish the rate of acquisition of a gene, and borderline se-
lection in some lineages may correlate with weak selection in
others.

Figure 3 shows the cumulative distribution of the fre-
guency of occurrence of the genes that display SDI in a set
of Salmonella genomes (blue), including alleles with stop
codons or frame-changing insertions and deletions but requir-
ing a match over at least 80% of the coding sequence. Also
shown (gray) is the distribution for the remaining LT2 ortho-
logs. The fractions for the individual genes are given in sup-
plementary table S1, Supplementary Material online. With the
goal of obtaining a more representative sampling of diversity,
only one genome (the reference) was included from each
cluster of isolates, and the analysis included all clusters, not
just those containing at least 5 isolates, for a total of 9,594
genomes.

The distribution for the genes exhibiting SDI is similar to
that for other genes. Perhaps surprisingly, there is no deficit of
genes present nearly universally. Of the 84 genes, 55, or 65%,
are present in more than 99.5% of the genomes, which is
slightly larger than the fraction among other genes. Thus, SDI
is not associated with one indication of weak selection for
function or an accessory or lineage-specific role.
Furthermore, this result supports the view that the selectively
inactivated genes enjoy only a short-term advantage and are
usually eliminated by negative selection in the long term.

Above 99.5%, the two distributions diverge (fig. 3, lower
panel), with generally lower fractions of presence among the
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84 genes showing SDI. This is to be expected. The fact that
any inactivated alleles are observed indicates that a gene is not
absolutely required for survival. Furthermore, selection for in-
activation is expected to increase the rate of gene loss, both
because deletion would be positively selected under some
circumstances and a gene inactivated in some other way is
not subject to selection against deletion.

General Discussion

It was found that 84 S. enterica genes exhibit SDI. For the
majority of them, this could be shown to have occurred in
nature. There may be many others for which this phenome-
non could not be detected due to insufficient power or the
effects of purifying selection on inactivated mutants.

In many cases, several genes with related functions, or
whose inactivation would produce related phenotypes,
were found to be subject to SDI. This commonality is partially
reflected in the categories in table 1, but several recurring
themes transcend the categories. Many of the genes affect
processes that are connected by a vast regulatory network:
virulence, motility and chemotaxis, biofilm formation, and the
stress response. A large number of the genes affect the cell
surface, which forms the cell’s interface with the outside
world, both abiotic and biotic. It is likely that inactivation of
many of the genes is selected, at least in some instances,
because it provides resistance to toxic substances. Only three
genes were designated as being inactivated due to selection
by specific substances, but resistance is a suspected reason for
inactivation of many other genes. Most of the genes affecting
the cell surface fall into this category, especially if “toxic sub-
stances” is extended to include bacteriophages.

The results provide evidence for several hypotheses that do
not concern selection and may merit empirical exploration.
One is that ydiV contains a site with an extraordinarily high
mutation rate. If this phenomenon can be observed in the
laboratory, the sequence requirements and mechanism could
be investigated. Another is that cattle, like swine, produce an
antimicrobial peptide that is active against Salmonella, and
that enters the cell through the product of the sbmA gene,
the inactivation of which confers resistance to the peptide.
Finally, the results suggest the unrecognized importance of an
exopolysaccharide produced by the products of a gene cluster
found in Typhimurium and some isolates of other serovars.
The presence of the polysaccharide might be easily observable
by microscopy (de Rezende et al. 2005), and any effects on
host colonization and pathogenesis would be of interest.

Condition-Specific Advantage and Eventual Extinction

Although inactivated alleles of a few genes, such as ushA and
oafA, may be establishing themselves, it seems unlikely that a
large fraction of the genes in table 1 are in the process of
being lost. This is especially so for genes with orthologs in
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E. coli and other enteric bacteria. It seems more plausible
that these genes are regularly subject to occasional
condition-specific selection that drives inactivation, but that
the mutants are eventually eliminated by the same purifying
selection that has maintained the genes for millions of years.
The fact that the majority of these genes are present in almost
all isolates analyzed (fig. 3) supports this view.

A straightforward example of this phenomenon that in-
volved resistance to a harmful substance was given in the
Introduction section. In other cases, the selective force that
favors inactivation might be less obvious and more complex.
Salmonella enterica encounters a wide variety of conditions. It
can live inside of host cells of various types (most notably
epithelial cells and macrophages), and outside of cells in var-
ious host compartments and extrahost environments. Hosts
vary in such aspects as species, genotype, nutrition, immune
state, and resident microbiota. Uncommon conditions, or
combinations of conditions, may select for loss of a gene’s

Genome Biol. Evol. 12(3):18-34 doi:10.1093/gbe/evaal10 Advance Access publication February 11, 2020 31



Cherry

GBE

function, allowing inactivated mutants to out-compete the
parent strain. This would, however, be a Pyrrhic victory in
that the mutation would doom its bearer to likely extinction.

A different possibility is that a short-term advantage under
common, ordinary conditions is offset by a long-term disad-
vantage. A mutant might be capable of out-competing its
parent within any locale, but less effective at spreading to
new locales. Mutations of this sort can be compared with
somatic mutations that lead to increased cell growth rate
and cancer, in that they enjoy only a temporary advantage
and they harm the parental genotype.

Nontyphoidal human infections (the source of the vast ma-
jority of the human isolates) continually derive from nonhu-
man reservoirs, mainly poultry, cattle, and swine. If selection
for inactivation occurred only upon such a host switch, the
combination of positive selection and nonpersistence might
be explained by source-sink dynamics (Sokurenko et al. 2006).
However, human isolates are not overrepresented among
isolates singly affected by SDI events, and the major reservoir
species are found among them at representative frequencies
(supplementary table S1, Supplementary Material online,
rightmost columns). Thus, although source-sink dynamics
due to zoonosis might contribute to the phenomenon, it is
apparently not the main explanation for it.

Why Not Regulate?

If it is sometimes advantageous to eliminate a gene product,
why has regulation not evolved to repress gene expression
under the relevant conditions? This would allow exploitation
of those conditions without eliminating future gene expres-
sion under other conditions where it is favorable.

The rarity of some conditions may explain the absence of
seemingly advantageous regulation. If the conditions are suf-
ficiently rare, selection will be too weak to establish and main-
tain regulation. Selection may even disfavor such regulation
because the cost of the necessary additional regulatory appa-
ratus outweighs the small gain in fitness.

Some of the conditions that favor gene inactivation may be
sufficiently novel that there has not been sufficient time for
complete adaptation to them. Although most conditions will
have been encountered before in the history of S. enterica,
their occurrence at high frequencies may be phenomena of
the modern world. Possible examples include the presence of
truly novel antimicrobial agents and the crowded conditions
of modern methods of rearing poultry.

Another possibility is that the mutant phenotype locally
out-competes the parent under ordinary conditions yet is
harmful to the success of the pathogen. Conflicts likely
exist between individual growth rate and the success of a
clone that infects a host; fast growth might reduce trans-
mission by, for example, reducing achievable density. As
suggested earlier, such a mutant is akin to a cancer on the

parental strain. More abstractly, the mutant phenotype
amounts to defection in the cooperative effort of the clone.
Repression of the relevant gene would be harmful, much
like repression of a tumor suppressor gene, at least when a
single clone infects a host.

In some cases, the necessary regulation might be difficult
or impossible, at least with the usual mechanisms of bacterial
regulation. Several negative regulators of sugar utilization are
among the genes displaying SDI. These regulators seemingly
serve to allow gene expression when it is appropriate (e.g.,
when the sugar is available) and prevent wasteful expression
otherwise, so why would their inactivation ever be favorable?
It might be advantageous under conditions of intermittent
sugar availability because constitutive expression allows avoid-
ance of phenotypic lag, which overcomes the cost involved.
The impossibility of predicting the future precludes a simple
regulatory solution. In principle, a regulatory “decision” to
express the catabolic genes continuously could be made
based on the history of availability of this sugar and other
carbon sources. However, this would require some sort of
long-term memory and a somewhat sophisticated integration
of historical information.

An inactivating mutant might have occasional success due
only to chance. The mutant phenotype would represent a
“decision” that is usually detrimental but, unpredictably, ad-
vantageous on occasion, much as probabilistically incorrect
play in a game of chance sometimes beats correct play. If
the outcome is for practical purposes random, always making
the probabilistically correct play—that is, never repressing the
gene—is the best strategy.

Conclusion and Perspectives

Selection-driven gene inactivation is a notable phenomenon
in S. enterica, and presumably in other bacteria as well. It is
likely that most selective inactivation events enjoy only tem-
porary success and are ultimately eliminated by purifying se-
lection. This may be an example of a more general
phenomenon that is not limited to bacteria or to inactivating
mutations but occurs in most species and involves nonsynon-
ymous and regulatory mutations as well. This could compli-
cate efforts to infer distributions of selection coefficients for
various types of mutations but might provide opportunities
for other types of studies.

The identities of genes subject to selection for inactivation
provide a window into the selective tradeoffs faced by the
organism and may point to testable nonevolutionary hypoth-
eses concerning extant bacteria. Furthermore, because the
genes affected are enriched for genes of high interest to
researchers, they may identify other genes of unrecognized
importance that deserve further study. This phenomenon may
be especially important for other bacteria that have been less
intensively studied than S. enterica.
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