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Abstract

The instability of Shigella genomes has been described, but how this instability causes
phenotypic differences within the Shigella flexneri species is largely unknown and likely
variable. We describe herein the genome of S. flexneri strain PE577, originally a clinical isolate,
which exhibits several phenotypic differences compared to the model strain 2457T. Like many
previously described strains of S. flexneri, PE577 lacks discernible, functional CRISPR and
restriction-modification systems. Its phenotypic differences when compared to 2457T include
lower transformation efficiency, higher oxygen sensitivity, altered carbon metabolism, and
greater susceptibility to a wide variety of lytic bacteriophage isolates. Since relatively few
Shigella phages have been isolated on 2457T or the previously characterized strain M90T,
developing a more universal model strain for isolating and studying Shigella phages is critical to
understanding both phages and phage-host interactions. In addition to phage biology, the genome
sequence of PE577 was used to generate and test hypotheses of how pseudogenes in this strain—
whether interrupted by degraded prophages, transposases, frameshifts, or point mutations—have
led to metabolic rewiring compared to the model strain 2457T. Results indicate that PE577 can
utilise the less-efficient pyruvate oxidase/acetyl-CoA synthetase (PoxB/Acs) pathway to produce
acetyl-CoA, while strain 2457T cannot due to a nonsense mutation in acs, rendering it a
pseudogene in this strain. Both strains also utilize pyruvate-formate lyase to oxidize formate but
cannot survive with this pathway alone, possibly because a component of the formate-hydrogen

lyase (fdhF) is a pseudogene in both strains.

Importance
Shigella causes millions of dysentery cases worldwide, primarily affecting children under five

years old. Despite active research in developing vaccines and new antibiotics, relatively little is
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known about the variation of physiology or metabolism across multiple isolates. In this work, we
investigate two strains of S. flexneri that share 98.9% genetic identity but exhibit drastic
differences in metabolism, ultimately affecting the growth of the two strains. Results suggest
additional strains within the S. flexneri species utilize different metabolic pathways to process
pyruvate. Metabolic differences between these closely-related isolates suggest an even wider
variety of differences in growth across S. flexneri and Shigella in general. Exploring this
variation further may assist the development or application of vaccines and therapeutics to

combat Shigella infections.

Introduction

Shigella flexneri is a causative agent of shigellosis, a type of bacillary dysentery. Shigella is
endemic in numerous countries worldwide and contributes to the approximately 269.2 million
cases of shigellosis per year (1). Dozens of S. flexneri serotypes and subtypes have been
described, with each serotype determined by the lipopolysaccharide (LPS) O-antigen chemical
structure (2, 3). These serotypes exhibit unique antigenic properties (4), and the genes
responsible for determining serotype are often recombined and/or modified by lysogenic
bacteriophages (3, 5), meaning serotype is a highly variable characteristic. Despite the large
global burden of S. flexneri infections, relatively few strains have been thoroughly characterized:;
moreover, these strains represent an extremely small fraction of S. flexneri diversity (6). The
model organism S. flexneri strain 2457T is serotype 2a—an antigenic type which is found
worldwide—but belongs to only one of seven phylogenetic groups. Another commonly studied
strain, S. flexneri M90T, is serotype 5a and belongs to a separate phylogenetic group with a

narrower geographic range, primarily found in North America, Europe, and Southern Asia (6).
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Besides these two strains, relatively little is known about other isolates or phylogenetic groups of

the species.

PE577 is a serotype Y strain, with an O-antigen that is not decorated by glucosy! or acetyl
moieties (3). This serotype serves as the most basic O-antigen structure, with other serotypes
resulting from modification of the Y type. The strain was obtained from the Institute of Medical
and Veterinary Science (now SA Pathology) in Adelaide, Australia in 1988. Though originally a
clinical isolate, it has lost its virulence plasmid since isolation. Most recently isolated S. flexneri-
infecting bacteriophages infect serotype Y, with some exclusively infecting this serotype (7, 8).
A majority of these novel phages were isolated using strain PE577; comparably few were
detected when non-pathogenic derivatives of other model strains 2457T or M90T were used,
even from the same environmental samples. This strain has thus been useful for assessing both
abundance and diversity of Shigella phages in the environment. While strain PE577 has been
used to isolate and study many bacteriophages, it had not been previously described or
characterized genomically or physiologically. Establishing a model organism with such
widespread bacteriophage susceptibility may therefore advance our understanding of phage-host
interactions, including O-antigen recognition and other determinants of host recognition. As part
of this goal, we sequenced the entire genome of strain PE577, including its chromosome and two
small plasmids. In addition, Shigella is known to produce variable responses in the human host
(9, 10). Some of this is likely due to serotype and antigenicity, which has been the primary focus
of vaccine development (4); however, some of the variability may also be due to variance in
Shigella physiology and metabolism. Therefore, we also performed metabolic analyses of S.

flexneri PE577 compared to CFS100, an avirulent derivative of 2457T (11), to measure
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differences in carbon metabolism under aerobic or microaerobic conditions the bacteria may

encounter while in the environment or moving through the human gut.

Unlike other genera of Enterobacteriaceae, Shigella lack functional CRISPR and restriction-
modification systems and are susceptible to parasitism by mobile genetic elements (12). This
likely contributes to the ongoing degradation of Shigella genomes, along with selective pressure
to eliminate antivirulence genes, which interfere with the pathogenic lifestyle of these bacteria
(13-15). While Connor et al. 2015 (6) describe overall stable genomes outside of these mobile
elements, this work was based on large-scale whole genome sequencing data from hundreds of
isolates: functional analyses were understandably beyond the scope of the study. In addition to
its greater susceptibility to bacteriophage infection from samples collected from various
environments (7, 8), we describe here that PE577 exhibits several differences in cell physiology
compared to its 2a counterpart CFS100. These are exacerbated by microaerobic conditions and
media where glucose is the primary carbon source compared to aerobic conditions and nutrient-

rich media with a variety of carbon sources.

Through comparative genomics, we identified differences in genes involved in pyruvate
catabolism between PE577 and CFS100. After determining the metabolic pathways in which
these genes are involved, we examined the phenotypic effects of growing the two strains in a
variety of conditions favored by alternate pathways. After growth, we measured specific
metabolic products in spent media via HPLC to investigate which pathway(s) were utilized under

each condition. The combination of genetic and metabolic analyses described herein indicate
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that PE577 utilizes the PoxB/Acs bypass to generate acetyl-CoA while CFS100 does not. This
metabolic rewiring suggests drastic physiological changes can occur from small genomic
variation over a relatively short evolutionary history. These results have implications for S.
flexneri pathogenesis, treatment, vaccine development, and bacteriophage susceptibility—

including the research and development of phage therapy or its application.

Results

PES577 belongs to a different S. flexneri phylogenetic group than other model strains

To begin comparing genetic changes between strains, the complete genome of S. flexneri strain
PE577 was sequenced, including its 4.6 Mbp chromosome and two plasmids (Figure 1).
Individual characteristics and accession numbers of these are shown in Table 1, which can be
cross-referenced using the accession numbers PRINA533747 for BioProject or SAMN12588114

for BioSample.

Previous work has consolidated worldwide S. flexneri isolates into seven phylogenetic groups
(PGs), which cluster by location and serotype (refer to Figure 1 and supplementary material
contained within Conner et al. (6)). Strains of serotype Y are primarily found in four of these
groups: PG1, PG3, PG6, and PG7. These PGs can be further distinguished by the presence of
serine protease autotransporter toxin genes sigA/sat and pic, the iron uptake sit and fec operons,
the enterobactin ent operon, and the Shigella enterotoxin 1 (ShET1) genes set1A and set1B.
Strain PE577 encodes all but the Fec operon and ShET1 genes. Combined, these characteristics

suggest that PE577 is a member of PG7, which is predominantly found in east and southeast
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Asia—consistent with PE577 originating in Australia. By contrast, the phylogenetic groups of
2457T and M90T are PG3 and PG5, respectively. Strains of PG3 were isolated from around the
world, while PG5 is primarily composed of historical strains originating from North America and
Europe. Strain PE577 therefore provides a third representative for comparing separate
phylogenetic and geographic groups within the species. Since PE577 is the host to numerous
bacteriophages, an analysis of prophage remnants was conducted using the PHAge Search Tool —
Enhanced Released (PHASTER) search tool (16). Genome remnants from at least eleven phages
are present, and include identity to known phages such as iGifsy-1, Sf6, sal3, Stx2, N4, etc.
Additionally, this region includes some structural genes of unknown origin. While the full
genomes of these phages are incomplete, some genes remain intact. These are primarily limited
to transposases, though some regions also include structural phage genes. These prophages are

indeed defunct as no phage particles were produced after induction (data not shown).

In addition to the chromosome, PE577 harbors two plasmids, characterized by similarities to
ColE1 and pHS-2 (17, 18). The first of these encodes seven full-length proteins, including
mobilization proteins in the mob/mbe operon. This plasmid has been found in numerous strains
of enteric bacteria, where it frequently encodes additional transposable elements or antibiotic
resistance genes (17). Thus far, at least among strains of S. flexneri, only the mobilization operon
is present, suggesting the additional genes are either not retained or have not yet been
transferred. Since this plasmid encodes the full-length exclusion protein MbeD, transferring a
similar mob/mbe operon-encoding plasmid is unlikely. The second plasmid resembles the stably
maintained pHS-2, which has been found in many Shigella and E. coli isolates (19). It encodes

two small full-length proteins, along with Wzzpns», a regulator of lipopolysaccharide O-antigen
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length (20, 21). The chromosomally encoded allele of fepE contains an internal stop codon, but
the plasmid encodes a full-length homolog. This has been seen in other strains of S. flexneri,

including 2457T (22, 23).

The chromosomes of PE577 and 2457T exhibit 98.9% average nucleotide identity, calculated as
the query coverage multiplied by percent identity, with only one large ~1 mega base inversion.
Compared to the alternate model strain MO0T, PE577 shares an average nucleotide identity of
96.9%, with several rearrangements throughout the genome. Despite this overall close similarity,
PE577 and CFS100 are distinct during routine laboratory growth: PE577 cultures contain fewer
colony forming units (CFU) per mL after overnight growth, and they grow poorly in
microaerobic conditions or in minimal media (Figure 2). Combined, these qualities suggest
systematic differences between these two strains, which may contribute to PE577’s enhanced
susceptibility to bacteriophages. To measure these differences more quantitatively, specific

properties were investigated in greater detail.

PES577 exhibits metabolic differences compared to model strain 2457T

To characterize PE577, general properties were first determined and compared to CFS100, an
established model organism. CFS100 is an avirulent derivative of the model organism S. flexneri
2457T (11). First, overnight cell densities were measured in nutrient-rich or minimal media, and
in aerobic or microaerobic conditions. Different levels of aeration were achieved by growing
cultures in tubes with: 1) loose caps and over 5x volume of headspace for good aeration, versus

2) tubes with screw caps and less than 1/5 volume of headspace for poor aeration
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(“microaerobic” conditions). Based on colony forming units (CFU) per mL, PE577 grew to
slightly lower density than CFS100 in nutrient-rich conditions, with the greatest decrease in
microaerobic conditions (data not shown). In minimal media, PE577 growth was significantly
lower than CFS100 in both aerobic and microaerobic conditions. To further investigate the effect
of nutrients on growth between these two strains, growth curves were conducted for 6 hr under
aerobic conditions, with measurements taken as colony forming units (CFU) per mL and optical
density at 600nm (OD600). As shown in Figure 2A, PE577 grows significantly slower than
CFS100 in terms of CFU/mL in both types of media, with hardly any growth in M9 minimal
media. In addition, while both strains showed initial lower OD600 readings in minimal media,
CFS100 ultimately returned to densities similar to growth in nutrient-rich media (Figure 2B).
Conversely, PE577 density increased slightly over time but never reached levels of LB growth.
Despite this, there was no clear change in the relationship between OD600 and CFU/mL for
PE577 based on media type (Figure 2C). When the dimensions of individual cells from each
strain were measured after overnight growth in LB or M9, PE577 was elongated compared to
CFS100, though both cell types were longer in M9 than in LB (Supplementary Table 1,

Supplementary Figure 1).

To examine potential changes in physiology between these two strains in minimal media,
residual glucose was measured in media after overnight growth. Up to 36.7% of the initial
glucose was unused in PE577 cultures (2.94 + 2.43 mM remaining of 12.87 mM starting
glucose). While highly variable, this was contrasted by the residual glucose composition of spent
CFS100 media, which was consistently below the limit of detection after overnight growth.

These results suggested an inefficiency or inconsistency in PES77 glucose catabolism under
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microaerobic conditions. To develop this hypothesis further, we specifically examined genes
involved in glycolysis and fermentation. We created a comprehensive list of all pseudogenes
found in PES77 (Supplementary Table 2) and CFS100 (Supplementary Table 3), then analyzed

them to see which pseudogenes were unique to each strain (Table 2).

From a comparison to the CFS100 parental 2457T genome (22), PE577 was found to encode a
frameshifted, truncated version of HycC, which is a subunit of the formate hydrogenlyase
complex (FHL, Figure 3A; (24)). A 16-nucleotide insertion in the PE577 hycC gene results in a
frameshift, causing a premature stop codon: the new coding sequence is for a 298-amino acid
protein rather than the 597 amino acid HycC protein in CFS100 (Figure 3B). The FHL complex
is responsible for oxidizing formate produced by pyruvate-formate lyase (PFL), which converts
pyruvate to formate and acetyl-coA(24, 25). While the better-characterized strains of S. flexneri
encode full-length HycC, protein databases indicate that numerous other strains of S. flexneri
encode truncated versions of HycC: for example, in a BLAST query using the PE577 protein
sequence, 42 out of 89 S. flexneri-specific hits were similarly truncated at a range between 274
and 325 amino acids. While a complete hycC deletion mutant still exhibits functional FHL
activity in vitro (25), the complex is unable to transport resulting protons out of the cell in vivo,
resulting in an overall decreased rate of formate oxidation (26). From an analysis of single amino
acid substitutions throughout the protein, only two changes, D354A and E391A, significantly
reduced formate-dependent hydrogen production (26). The effect of a truncated version—where

HycC lacks six C-terminal transmembrane helices of thirteen total—has not been described.
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Since the HycC truncation in strain PE577 includes the region identified by Pinske and Sargent
as important for FHL activity in vivo (26), we hypothesized that this strain would be unable to
convert formate to carbon dioxide and hydrogen as effectively as CFS100. To test whether
PE577 media contains greater levels of formate when compared to CFS100, single colonies of
PE577 or CFS100 were grown in minimal media where glucose was the primary carbon source,
and in conditions where oxygen was limited. After overnight incubation, the cells were then
removed by centrifugation and fermentation products in the supernatant were measured by
HPLC. As shown in Figure 4D, these measurements indicate that strain PE577 produces less
formate than CFS100, with an average of 6.06 + 1.34 mM formate for PE577 and 11.41 + 0.35
mM formate for CFS100. These results nullified the hypothesis that the truncated HycC results
in a buildup of formate, but the greater variation in formate production between biological
replicates of PE577 suggests there may be some other effect. An additional confounding factor
is that in E. coli, the canonical formate dehydrogenase associated with FHL is encoded by fdhF
(26); however, this is a pseudogene in both S. flexneri strains PE577 and 2457T (Figure 3),
encoding only 79 amino acids. Whether Shigella can use a different formate dehydrogenase in

conjunction with FHL or uses HycC in a different pathway or complex is unclear.

PE577 and CFS100 use different mechanisms to generate acetyl-CoA in microaerobic conditions

The variation in PE577 formate accumulation could be explained by two mechanisms: 1) the
truncated HycC protein functions enough to allow the FHL complex to remain active, albeit at
variable levels; or 2) PE577 produces variable levels of formate, providing more flexibility to
bypass the requirement for FHL activity. To investigate these possibilities, hycC was completely

deleted in both strains and the resulting knockouts were characterized. The PE5774hycC was
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indistinguishable from the parental PE577 strain in terms of CFU/mL and fermentation products
(Figure 4), whereas the CFS1004/ycC mutant exhibited a severe growth defect and an altered
fermentation profile relative to both wild-type strains. Complementing CFS10044ycC with either
the truncated PE577 or full-length CFS100 hycC gene restored both the growth and metabolite
profile of this strain (Figure 4). These results suggest that: 1) FHL is functional, despite the fdhF
pseudogene; 2) CFS100 relies on FHL in microaerobic conditions; and 3) PE577—despite
having a functional HycC—does not require this pathway. Since overnight growth and metabolic
products were not significantly different from each other, a measurable difference in HycC

activity between the full-length and truncated versions seems unlikely.

As an alternative to PFL, pyruvate can be oxidized directly to acetyl-CoA in by pyruvate
dehydrogenase (PDH) or indirectly through an acetate intermediate via the ubiquinone-
dependent pyruvate oxidase (PoxB). Acetate is then ligated to coenzyme A by acetate-CoA
synthetase (Acs) to produce acetyl-CoA in an anaerobic PoxB/Acs bypass (Figure 3A; (27, 28)).
Although PoxB expression is highest under aerobic conditions, it is still active in low oxygen
conditions (29). Generally, the PoxB/Acs bypass is regarded as less efficient than the PFL/FHL
pathway during exponential growth and is instead only used to mediate the transition between
exponential and stationary phases or during periods of slow growth (27, 29). Relying on this
mechanism to produce acetyl-CoA avoids the production of formate and could explain some of

the variation in PE577 formate accumulation.

ALISHAAINN FLVLS NVOIHOIN ¥e TZ0Z ‘T udy uo /Bio°wse-ql/:dny wouy papeojumoq


http://jb.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Bacteriology

Journal of Bacteriology

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

An examination of the CFS100 genome revealed the acs gene encodes a truncated protein of 248
amino acids, compared to the 652 amino acid protein in PE577 (Figure 3B). Based on protein
database entries, truncated or partial Acs proteins are also found in other S. flexneri strains (10 of
the top 37 high scoring alignments), including numerous reference sequences. In addition,
CFS100 also encodes a truncated RpoS protein, predicted to lack the HTH motif. Since poxB

transcription is mediated by RpoS, this may affect overall levels of PoxB.

To further explore pyruvate metabolism in both strains, we generated deletions of PFL (pfIB),
PDH (aceE), and the PoxB/Acs bypass and analyzed them in the same way as the HycC deletion
strains (Figure 5). We observed that both strains showed very similar phenotypes when pfIB was
deleted, with little impact on growth but the abolition of formate production, an increase in
lactate production, and a decrease in acetate production. This suggests that both strains utilize
PFL to oxidize pyruvate, but the activity is dispensable. Conversely, an aceE deletion produced
drastically different phenotypes between the two strains, with only a small growth defect in
PE577 compared to a greater than 4-log reduction in final cell density for CFS100. This is
consistent with the lack of a functional acs in CFS100: PE577 has an additional route for
pyruvate oxidation, making the aceE deletion less harmful, whereas CFS100 has no effective
alternative. The poxB and acs deletions did not cause strong phenotypes in either strain,
consistent with previous literature suggesting that this route plays a minor role in pyruvate

oxidation under normal circumstances.

Discussion
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Altered carbon flux from few genetic changes

Despite the close genetic identity between the two strains PE577 and CFS100, they exhibit
significantly different phenotypes in terms of growth, morphology, and metabolism. Although
these strains are distinct isolates and are therefore not isogenic, assigning specific genetic
changes to phenotypic changes is difficult; however the differences can nevertheless be
informative. Based on our results, it appears that while PE577 and CFS100 primarily rely on
PFL to convert pyruvate to acetyl-CoA in micro- or anaerobic conditions, PE577 is also capable
of using the PoxB/Acs bypass to generate acetyl-CoA. Since this latter pathway is active under a
different set of growth conditions and is overall a minor contributor to pyruvate oxidation, this
could explain some of the variation observed in PE577 formate production. It is unclear how this
rewiring evolved, and whether the truncated HycC of the FHL complex arose before or after this

switch.

Inefficient acetyl-CoA production by the PoxB/Acs bypass could also explain morphological
differences between these two strains. For example, modest defects in cell division could explain
the elongated phenotype of PE577 compared to CFS100, with this defect exacerbated under
nutrient-limited conditions (30). In addition, as a critical component of fatty acid synthesis,
reduced acetyl-CoA availability could limit the amount or the type of phospholipids available for
the membrane. PE577 cells display “pointed” poles (see Supplementary Figure 1), which have
been seen in E. coli cells lacking the phosphatidylethanolamine (PE) biosynthetic pathway (31).
As a major component of the membrane, PE-deficient cells exhibit clear structural defects
compared to wild-type cells, including increased production of outer membrane vesicles and

detachment of the inner membrane from the outer membrane. These cells also show severely
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delayed growth in M9 media, only entering exponential phase around 3 h (31), which is the same
delay as PE577. Alternatively, additional changes in the genome could explain the altered
morphology. For example, mreC encodes a rod shape-determining protein, and knockdowns
have been shown to affect cell size and shape (32). The CFS100 genome encodes a truncated

version of this protein (Table 2), which could lead to an overall rounder shape.

Implications for persistence and virulence

Using 2457T, the parental strain of CFS100, it has been shown that formate induces expression
of virulence genes icsA and ipaJ, both of which are encoded on the 200 kbp virulence plasmid
(33). These gene products control cell-to-cell spread and modulate the host immune response,
respectively (34-37). A mutant 4pflB strain exhibits attenuated intracellular growth and
intercellular movement, suggesting that S. flexneri-produced formate induces efficient expression
of virulence genes (33). Exogenously applied formate can also induce genes, suggesting formate
metabolism itself is not required for virulence; rather, when S. flexneri produces formate and
releases it into the cell, it is the local increase in formate concentration that induces expression of
virulence genes. Conversely, exogenously applied acetate has no apparent effect on virulence
(33). In the intracellular environment, where pyruvate is readily accessible, S. flexneri has been
shown to use the quicker pyruvate-to-acetate pathway, producing large amounts of acetate to
facilitate rapid growth (38). Of note, these experiments were done using strain 2457T, which

lacks acetyl-CoA synthetase and is therefore unable to convert acetate into acetyl-CoA.

ALISHAAINN FLVLS NVOIHOIN ¥e TZ0Z ‘T udy uo /Bio°wse-ql/:dny wouy papeojumoq


http://jb.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Journal of Bacteriology

Journal of Bacteriology

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

Since strain PE577 appears to have an additional route to bypass formate production, other
virulent strains with similar genome signatures—a truncated HycC and the presence of acetyl-
CoA synthetase—may have similar metabolic rewiring. It is unclear whether a ApflB mutant in
these backgrounds would affect virulence similar to 2457T. Formate and acetate are known to
influence pathogenicity of small intestine pathogens such as Salmonella enterica sv.
Typhimurium (39, 40) and enteropathogenic E. coli (41). In S. enterica sv. Typhimurium, either
acetate or formate can induce the expression of invasion genes (39, 40), while acetate is the
primary signal for enteropathogenic E. coli adhesion and motility (41). In S. flexneri, there may
be intraspecies variation for virulence gene induction, with some strains relying on formate and

others relying on acetate, perhaps through the induction of different sets of virulence genes.

This may suggest that a group of closely related Shigella strains, with a range of genetic
adaptations or in various stages of evolution, lead to the observed variations in virulence. These
physiological changes may facilitate bacteriophage infection, often leading to phage-mediated
serotype conversion, further contributing to the genetic pool from which human-adapted

virulence strains arise.

Establishing a model serotype Y strain

In this work, we investigated genomic, physiological, and metabolic differences between strain
PE577 and another model strain of S. flexneri, CFS100. The PE577 strain has been instrumental
for analyzing abundance and diversity of phages from the environment, in addition to

characterizing numerous phages. While two model strains have already been described for S.
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flexneri, the variability between isolates warrants further study. We describe here significant
differences between the physiology and metabolism of PE577 and CFS100 (avirulent 2457T),
but it is unclear how widespread these differences are and whether these differences affect S.

flexneri persistence in the environment or its virulence.

Materials and Methods

Strains, plasmids, and media

S. flexneri strain PE577 was a gift from R. Morona at University of Adelaide. It was originally
obtained from C. Murray at the Institute of Medical and Veterinary Science in South Australia by
P. Manning at the University of Adelaide in December 1988. Strain CFS100 was a gift from I.

Molineux at the University of Texas—Austin and has been described (11).

For PCR amplification, mutagenesis and cloning, plasmids pKD4 (AddGene #45605) or pKD13
were used as templates for amplifying kanamycin cassettes; pKM208 (AddGene #13077) was
used for recombination; and pGRB (AddGene #71539) was used for cloning. These plasmids
have been previously described (42-44). To clone into pGRB, the gene of interest was amplified
by PCR using primers that introduced homologous regions of the multi-cloning site. To linearize
the plasmid, pGRB was digested with EcoRI and HindlIll. The plasmid and PCR product were
added to Gibson Assembly master mix according to the manufacturer’s protocol. After assembly,
the product was transformed and colonies were recovered. The insert size was determined by

agarose gel electrophoresis and the sequence confirmed by Sanger sequencing.
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Minimal media was comprised of 0.1 mM CaCl,, M9 salts, 0.2% glucose, 1 mM MgSO4, and
supplemented with amino acids (0.2 mM histidine, 0.6 mM leucine, 0.3 mM methionine, 0.1 mM

tryptophan), 0.3 uM thiamine HCI and 0.1 mM niacin.

Growth Curves and Microscopy

Growth curves were conducted under aerobic conditions, using 25 mL media in Erlenmeyer
flasks while shaking. Media was inoculated using 2% v/v of an overnight culture grown in the
same media. Every 30 min, cell density was determined by optical density at 600 nm and an
aliquot was taken to determine CFU/mL. These experiments were conducted three times. To
measure cell dimensions, 1 mL overnight cultures were centrifuged to concentrate cells and
resuspended in 50 uL buffer (10mM MgCl,, 10mM Tris pH 7.6) or water for cryo-electron
microscopy. Small aliquots (~5 pL) were then applied to R2/2 Quantifoil grids that had been
glow discharged for 60 s in a Pelco EasyGlow discharge unit. Samples were plunge frozen into
liquid ethane using a Vitrobot Mark 1V under 100% humidity at 4°C with a blot force of 1 and
blot time of 4 s. Cells were viewed in an FEI Talos Arctica, with micrographs collected on a Ceta
camera at 11,000 X nominal magnification (9.66 A/pixel). Individual cells’ dimensions were

measured using ImageJ and Adobe Photoshop.

DNA Extraction and Sequencing Methods
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Chromosomal DNA was extracted from 5 mL of S. flexneri PE577 overnight culture using a
standard phenol/chloroform protocol, followed by ethanol precipitation with the addition of
0.3M sodium acetate. Purity was determined by measuring absorbance at 230, 260, and 280 nm.
Plasmid DNA was extracted from 50 mL of overnight culture using the ZymoPure 11 Plasmid
Midi Kit, with individual plasmids purified via gel electrophoresis. These were then

subsequently extracted via Zymoclean Gel or Large Fragment DNA Recovery Kits.

Separate sequencing technologies were used for the chromosome and two small plasmids. Strain
PES577 strain lacks the 200 kbp virulence plasmid pWR100, which was verified by PCR using
primers that target the virG (F: 5>-TTA TGG TGA GGG TGA TGG CG-3’; R: 5>-GGG ATT
TTC CGT CCC AGC TA-3’) and virB (F: 5°-CCG GGG GCA GAT TTG TAT CA-3’; R: 5’-
TGG TGG ATT TGT GCA ACG AC-3’) genes. Strain M90T, which contains pWR100, was
used as a positive control. In addition, total plasmid isolated from 100 mL of overnight culture
using a ZymoPURE Il Plasmid Midiprep Kit revealed only two small plasmids based on agarose
gels and sequencing. The chromosome was sequenced using 250 bp paired-end reads on an
Illumina HiSeq at MicrobesNG, with a minimal coverage of 30x. These were then assembled
into a single 4.6 Mbp contig using the A5 pipeline, version 08-25-2016 (45). The plasmids were
sequenced at the Massachusetts General Hospital Center for Computational and Integrative
Biology (MGH CCIB) DNA Core, where they were assembled into 4.0 kbp, and 3.1 kbp contigs.
The minimal coverage for each plasmid was 3150x and 2015x, respectively. Since all molecules
are circular, the termini are based on reference sequences. Sequences were then annotated via the
NCBI Prokaryotic Genome Annotation pipeline and submitted to GenBank (accession numbers

CP042978.1 and CP042979.1 for plasmids, CP042980.1 for the chromosome).
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Generation of mutants

Competent PE577 and CFS100 cells harboring the pKM208 plasmid were generated by
inoculating 100 mL of LB with 2 mL of overnight culture. Cells were grown with 4 mM IPTG
and 100 ug/mL ampicillin at 27.5° C to an ODgq 0f ~ 0.4 and pelleted by centrifugation of 1,500
x g for 10 minutes at 4°C. The cells were resuspended in ice-cold water, centrifuged again at
1,500 x g for 10 minutes at 4°C. This pellet was gently resuspended in 5 mL of ST buffer (0.125
% Yeast Extract, 0.25 % Tryptone, 10 % PEG8000, 7% DMSO) by swirling. The cells were
subsequently pelleted by centrifuging at 1,500 x g for 15 minutes at 4°C, followed by a final
resuspension in 2 mL of ST buffer by swirling. 100 pL aliquots of cells were used for each

transformation reaction.

PCR products containing the kanamycin cassette for recombination were generated by designing
primers for two schemes. In the first, primers bind ~500bp upstream and downstream of the gene
of interest (e.g. for hycC, LH1: 5> GCG CGG CGA GAT AAT GTT GAC CTA ATT TTT CTT
CAG ACA TGC TCA AAC 3’; LH2: 5> GGC GTG TCG ATG AGT GTC GAA AAT GAC
ATT TCA TCG GCA TGT TTT CG 3°). In the second scheme, one set of primers binds to either
end of the antibiotic resistant cassette of pKD4 or pKD13 with ~20 additional nucleotides
matching the gene of interest (e.g. for hycC, Rxn1F: 5> GGT TTG TCG CCG CCG CTG TTC
TGT GTA GGC TGG AGC TGC TTC GAA GTT C 3’; RxnlR: 5 CCA CCA GTA CCG CCA
GTT CAA CCA GCG CAA TTC CGG GGA TCC GTC GAC C 3”); the second set of primers

matches the gene of interest, with ~15 bp overlapping sequence between the two sets of primers
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(Rxn2F: 5> GCA ATT TCC CTG ATC AAT AGC GGC GTG GCATGG TTT GTC GCC GCC
GCT G 3’; Rxn2R: 5 CAC TCA TTC TCA GGC TCC TCG TGA AAC AAT AAT CAC CAC
CAG TAC CGC CAG TT 3’ ). After the second reaction, 10 pL of final product was added to
100 pL of competent cells and gently mixed by pipetting up and down, followed by incubation in
ice for 5 min. After electroporation with a Bio-Rad Gene Pulser Xcell system, using a current of
2.5kV in 0.2cm cuvettes, cells were recovered in 1 mL of SOC media at 30° C for 90 minutes.
Mutant clones were then confirmed by colony PCR with primers that bind upstream, and

downstream of the gene of interest (LH1 and LH2).

Analysis of mixed acid fermentation products

Minimal media was inoculated with a single colony for each replicate, with three replicates per
set. For aerobic conditions, cultures were grown in standard culture tubes with loose caps; for
microaerobic conditions, screw-cap culture tubes were used with minimal headspace (< 1 mL
volume for 5 mL of culture). When stricter anaerobic conditions or alternative media were used,
PE577 was unable to grow to measurable optical density or CFU/mL. Tubes were placed in a
rotating wheel overnight. An aliquot of each culture was used to measure cell concentrations by
colony counts. Cultures were then spun for 10 min at 8,000 x g to remove cells, then

supernatants were transferred to 2 mL glass HPLC tubes.

HPLC analysis was conducted as described in (46). Briefly, compounds of interest were
separated using a 0.6 mL/min flow rate in 5 mM sulfuric acid with a 30 min run time. The eluent

was prepared by diluting a 50% HPLC-grade sulfuric acid solution (Fluka) in Milli-Q water and
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degassing the solution at 37 °C for 3-5 days before use. Compounds of interest were detected by
a refractive index detector (Shimadzu, RID-20A) maintained at 50°C, using an Aminex HPX-
87H column with a Micro Guard cation H+ guard (Bio Rad, Hercules, CA). Mixed standards
were prepared for glucose, acetate, formate, and lactate at concentrations of 0.5, 0.75, 1, 2, 3, 5,
and 10 mM. Standards and samples were maintained at 10 °C by an autosampler (Shimadzu,

SIL-20AHT) throughout the analysis.
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Table 1. Properties of the Shigella flexneri PE577 chromosome and plasmids

Length (bp) % GC Genes Pseudogenes | Accession

(Coding) No.
Chromosome | 4,591,632 51.0 3,897 662 CP042980
Plasmid 1 3,990 52.7 3 1 CP042979
Plasmid 2 3,128 45.1 7 1 CP042978
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Table 2. Pseudogenes unique to each strain. “Complete” implies a full-length gene, but potential
differences are based solely on genomic information and some genes may remain functional
even if truncated in length.

Gene Protein Name/Function Complete | Complete | Description/Comments
Name in 2457T? | in PE5S77?
acs acetate--CoA ligase No Yes Truncation in CFS100 (248 aa); full
length is 652 aa
aes acetyl esterase No Yes Truncation in CFS100 (272 aa); full
length is 319 aa
ag43 autotransporter adhesin Ag43 No Yes Truncation in CFS100 (297 aa); full
length is 1040 aa
arnA bifunctional UDP-4-amino-4-deoyl-L- No Yes Truncation in CFS100 (258 aa); full
arabinose formyltransferase/UDP length is 660 aa
glucuroncic acid oxidase
chbC PTS N,N’-diacetylchitobiose No Yes Truncation in CFS100 (63 aa); full length
transporter subunit IIC is 449 aa
fusA elongation factor G No Yes Truncation in CFS100 very early in
protein (11 aa); full length is 704 aa
glpD glycerol-3-phosphate dehydrogenase | No Yes Truncation in CFS100 (56 aa); full length
is 501 aa
glpF glycerol uptake facilitator protein GIpF | No Yes Truncation in CFS100 (214 aa); full
length is 281 aa
hexR DNA-binding transcriptional regulator | No Yes Truncation in CFS100 (273 aa); full
HexR length is 289 aa
mreC rod shape-determining protein MreC No Yes Truncation in CFS100 (298 aa); full
length is 367 aa
nimT 2 nitroimidazole transporter No N/A Completely absent in PE577
rpoS RNA polymeras sigma factor No Yes Truncation in CFS100 (254 aa); full
length is 330 aa
teyd cystine ABC transporter substrate- No Yes Truncation in CFS100 (176 aa); full
binding protein length is 266 aa
trbL P-type conjugative transfer protein No Yes Truncation in CFS100 (261 aa); full
length is 475 aa
wcaC colonic acid biosynthesis No Yes Truncation in CFS100 (202 aa); full
glycosyltransferase length is 405 aa
yfdVv transporter YfdV No Yes Truncation in CFS100 (253 aa); full
length is 314 aa
VijE cystine transporter YijE No Yes Truncation in CFS100 (141 aa); full
length is 301 aa
acnA aconitate hydratase AcnA Yes No Truncation in PE577 (237 aa); full length
is 891 aa
dmsA dimethylsulfoxide reductase subunit A | Yes No Truncation in PE577 (119 aa); full length
is 814 aa
glcC transcriptional regulator GlcC Yes Yes Same sequence for residues 1-222;
frameshift resulted in last 35 aa being
different
hycC formate hydrogenlyase subunit 3 Yes No Truncation in PE577 (227 aa); full length
is 500 aa
malz maltodextrin glucoside Yes No Truncation in PE577 (391 aa); full length
is 605 aa
yrbL PhoP regulatory network protein YrbL | Yes No Truncation in PE577 (95 aa); full length

is 210 aa
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Figure 1. Genome maps and features of the S. flexneri PE577 chromosome and plasmids, with
coding sequences (CDS), tRNA, rRNA, and GC characteristics colored as indicated. GC skew

refers to GC richness of a given region of the genome.

Figure 2. Growth of strains CFS100 and PE577 in nutrient-rich (LB) or nutrient-poor (M9)
media in aerobic conditions. Measurements are based on A) colony forming units per mL over
time or B) optical density at 600 nm. The relationship between these two measurements is

presented in C.

Figure 3. A) Pathways of pyruvate oxidation in S. flexneri. B) Comparison of genes involved in
the PoxB/Acs bypass or in formate detoxification between PE577 and CFS100. In the latter,
PoxB is grayed out because CFS100 encodes a truncated RpoS. Since RpoS controls poxB
expression, this may affect protein abundance. Similarly, FdhF is grayed out because it is a
pseudogene in both backgrounds but a different formate dehydrogenase may associate with the

FHL complex.

Figure 4. CFU/mL (A) and concentrations of formate (B), lactate (C), and acetate (D) in AhycC
strains with and without complementation after overnight growth. The strain is indicated on the

x-axis. Error bars represent standard error from three biological replicates.
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Figure 5. CFU/mL (A) and concentrations of formate (B), lactate (C), and acetate (D) in strains
lacking various components of pyruvate oxidation pathways after overnight growth. The strain is

indicated on the x-axis. Error bars represent standard error from three biological replicates.
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Table 1. Properties of the Shigella flexneri PE577 chromosome and plasmids

Length (bp) % GC Genes Pseudogenes | Accession

(Coding) No.
Chromosome | 4,591,632 51.0 3,897 662 CP042980
Plasmid 1 3,990 52.7 3 1 CP042979
Plasmid 2 3,128 45.1 7 1 CP042978
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Table 2. Pseudogenes unique to each strain. “Complete” implies a full-length gene, but potential
differences are based solely on genomic information and some genes may remain functional
even if truncated in length.

Gene Protein Name/Function Complete | Complete | Description/Comments
Name in 2457T? | in PE577?
acs acetate--CoA ligase No Yes Truncation in CFS100 (248 aa); full
length is 652 aa
aes acetyl esterase No Yes Truncation in CFS100 (272 aa); full
length is 319 aa
ag43 autotransporter adhesin Ag43 No Yes Truncation in CFS100 (297 aa); full
length is 1040 aa
arnA bifunctional UDP-4-amino-4-deoyl-L- | No Yes Truncation in CFS100 (258 aa); full
arabinose formyltransferase/UDP length is 660 aa
glucuroncic acid oxidase
chbC PTS N,N’-diacetylchitobiose No Yes Truncation in CFS100 (63 aa); full length
transporter subunit [IC is 449 aa
fusA elongation factor G No Yes Truncation in CFS100 very early in
protein (11 aa); full length is 704 aa
glpD glycerol-3-phosphate dehydrogenase | No Yes Truncation in CFS100 (56 aa); full length
is 501 aa
glpF glycerol uptake facilitator protein GlpF | No Yes Truncation in CFS100 (214 aa); full
length is 281 aa
hexR DNA-binding transcriptional regulator | No Yes Truncation in CFS100 (273 aa); full
HexR length is 289 aa
mreC rod shape-determining protein MreC No Yes Truncation in CFS100 (298 aa); full
length is 367 aa
nimT 2 nitroimidazole transporter No N/A Completely absent in PE577
rpoS RNA polymeras sigma factor No Yes Truncation in CFS100 (254 aa); full
length is 330 aa
teyJ cystine ABC transporter substrate- No Yes Truncation in CFS100 (176 aa); full
binding protein length is 266 aa
trbL P-type conjugative transfer protein No Yes Truncation in CFS100 (261 aa); full
length is 475 aa
wcaC | colonic acid biosynthesis No Yes Truncation in CFS100 (202 aa); full
glycosyltransferase length is 405 aa
yfdv transporter YfdV No Yes Truncation in CFS100 (253 aa); full
length is 314 aa
yijE cystine transporter YijE No Yes Truncation in CFS100 (141 aa); full
length is 301 aa
acnA aconitate hydratase AcnA Yes No Truncation in PE577 (237 aa); full length
is 891 aa
dmsA | dimethylsulfoxide reductase subunit A | Yes No Truncation in PE577 (119 aa); full length
is 814 aa
glcC transcriptional regulator GlcC Yes Yes Same sequence for residues 1-222;
frameshift resulted in last 35 aa being
different
hycC formate hydrogenlyase subunit 3 Yes No Truncation in PE577 (227 aa); full length
is 500 aa
malZ maltodextrin glucoside Yes No Truncation in PE577 (391 aa); full length
is 605 aa
yrbL PhoP regulatory network protein YrbL | Yes No Truncation in PE577 (95 aa); full length

is 210 aa
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