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Trade-offs constrain adaptive pathways
to type VI secretion system survival

Kathryn A. MacGillivray,1,2,3,5 Siu Lung Ng,1,2,3,5 Sophia Wiesenfeld,1,2,3 Randi L. Guest,4 Tahrima Jubery,1,2,3

Thomas J. Silhavy,4 William C. Ratcliff,1,2,3,* and Brian K. Hammer1,2,3,6,*
SUMMARY

The Type VI Secretion System (T6SS) is a nano-harpoon used by many bacteria to inject toxins into neigh-
boring cells. While much is understood about mechanisms of T6SS-mediated toxicity, less is known about
the ways that competitors can defend themselves against this attack, especially in the absence of their
own T6SS. Here we subjected eight replicate populations of Escherichia coli to T6SS attack byVibrio chol-
erae. Over �500 generations of competition, isolates of the E. coli populations evolved to survive T6SS
attack an average of 27-fold better, through two convergently evolved pathways: apaH was mutated
in six of the eight replicate populations, while the other two populations each had mutations in both
yejM and yjeP. However, the mutations we identified are pleiotropic, reducing cellular growth rates,
and increasing susceptibility to antibiotics and elevated pH. These trade-offs help us understand how
the T6SS shapes the evolution of bacterial interactions.

INTRODUCTION

Bacteria are one of the most common forms of life on Earth and often live in polymicrobial biofilms. Within this complex community, negative

bacterial interactions are common,1 due to intense competition for resources such as nutrients and space. One way for bacteria to gain an

advantage over their competitors is by killing them. They have evolved two major classes of antagonistic mechanisms to eliminate compet-

itors: diffusible and contact-dependent. Diffusible antibacterial molecules have been extensively described in soil bacteria such as Strepto-

myces, which produces antibiotics (e.g., streptomycin, kanamycin, and tetracycline) to kill competitors, gain resources, and maintain symbi-

osis with associated plants.2 Pseudomonas aeruginosa is also known to secrete lethal toxins such as pyocyanin, exotoxin A, and ExoU that aid

in competing against other microbes and targeting human cells during infections.3–5 On the other hand, contact-dependent antagonisms are

less diverse and their social dynamics remain relatively understudied.6 One noteworthy counterexample is the Type VI secretion system

(T6SS), discovered in 2006. The T6SS is a contact-dependent ‘‘nano-harpoon’’ that kills neighboring cells by injecting them with a set of toxic

proteins.7 The T6SS is estimated to be found in �25% of all Gram-negative bacterial species,8 and targets diverse cell types, including

eukaryotes such as macrophages, and both Gram-positive and Gram-negative bacteria such as Escherichia coli, in both an environmental

and host context.7,9–11

While the regulation, genetics and functional mechanics of the T6SS have been well studied,12–14 we know less about how targeted cells

respond, defend, and survive T6SS attack.15–18 Similar to antibiotic resistance, one strategy is to neutralize the toxins. Bacteria wielding a T6SS

that carries anti-microbial toxins do not intoxicate themselves or their sibling cells because a conjugate immunity protein is encoded in the

same gene cluster as each toxic effector protein.19–21 However, cells lacking immunity proteins are vulnerable to the toxins. In some cases,

bacteria can acquire a library of orphan immunity proteins via horizontal gene transfer andmobile genetic elements, enabling them to survive

toxins expressed by unrelated cells.22–25 P. aeruginosa, amodel organism for T6SS research, has evolved particularly sophisticated regulation

of its T6SS. Cells that have been provoked by the T6SS of another bacterium can assemble their own T6SS apparatus and launch a counter-

attack in the direction fromwhich the first attack came.26 P. aeruginosa is additionally able to induce T6SS attack in response to kin cell lysis, via

a mechanism called ‘‘danger sensing.’’27 Physical processes can also offer protection. Extracellular polysaccharide can protect cells from T6SS

attack, as does the accumulation of cellular material from lysed cells and physical separation, which are both consequences of T6SS antag-

onism.28–32 External signaling can play a role in this protection, with recent reports that the presence of glucose enhances survival of E. coli

cells to T6SS attack, mediated through cyclic AMP and its cognate target, the CRP regulator.33 Other regulators that coordinate stress

response systems, such as Rcs and BaeSR may also play an important role, as deletions of these genes reduce survival from attack.34,35
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Figure 1. Experimental evolution of resistance to V. cholerae’s Type VI Secretion System

(A) Experimental design. We experimentally evolved eight replicate populations of E. coli. Each round of selection included �16 generations of growth in liquid

media, followed by co-culture with T6SS-expressing V. cholerae on solidmedia, where initially the vast majority of E. coliwere killed. V. choleraewere removed via

antibiotics, and the surviving E. coli resumed growth in liquid media.

(B) Over 30 rounds of selection, E. coli in the T6SS treatment evolved a 27-fold increase in T6SS survival relative to the ancestral E. coli strain, while controls

competed against a T6SS(�) V. cholerae did not evolve a significant increase in T6SS resistance. **** denotes a difference in survival with p % 0.0001,

determined via ANOVA and a pre-planned contrast.

(C) Convergent evolution of genes affording T6SS survival. Three genes were mutated in all eight independently evolving populations: apaH arose in six, while

mutations in yejM and yjeP arose in the other two populations. For deletions (D), numbers in parentheses refer to the nt position of the deletion. (8nt)2->3* refers to

an 8 nt repeat that expanded from 2 repeats to 3 repeats long, resulting in a frameshift mutation. W249X refers to a premature stop codon at position 249,

resulting in a protein product truncated near the C terminus. (AA = amino acids; nt = nucleotides).
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Transposon sequencing (Tn-seq)36 offers one approach to identify genes that affect T6SS resistance, uncovering mutations that either in-

crease or decrease survival.37 However, this technique has a limited range of mutations it can uncover, identifying only single null mutations

contributing to a phenotype, but not deleteriousmutations in essential genes, functional point mutations, or epistatic relations betweenmul-

tiple genes. Mutagenic screens also do not take pleiotropic side effects of mutations into account. For example, mutations that increase T6SS

survival but come at a steep cost to cellular growth rates would be detected in such a screen but might not be expected to arise under con-

ditions where reproductive fitness is important.

Experimental evolution38 circumvents many of these issues, allowing the interrogation of the whole genome in a high-throughput, unbi-

ased manner. By including periods of growth between rounds of T6SS attack, this approach allows selection to include key pleiotropic fitness

effects. Clonal interference among beneficial mutations means that only a small fraction of possible beneficial mutations will arise to high

frequency in any given experiment,39 typically favoring those that are most adaptive. Rather than reporting all possible routes to surviving

T6SS attack, experimental evolution thus provides insight into genetic mechanisms that provide the largest fitness advantage over hundreds

of generations of growth and periodic T6SS assault.

In this article, we explore how E. coli evolves resistance to T6SS attack by Vibrio cholerae. After�500 generations of growth, punctuated by

30 rounds of attack by the T6SS, we identified twomainmutational pathways, each of which convergently evolved inmultiple populations, that

enabled dramatically improved survival by E. coliduring T6SS attack. Similar to antibiotic resistance,40 we find that there was a strong trade-off

between increased T6SS survival and reduced fitness during growth, whichmay help explain the continued efficacy of T6SS effectors in natural

populations despite billions of generations of T6SS exposure.

RESULTS

Experimental evolution of the type VI secretion system resistance

We report the development of an experimental evolution platform with two model organisms, to identify mechanisms by which bacteria can

become resistant to T6SS attack (Figure 1A).We experimentally evolved eight replicate populations of E. coliMG1655, exposing them to daily

attack by a V. cholerae C6706 strain variant that constitutively expresses the building blocks of the apparatus and its four T6SS effectors, two

that act in the periplasm to degrade the peptidoglycan cell wall (VgrG3 and TseH) and two that disruptmembranes (TseL and VasX) (see STAR

Methods).21,41–43 The two species were co-cultured on agar plates in 10:1 ratio (killer:target) to ensure direct contact between cells, which is
2 iScience 26, 108332, December 15, 2023
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necessary for T6SS attack. 99.99% of our E. coli ancestor were killed by V. cholerae during the solid-media killing phase of the experiment,

imposing strong selection for T6SS survival. Between rounds of competition, E. coli populations were grown for �16 generations in LB

medium overnight, in the presence of kanamycin and chloramphenicol to prevent V. cholerae growth. We also evolved four control popula-

tions, competing the same ancestral E. coli against a T6SS-deficient V. choleraeDvasK strain.We reasoned thatmutations arising in these four

control populations would account for adaptation in our environment, including growth, dilution, and co-culture with V. cholerae on solid

media, but not from injury from the T6SS. After 30 rounds of selection, evolved strains were an average of �27-fold more resistant to

V. cholerae’s T6SS attack, and the control populations had on average 3.9% higher survival, a negligible difference (F11,71 = 15.8, p %

0.0001, ANOVA with replicate nested in treatment. Fold survival was log-transformed prior to analysis to homogenize variances, and treat-

ment effect was assessed with pre-planned contrast, F1,60 = 234, p % 0.0001; Figure 1B).

Identifying and characterizing key mutations

We identifiedmutations arising in our experiment by sequencing a single genotype fromeach population after 30 rounds of selection.With an

average of 2.75 (standard deviation 1.09) mutations per genome in the experimentally evolved isolates of each population, we chose to focus

on mutations that occurred in more than one replicate population, as convergent evolution strongly suggests these mutations are adaptive

(Figure 1C; Figure S1). Six of the eight isolates hadmutations in apaH. Four of which are frameshift mutations, suggesting they resulted in loss-

of-function (Figure 1C). This gene is responsible for the ‘‘de-capping’’ of mRNAs in a bacterial cell.44 Little is known about the global regu-

latory effect of loss of apaH, but it is hypothesized that a null mutation leads to RNA stabilization. Notably, the isolate from population E8 only

gained a �3-fold increase in survival relative to its ancestor; which was significantly lower than five of the seven other replicate experimental

populations (fold survival was log-transformed prior to analysis to homogenize variances, pairwise differences between each replicate

population assessed via ANOVA and Tukey’s HSD with overall significance at a = 0.05; Figure 1B). The mutation in apaH found in this isolate

creates a premature stop codon near the end of the gene (amino acid 249 out of 280) that likely retains the partial function of apaH, resulting in

a more modest survival advantage.

Two of the eight isolates did not have a mutation in apaH. Instead, these two populations each had missense or frameshift mutations in

both yjeP (also known asmscM) and yejM, suggesting an interaction between these two genes (Figure 1C). yjeP encodes a mechanosensitive

channel that protects cells from osmotic shock.45 The gene yejM (also known as pbgA and lapC) encodes a metalloprotein that regulates

bacterial lipopolysaccharides biosynthesis.46,47 Deletion of yejM is lethal in E. coli, while C-terminal truncation mutations result in the partial

function of the gene.48 Both mutations we found in yejM occur near the C-terminus.

To test the function of mutations found in apaH, yjeP, and yejM independent of the role of other mutations that arose in experimental

lineages (Figure S1), we re-engineered mutations in these genes in the ancestral strain. A clean deletion of apaH increases T6SS protection

by 3-fold, whereas E. coli carrying a single copy of apaH expressed from a heterologous constitutive promoter at the Tn7 site is 0.4-fold more

susceptible than the ancestor (fold survival was log-transformed prior to analysis to homogenize variances, comparison of means was as-

sessed with one-sample t-test (m = 0) and Bonferroni correction with overall significance at a = 0.05, p % 0.0001 and p % 0.001; Figure 2A;

see STAR Methods).

yjePI724T is a gain-of-function mutation that confers the type VI secretion system resistance

yjeP is one of the four paralogs predicted to encode the MscS mechanosensory channel.45 An identical missense mutation in yjeP (yjePI724T)

occurred independently in two lineages (Figure 1C), suggesting that this amino acid substitution enhances T6SS survival and represents a

gain-of-function mutation. In the ancestor genetic background, we introduced a yjeP disruption, constitutively expressed yjeP, and recon-

structed the yjePI724T mutation. Interestingly, neither the absence of yjeP nor its constitutive expression affected T6SS survival.

However, E. coli carrying the yjePI724T mutation experienced a �4-fold survival benefit (fold survival was log-transformed prior to analysis

to homogenize variances, pairwise differences between each replicate population assessed via ANOVA and Dunnett’s test with overall sig-

nificance at a = 0.05, p % 0.01; Figure 2B).

Because YjeP is predicted to be a mechanosensitive channel,45 we determined how the yjePI724T mutant responded to pH and osmotic

shock, classic stressors for probing mechanosensor function. A yjeP null mutant (DyjeP) and a mutant expressing yjeP constitutitvely (yjeP*)

behaved likeWT Figure 3). Interestingly, while the yjePI724Tmutant was unaffected by changes in osmolarity (Figures 3A and 3B), it did exhibit

highly significant decreases in maximum growth rate in the exponential phase when grown in alkaline conditions (Figures 3C and 3D), sug-

gesting that YjeP may be an ion channel (OD600 was log-transformed prior to analysis, and the growth rates were assessed with linear regres-

sion comparison of the slopes in the exponential phase with significance as detailed in the legend of Figure 3). To determine whether YjeP is

the only MscS mechanosensitive channel protein that can affect T6SS resistance, we also tested one of the three YjeP homologs, YbdG,45

because a prior study showed a ybdGI176T gain-of-functionmutation also confers sensitivity to osmotic shock.49 Unlike yjePI724T, the ybdGI167T

did not confer T6SS resistance, nor did a ybdG null (Figure 3; Figure S7). Thus, we conclude that yjePI724T is a gain-of-function, or co-dominant,

mutation in an ion channel that confers T6SS resistance.

E. coli yjeP/yejM double mutants are much more resistant to diverse the type VI secretion system toxins

The fact that yejM and yjeP accrued mutations in parallel in two independent populations suggests there may be an epistatic relationship

between these two mutations. To test this hypothesis, we introduced both yejM mutations into the ancestral E. coli without and with the

yjePI724T mutation. While the yjePI724T mutation confers a modest benefit (4-fold increased survival; fold survival was log-transformed prior
iScience 26, 108332, December 15, 2023 3
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Figure 2. While all mutations of interest increase T6SS resistance in various degrees, the yjeP/yejM double mutants survive significantly better

(A) E. coli with the deletion of apaH or (B) yjePI724Tmutation had a slight increase in T6SS resistance relative to the ancestral E. coli strain, which was not observed

in the other variants.

(C) The combination of yjePI724T and mutations in the C-terminus of YejM significantly improved the E. coli survival by more than 42-fold. Linked markers used to

construct the mutants are not indicated in the figure. ****, ***, and ** denote differences in survival with p % 0.0001, p % 0.001, and p % 0.01 respectively,

determined via ANOVA and Dunnett’s Multiple Comparison.
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to analysis to homogenize variances, pairwise differences between each replicate population assessed via ANOVA and Dunnett’s test with

overall significance at a = 0.05, p % 0.01; Figure 2B), the presence of either yejM mutation by itself had no effect on resistance (Figure 2C).

However, the yjePI724T mutation combined with either yejMmutation enables a�40- to 50-fold increase in survival compared to the ancestor

(fold survival was log-transformed prior to analysis to homogenize variances, pairwise differences between each replicate population as-

sessed via ANOVA and Dunnett’s multiple comparison with overall significance at a = 0.05, p% 0.0001; Figure 2C). In other words, mutation

in yejM increases resistance only in strains that also have the yjeP point mutation.

We next examined whether the mutations that arose in our experiment provide general resistance to T6SS attack, or are specific to the

toxins employed by the V. cholerae C6706 strain, used in this evolution screen, which codes three auxiliary T6SS effectors in addition to

the large cluster. We therefore competed each mutant E. coli strain against an environmental isolate of V. cholerae killer, BGT41 (also known

as VC22), which encodes a constitutive T6SS with effectors predicted to have enzymatic activities distinct from those produced by C6706 and

encountered by E. coli during experimental evolution.50,51 This environmental isolate is a superior killer of E. coli, relative to C6706,51 neces-

sitating that we perform our killing assays at a 1:4 killer:target ratio, rather than the 10:1 ratio used with C6706 (at the original 10:1 ratio, no

E. coli survived). This change in ratio resulted in different values for fold-changes in survival compared to earlier plots. However, the relative

survival increases of the yjePI724T mutants rather than the value of the fold-increase, demonstrate general resistance. Evolved strains with yje-

PI724T and yjeP/yejM double mutations survived significantly better than the E. coli ancestor, but apaH did not measurably increase survival

(fold survival was log-transformed prior to analysis to homogenize variances, pairwise differences between each replicate population as-

sessed via ANOVA and Dunnett’s multiple comparison with overall significance at a = 0.05, p % 0.0001; Figure 4). In addition, unlike with

the C6706 killer (Figure 2C), the yejM mutations did not further increase the survival of the yjePI724T mutant (Figure 4). This suggests that

I724T in yjeP may provide broad spectrum resistance to T6SS while protection conferred by mutations in the YejM C-terminus and in

apaH may depend on the specific effector employed.
Two evolutionary pathways to the type VI secretion system resistance

Our results suggest two distinct mutational pathways lead to increased T6SS survival in E. coli. To test whether these pathways are indepen-

dent of one another, or are instead mechanistically redundant, we constructed E. coli strains with the apaH disruption, yjePI724T, and either

yejM(8bp+) or yejMI427N. We refer to these strains as the ‘‘triplemutants.’’ We compared each of the two triplemutants to their corresponding

double mutants containing only yjePI724T and one of the yejM C-terminal mutations. In other words, we sought to determine whether the

deletion of apaH would further increase the resistance of the yejM/yjeP mutants, which survive the best in response to T6SS attack of our

reconstructed strains. Both triple mutants survived T6SS attack an average of 7.5- and 4.5-fold better than their respective double mutants

(or 111- and 66-fold better than the ancestor; Figure 5; comparison of means was assessed with one-sample t-test (m = 0) and Bonferroni
4 iScience 26, 108332, December 15, 2023
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Figure 3. E. coli yjePI724T has reduced fitness under basic conditions

E. coli and its yjeP derivatives grow similarly under acidic (A) and neutral pH. (B) In basic media adjusted with either KOH (C) or NaOH (D), however, the yjePI724T
mutant has a significant decrease in division rate. Linked markers used to construct the mutants do not affect growth in the tested conditions (Figure S8). To

determine if different genotypes grow at different rates as a function of pH, we examined log-transformed (with a constant of 1 added to each OD value

prior to transformation to maintain positive values) OD over the first four hours of growth via ANCOVA. The relative growth rate of DyjeP::I724T, as measured

by the interaction between Ln(OD) and strain, and confirmed by a Tukey’s HSD post hoc test, was highly significant in alkaline conditions (pH 8.6), both when

adjusted with KOH (F(4, 260) = 66.51, p < 0.0001) and NaOH (F(4, 260) = 35.22, p < 0.0001). In contrast, at pH 5.5 (F(4, 260) = 0.55, p = 0.7) and pH 7 (F(4,

260) = 1.53, p = 0.193), the interactions were not significant, suggesting that at these lower pHs all strains grew at the same rate.
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correction with overall significance at a = 0.05, p % 0.0001, see STAR Methods) We therefore conclude that apaH disruption and yjeP/yejM

mutation represent two mechanistically distinct evolutionary pathways to T6SS resistance.
Experimental evolution reveals a trade-off between the type VI secretion system resistance and growth rate

So far we have shown that E. coli readily evolves resistance to T6SS attack, one of the most common mechanisms of antimicrobial warfare.

Why, after billions of years of evolution, are bacteria still so poorly defended against the T6SS? Evolutionary theory predicts that trade-

offs between antibiotic resistance and other fitness-dependent traits can maintain susceptibility.52 To test this hypothesis, we examined

the effect of each mutation on cellular growth rate by competing them against the ancestral genotype of E. coli, under the conditions that

mirrored our selection experiment. Mutations in apaH, yejM, and yjeP decreased fitness during growth (Figure 6). In fact, there was an overall

negative correlation between T6SS survival and growth rate for the strains generated in this study (log10(survival) = �2.9 log10(growth) - 0.27,

R2 = 0.63, p = 2.34$10�5; this regression excludes the crp and rlmEmutants (described later in discussion), as well as the triple mutants (green

dots) that never arose during experimental evolution; Figure 6A).

Our evolution experiment consisted of�16 generations of exponential growth in LBmedia each day, followedby a round of T6SS killing on

plates. We thus calculated a fitness isocline across the phase space of this trade-off (black dashed line in Figure 6A), along which a mutant

would have equal fitness to the ancestor across one round of growth and killing, with the equation y = 1=x (in log10 space). For example, along

this line, a 100-fold increase in T6SS survival is exactly canceled out by a 100-fold decrease in overnight growth. Mutations that lie above this

line should be more fit than our ancestral strain, while mutations below the line should be maladaptive. Perhaps unsurprisingly, given the

strong selection on both growth and T6SS survival, all mutations (and combinations) we identified in evolved isolates are adaptive. The triple

mutants (yjeP/yjeM/apaH) suffer a growth defect strong enough to place them below the pink regression line where evolved isolates and

reconstructed mutants lie. Because the triple mutants lie above the black fitness isocline, they are more fit in this fluctuating growth/attack

cycle than the ancestor; however, they are less fit than the trend shown by the evolved isolates and other reconstructed mutants. This may

explain why, despite a high degree of convergent evolution in our overall experiment, the combination of all three mutations was not

seen in the sequenced isolates.

We also measured growth and survival rates for two mutants that did not arise in our experimentally evolved populations – strains with

disruptivemutations in crp and rlmE. We have previously shown that the deletion of crp, a global transcriptional repressor, results in increased

survival to the T6SS in E. coli, but also greatly reduces growth rate.33,53,54 While this mutation does fall above the fitness isocline, it did not

appear in our evolution experiment (Figure 6). This could be because the decreased growth rate is too severe for the increase in T6SS resis-

tance to beworth it. Because all of our mutations of interest result in decreased growth rate, we also sought to test whether decreased growth

rate was sufficient to increase T6SS resistance. For example, slower growth could prevent microcolonies of the two strains from physical
iScience 26, 108332, December 15, 2023 5
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Figure 4. The yjeP and the yjeP/yejM mutants provide general resistance to T6SS attack

When competed against V. cholerae with a set of toxins not encountered during experimental evolution, E. coli mutants with yjePI724T had an increase in T6SS

resistance relative the ancestral E. coli strain, whereas the deletion of apaH did not provide protection against T6SS effectors not encountered prior. Linked

markers used to construct the mutants are not indicated in the figure. **** denotes a difference in survival with p % 0.0001, determined via ANOVA and

Dunnett’s Multiple Comparison.
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contact on the plate during the course of the co-culture competition. We engineered a slow-growing strain of E. coli by deleting rlmE, which

encodes for amethyltransferase thatmodifies the ribosomal RNA (rRNA) - an essential process for efficient protein synthesis. As a result of this

deletion, the strain’s growth was significantly hampered, amounting to just 0.14% of its unaltered ancestor’s growth over a single cycle (two-

sided t-test, p = 8.75$10�5). This strain results inmuch smaller colonies when growing on plates, but has only a 10-fold increase in survival when

challenged with T6SS attack (Figure S9). The rlmE mutant is below the fitness isocline in Figure 6A, as the modest increase in survival is not

commensurate with the massive growth defect of this mutant. This shows that slower growth is a side effect of mutations that increase T6SS

resistance, not a cause of increased resistance.

Another trade-off we tested is susceptibility to aminoglycoside antibiotics. The apaH disruption strain has a significantly lower minimum

inhibitory concentration (MIC) than the ancestor when grown in streptomycin and kanamycin (pairwise differences between each replicate

population assessed via ANOVA and Dunnett’s test with overall significance at a = 0.05, p% 0.0001 and p% 0.05; Figures 6B and 6C), mean-

ing that they are more susceptible to these antibiotics. This is consistent with previous work on apaH.55 However, strains containing the yjeP

pointmutation did not show increased susceptibility. For our evolution experiment, we used E. coliwith two antibiotic resistance genes (chlor-

amphenicol and kanamycin), allowing us to use these antibiotics to remove all V. cholerae from the population each day after the killing phase

of the experiment. Given that apaH disruptions result in increased kanamycin susceptibility, it is possible that the apaH and the kanamycin

resistance genes share gene regulatory interactions. Inclusion of plasmid-encoded kanamycin resistance and kanamycin in the media may

have eased the growth tradeoffs incurred by apaH mutations.

DISCUSSION

In this article, we use experimental evolution to examine how bacteria adapt to frequent T6SS exposure. We subjected populations of E. coli

to alternating selection for rapid growth followed by attack by V. cholerae’s T6SS (Figure 1A). All replicate populations evolving increased

T6SS resistance (seven of the eight populations) utilized one of the two pathways: either a loss-of-function mutation in apaH; or a gain-of-

function mutation I724T in yjeP combined with a partial loss-of-function in yejM, with both mutations necessary to provide a large survival

advantage (Figures 1B and 1C). For a yjePI724T mutant, the protection appears to be broad-spectrum, increasing resistance, by more than

3000-fold, to effector proteins not previously encountered in the experiment (Figure 4). Interestingly, the yjeP/yejM double mutants are

also comparatively resistant to T6SS attack when competing against V. cholerae BGT41 (Figure 4), suggesting yjePI724T provides a broader

protection while the additional yejM mutations are specific to C6706 T6SS effectors (Figure 2C). While the mechanism underpinning this

strain-specific effect is beyond the scope of this study, we hypothesize yejMI427N still encodes a partially functional YejM periplasmic domain,

whereas an insertion of 8 nt (yejM1694) results in a frameshift mutation, resulting in a complete disruption of the C-terminus.56 In Salmonella
6 iScience 26, 108332, December 15, 2023
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Figure 5. Triple mutants are more resistant to T6SS attack than double mutants

The addition of an apaH disruption further increases resistance of strains that already have the yjePI724T/yejM C-terminal mutation genotype. Relative survival is

shown for triple mutants with each type of yejM mutation. Values are shown as fold-increases relative to the corresponding double mutants lacking the apaH

disruption. Linked markers used to construct the mutants are not indicated in the figure. **** denotes a difference in survival with p % 0.0001, comparison of

means was assessed with ANOVA and Dunnett’s Multiple Comparison (m = 0) with overall significance at a = 0.05.
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enterica and E. coli, truncation of the C-terminus was shown to disrupt the function of YejM, negatively impacting lipopolysaccharide biosyn-

thesis. This leads to a defective outer membrane that leaks periplasmic proteins into the extracellular space.57 Periplasmic leakage may

reduce the concentration of membrane-localized T6SS toxins injected into E. coli bearing the yejM1694 mutation, reducing their lethality.

In contrast, mutations in apaH were specific to the T6SS effectors they were evolved against, showing no efficacy against a different strain

of V. cholerae with T6SS effectors previously not encountered (Figures 2A and 4).

Of the two primary mutational pathways we focused on in this study, it is interesting that the less beneficial path to T6SS resistance, loss of

function in apaH, evolvedmore times than the farmore beneficial combination of yjePI724T and a partial loss-of-function of yejM (Figure 4). This

is likely because it is easier to gain beneficial mutations in the apaH pathway: any loss of function mutation in the gene gives the phenotype,

whereas the yejM/yjeP pathway requires more constrained mutations in two separate genes. The convergent evolution we observed in our

experiment (identical yjeP SNPs in both populations evolving resistance via this mechanism) further suggests that specific mutations, not

simple loss of function mutations, may be required in yjeP. Given the difference in T6SS resistance between evolved isolates with an apaH

mutation (Figures 1B and 1C) and the constructed apaH mutant (Figure 2A), we hypothesize that other mutations acquired by the evolved

populations may also contribute to T6SS survival.

Over 500 generations of experimental evolution in 8 replicate populations, we found just two pathways to increased T6SS resistance. The

engineered triple mutants in both pathways confirm these two pathways are independent since both showed enhanced resistance relative to

mutants in only a single pathway (Figure 5). While prior work has shown that many genes that can affect T6SS survival,34,37,58–60 implying that

adaptation might be idiosyncratic among independent populations, our results suggest that adaptive routes to T6SS resistance are remark-

ably constrained. One possibility is that our populations are mutationally limited. This is unlikely, as we can expect �9.2 x 105 mutations to

arise within each growth cycle (based on �1010 cells being produced per cycle, a mutation rate of �0.2 x 10�10 per generation per base61

and a genome size of 4.6 MB), or 2.8 x 107 mutations in each population over the course of the experiment. Instead, the high degree of evolu-

tionary convergence in our experiment suggests that theremay simply be relatively few routes to increased T6SS survival in which the benefits

of the mutation, integrated across the culture cycle to include pleiotropic costs, are great enough to drive the clonal lineage to high

frequency.

The evolution of resistance to diffusible antibiotics is well studied, with much attention directed toward adaptations to antibiotic drugs

used in clinical setting.62–64While the details depend on taxon and environment,64,65 antibiotic resistance often comeswith trade-offs to other

fitness components,65–68 although this is not always observed.69 Trade-offs are often noted in regard to mutations in essential genes that are
iScience 26, 108332, December 15, 2023 7
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(A) Mutations conferring a larger T6SS survival advantage also resulted in a greater reduction to reproductive fitness. Plotted are the change in frequency of each

mutant across one 16 generation growth assay, and one T6SS attack, following the protocols from our evolution experiment. The dashed gray line represents a

fitness isocline, y = 1=x, where fitness across one complete round of growth and T6SS survival selection is equal to that of the ancestor. In other words, the

isocline represents where increased fitness during T6SS survival is exactly outweighed by decreased fitness in the growth phase. The dashed pink line

represents a simple linear regression highlighting the trade-off between increased survival and decreased growth rate over 500 generations of evolution, as

well as strains engineered with key mutations; log10(survival) = �2.9 $log10(growth) - 0.27, r
2 = 0.65, p = 3.01$10�5. This regression does not include the triple

mutants, or the Dcrp and DrmlE mutants, which did not occur in our experiment.

(B and C) Disruption of apaH results in decreasedMIC for streptomycin (B) and kanamycin (C). The point mutation yjePI724T does not affect susceptibility to these

antibiotics. Linked markers used to construct the mutants are not indicated in the figure. **** and * denote differences in survival with p% 0.0001 and p% 0.05,

determined via ANOVA and Dunnett’s Multiple Comparison test.
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targeted by antibiotic drugs, such as genes encoding ribosomal proteins.70 Compensatory evolution can often reduce initially severe costs of

resistance, either via the fixation of epistatic mutations elsewhere in the genome, or by replacing initially costly resistance mutations with

lower-cost alternatives.70–73 In contrast to diffusible antibiotics, the eco-evolutionary dynamics of contact-mediated killing remains less stud-

ied and it is unclear if or when similar compensatory adaptation would occur if we continued our experiment. The fact that we observe a strong

trade-off between T6SS survival and growth rate is not entirely unexpected. The T6SS is an ancient, widespread, and highly effectivemicrobial

weapon. Trade-off free adaptations that increase survival to T6SS attack would be expected to rapidly fix in many bacterial populations. As a

result, pleiotropic costs to T6SS resistance could play an important role in maintaining T6SS efficacy over evolutionary time.

Single mutations that confer resistance to an individual antibiotic are common, as a modification of one target site may be sufficient to

escape drug toxicity.74 Because the probability a susceptible cell will simultaneously gain mutations allowing it to survive multiple antibiotics

is far lower than the probability of gaining resistance to any single antibiotic, physiological mechanisms that afford broad-spectrum toxin

resistance (e.g., efflux pumps) can often incur fitness trade-offs.75 Current efforts to combat antibiotic resistance appropriately focus on iden-

tifying drug targets that incur large fitness costs; withmodern drug combination, drug cycling, and adaptive therapies seeking to exploit these

fitness trade-offs to slow the rate of resistance evolution.76–79 We thus might expect that, as in our experiment here, T6SS resistance often

evolves via mechanisms that modify cellular physiology or behavior (e.g., increased capsule thickness) that improves survival, albeit with
8 iScience 26, 108332, December 15, 2023
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pleiotropic costs.29 In contrast to diffusible antibiotics, it may be more difficult for bacteria to evolve resistance to T6SS-delivered effectors.

T6SS attacks synchronously deliver multiple effectors that target different components of the intoxicated cell, and delivery is direct, which

minimizes dilution and dispersal of the toxins in a heterogeneous extracellular environment.

The importance of social interactions in microbial ecology and evolution has been increasingly recognized in recent years.80,81 Antago-

nistic interactions appear to be more common than cooperation or commensalism,1 at least for species that are capable of being cultured.

The Type VI secretion system - a ballistic harpoon containingmultiple types of toxins capable of quickly killing susceptible cells, represents the

cutting-edge of microbial weaponry. In this article, we show that E. coli can indeed evolve substantial genetic resistance to T6SS assault, but

doing so entails trade-offs with reproductive fitness. We also found that one convergently evolving solution appeared to provide effector-

specific protection, while the other appeared to be more general. So far, relatively little effort has gone into understanding the mechanisms

(both genetic and behavioral) through which microbes can evolve to resist dying from T6SS antagonism - a crucial gap in our knowledge that

limits our ability to understand the ecology and evolution of this widespread microbial weapon. Further work will be required to determine if

trade-offs between T6SS survival and reproduction are found in other taxa, and whether such trade-offs can be mitigated over longer evolu-

tionary timescales via compensatory mutation.
Limitations of the study

The current study is limited by examining T6SS resistance of E. coli to antagonism by an archetype V. cholerae strain (C6706) and one envi-

ronmental strain. Future experiments will explore whether the principles established here also hold with C6706 carrying all possible combi-

nations of its own four toxins, 2) additional V. cholerae killer strains that encode distinct toxins, 3) different T6SS Vibrio species, and 4) other

genera of T6SS killers. This study also provides insights into mutations in genes that define evolutionary paths to T6SS resistance. Further

studies characterizing these mutations in greater details will clarify the mechanisms by which each gene acts.
STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Bacterial strains and growth conditions

d METHOD DETAILS

B Bacterial strains and media

B Mutant construction

B Experimental evolution

B Stress assay

B Antibiotic MIC determination

B T6SS-mediated competition assay

B DNA preparation, WGS, and genomic analysis

d QUANTIFICATION AND STATISTICAL ANALYSIS
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2023.108332.
ACKNOWLEDGMENTS

K.M. is supported by NIH T32 grant T32GM142616. S.L.N. and B.K.H. are supported by NSF grant BMAT 2003721. T.J.S. is supported by

NIGMS MIRA grant 5R35GM118024. W.C.R. is supported by NIGMS MIRA grant R35GM138030 and NSF grant DEB-1845363. The content

is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health or the Na-

tional Science Foundation. Figure 1A and graphical abstract were made using Biorender.com.
AUTHOR CONTRIBUTIONS

K.A.M and S.L.N generated hypotheses, performed experiments and wrote article. S.W and R.L.G generated hypotheses and performed ex-

periments. T.J. performed experiments. T.J.S. supervised and provided resources. W.C.R. conceived the project, acquired funding, provided

resources, supervisedmodeling and statistical analysis, andwrote article. B.K.H. conceived the project, acquired funding, provided resources,

supervised the microbiology, wrote the article, administered the project.
iScience 26, 108332, December 15, 2023 9

https://doi.org/10.1016/j.isci.2023.108332
http://Biorender.com


ll
OPEN ACCESS

iScience
Article
DECLARATION OF INTERESTS

The authors have no conflicts of interest to declare.

Received: September 28, 2022

Revised: August 25, 2023

Accepted: October 22, 2023

Published: October 26, 2023
REFERENCES

1. Palmer, J.D., and Foster, K.R. (2022). Bacterial

species rarely work together. Science 376,
581–582. https://doi.org/10.1126/science.
abn5093.

2. Aminov, R.I. (2009). The role of antibiotics and
antibiotic resistance in nature. Environ.
Microbiol. 11, 2970–2988. https://doi.org/10.
1111/j.1462-2920.2009.01972.x.

3. Hall, S., McDermott, C., Anoopkumar-Dukie,
S., McFarland, A.J., Forbes, A., Perkins, A.V.,
Davey, A.K., Chess-Williams, R., Kiefel, M.J.,
Arora, D., and Grant, G.D. (2016). Cellular
Effects of Pyocyanin, a Secreted Virulence
Factor of Pseudomonas aeruginosa. Toxins 8,
236. https://doi.org/10.3390/toxins8080236.

4. Michalska, M., and Wolf, P. (2015).
Pseudomonas Exotoxin A: optimized by
evolution for effective killing. Front.
Microbiol. 6, 963.

5. Rabin, S.D.P., and Hauser, A.R. (2003).
Pseudomonas aeruginosa ExoU, a Toxin
Transported by the Type III Secretion System,
Kills Saccharomyces cerevisiae. Infect.
Immun. 71, 4144–4150. https://doi.org/10.
1128/IAI.71.7.4144-4150.2003.

6. Gallique, M., Bouteiller, M., and Merieau, A.
(2017). The Type VI Secretion System: A
Dynamic System for Bacterial
Communication? Front. Microbiol. 8, 1454.

7. Pukatzki, S., Ma, A.T., Sturtevant, D., Krastins,
B., Sarracino, D., Nelson, W.C., Heidelberg,
J.F., and Mekalanos, J.J. (2006). Identification
of a conserved bacterial protein secretion
system in Vibrio cholerae using the
Dictyostelium host model system. Proc. Natl.
Acad. Sci. USA 103, 1528–1533. https://doi.
org/10.1073/pnas.0510322103.

8. Boyer, F., Fichant, G., Berthod, J.,
Vandenbrouck, Y., and Attree, I. (2009).
Dissecting the bacterial type VI secretion
system by a genome wide in silico analysis:
what can be learned from available microbial
genomic resources? BMC Genom. 10, 104.
https://doi.org/10.1186/1471-2164-10-104.

9. Le, N.-H., Pinedo, V., Lopez, J., Cava, F., and
Feldman, M.F. (2021). Killing of Gram-
negative and Gram-positive bacteria by a
bifunctional cell wall-targeting T6SS effector.
Proc. Natl. Acad. Sci. USA 118, e2106555118.
https://doi.org/10.1073/pnas.2106555118.

10. Pei, T.-T., Kan, Y.,Wang, Z.-H., Tang,M.-X., Li,
H., Yan, S., Cui, Y., Zheng, H.-Y., Luo, H.,
Liang, X., and Dong, T. (2022). Delivery of an
Rhs-family nuclease effector reveals direct
penetration of the gram-positive cell
envelope by a type VI secretion system in
Acidovorax citrulli. mLife 1, 66–78. https://
doi.org/10.1002/mlf2.12007.

11. MacIntyre, D.L., Miyata, S.T., Kitaoka, M., and
Pukatzki, S. (2010). The Vibrio cholerae type VI
secretion system displays antimicrobial
properties. Proc. Natl. Acad. Sci. USA 107,
19520–19524. https://doi.org/10.1073/pnas.
1012931107.
10 iScience 26, 108332, December 15, 2023
12. Crisan, C.V., and Hammer, B.K. (2020). The
Vibrio cholerae type VI secretion system:
toxins, regulators and consequences.
Environ. Microbiol. 22, 4112–4122. https://
doi.org/10.1111/1462-2920.14976.

13. Ho, B.T., Dong, T.G., and Mekalanos, J.J.
(2014). A view to a kill: the bacterial type VI
secretion system. Cell Host Microbe 15, 9–21.
https://doi.org/10.1016/j.chom.2013.11.008.

14. Alteri, C.J., and Mobley, H.L.T. (2016). The
Versatile Type VI Secretion System. In
VirulenceMechanisms of Bacterial Pathogens
(John Wiley & Sons, Ltd), pp. 337–356.
https://doi.org/10.1128/
9781555819286.ch12.

15. Hersch, S.J., Manera, K., and Dong, T.G.
(2020). Defending against the Type Six
Secretion System: beyond Immunity Genes.
Cell Rep. 33, 108259. https://doi.org/10.
1016/j.celrep.2020.108259.

16. Robitaille, S., Trus, E., and Ross, B.D. (2021).
Bacterial Defense against the Type VI
Secretion System. Trends Microbiol. 29,
187–190. https://doi.org/10.1016/j.tim.2020.
09.001.

17. Lories, B., Roberfroid, S., Dieltjens, L., De
Coster, D., Foster, K.R., and Steenackers, H.P.
(2020). Biofilm Bacteria Use Stress Responses
to Detect and Respond to Competitors. Curr.
Biol. 30, 1231–1244.e4. https://doi.org/10.
1016/j.cub.2020.01.065.

18. Ting, S.-Y., LaCourse, K.D., Ledvina, H.E.,
Zhang, R., Radey, M.C., Kulasekara, H.D.,
Somavanshi, R., Bertolli, S.K., Gallagher, L.A.,
Kim, J., et al. (2022). Discovery of coordinately
regulated pathways that provide innate
protection against interbacterial antagonism.
Elife 11, e74658. https://doi.org/10.7554/
eLife.74658.

19. Yang, X., Long, M., and Shen, X. (2018).
Effector–Immunity Pairs Provide the T6SS
Nanomachine its Offensive and Defensive
Capabilities. Molecules 23, 1009. https://doi.
org/10.3390/molecules23051009.

20. Miyata, S.T., Unterweger, D., Rudko, S.P., and
Pukatzki, S. (2013). Dual expression profile of
type VI secretion system immunity genes
protects pandemic Vibrio cholerae. PLoS
Pathog. 9, e1003752. https://doi.org/10.
1371/journal.ppat.1003752.

21. Dong, T.G., Ho, B.T., Yoder-Himes, D.R., and
Mekalanos, J.J. (2013). Identification of T6SS-
dependent effector and immunity proteins by
Tn-seq in Vibrio cholerae. Proc. Natl. Acad.
Sci. USA 110, 2623–2628. https://doi.org/10.
1073/pnas.1222783110.

22. Thomas, J., Watve, S.S., Ratcliff, W.C., and
Hammer, B.K. (2017). Horizontal Gene
Transfer of Functional Type VI Killing Genes
by Natural Transformation. mBio 8, e006544-
17–e717. https://doi.org/10.1128/mBio.
00654-17.

23. Borgeaud, S., Metzger, L.C., Scrignari, T., and
Blokesch, M. (2015). The type VI secretion
system of Vibrio cholerae fosters horizontal
gene transfer. Science 347, 63–67. https://
doi.org/10.1126/science.1260064.

24. Kirchberger, P.C., Unterweger, D.,
Provenzano, D., Pukatzki, S., and Boucher, Y.
(2017). Sequential displacement of Type VI
Secretion System effector genes leads to
evolution of diverse immunity gene arrays in
Vibrio cholerae. Sci. Rep. 7, 45133. https://
doi.org/10.1038/srep45133.

25. Hussain, N.A.S., Kirchberger, P.C., Case, R.J.,
and Boucher, Y.F. (2021). Modular Molecular
Weaponry Plays a Key Role in Competition
Within an Environmental Vibrio cholerae
Population. Front. Microbiol. 12, 671092.

26. Basler, M., Ho, B.T., and Mekalanos, J.J.
(2013). Tit-for-Tat: Type VI Secretion System
Counterattack during Bacterial Cell-Cell
Interactions. Cell 152, 884–894. https://doi.
org/10.1016/j.cell.2013.01.042.

27. LeRoux, M., Kirkpatrick, R.L., Montauti, E.I.,
Tran, B.Q., Peterson, S.B., Harding, B.N.,
Whitney, J.C., Russell, A.B., Traxler, B., Goo,
Y.A., et al. (2015). Kin cell lysis is a danger
signal that activates antibacterial pathways of
Pseudomonas aeruginosa. Elife 4, e05701.
https://doi.org/10.7554/eLife.05701.

28. Toska, J., Ho, B.T., andMekalanos, J.J. (2018).
Exopolysaccharide protects Vibrio cholerae
from exogenous attacks by the type 6
secretion system. Proc. Natl. Acad. Sci. USA
115, 7997–8002. https://doi.org/10.1073/
pnas.1808469115.

29. Flaugnatti, N., Isaac, S., Lemos Rocha, L.F.,
Stutzmann, S., Rendueles, O., Stoudmann, C.,
Vesel, N., Garcia-Garcera, M., Buffet, A.,
Sana, T.G., et al. (2021). Human commensal
gut Proteobacteria withstand type VI
secretion attacks through immunity protein-
independent mechanisms. Nat. Commun. 12,
5751. https://doi.org/10.1038/s41467-021-
26041-0.

30. McNally, L., Bernardy, E., Thomas, J., Kalziqi,
A., Pentz, J., Brown, S.P., Hammer, B.K.,
Yunker, P.J., and Ratcliff, W.C. (2017). Killing
by Type VI secretion drives genetic phase
separation and correlates with increased
cooperation. Nat. Commun. 8, 14371–14411.
https://doi.org/10.1038/ncomms14371.

31. Steinbach, G., Crisan, C., Ng, S.L., Hammer,
B.K., and Yunker, P.J. (2020). Accumulation of
dead cells from contact killing facilitates
coexistence in bacterial biofilms. J. R. Soc.
Interface 17, 20200486. https://doi.org/10.
1098/rsif.2020.0486.

32. Wong, M., Liang, X., Smart, M., Tang, L.,
Moore, R., Ingalls, B., and Dong, T.G. (2016).
Microbial herd protection mediated by
antagonistic interaction in polymicrobial
communities. Appl. Environ. Microbiol. 82,
6881–6888. https://doi.org/10.1128/AEM.
02210-16.

33. Crisan, C.V., Nichols, H.L., Wiesenfeld, S.,
Steinbach, G., Yunker, P.J., and Hammer, B.K.
(2021). Glucose confers protection to
Escherichia coli against contact killing by

https://doi.org/10.1126/science.abn5093
https://doi.org/10.1126/science.abn5093
https://doi.org/10.1111/j.1462-2920.2009.01972.x
https://doi.org/10.1111/j.1462-2920.2009.01972.x
https://doi.org/10.3390/toxins8080236
http://refhub.elsevier.com/S2589-0042(23)02409-4/sref4
http://refhub.elsevier.com/S2589-0042(23)02409-4/sref4
http://refhub.elsevier.com/S2589-0042(23)02409-4/sref4
http://refhub.elsevier.com/S2589-0042(23)02409-4/sref4
https://doi.org/10.1128/IAI.71.7.4144-4150.2003
https://doi.org/10.1128/IAI.71.7.4144-4150.2003
http://refhub.elsevier.com/S2589-0042(23)02409-4/sref6
http://refhub.elsevier.com/S2589-0042(23)02409-4/sref6
http://refhub.elsevier.com/S2589-0042(23)02409-4/sref6
http://refhub.elsevier.com/S2589-0042(23)02409-4/sref6
https://doi.org/10.1073/pnas.0510322103
https://doi.org/10.1073/pnas.0510322103
https://doi.org/10.1186/1471-2164-10-104
https://doi.org/10.1073/pnas.2106555118
https://doi.org/10.1002/mlf2.12007
https://doi.org/10.1002/mlf2.12007
https://doi.org/10.1073/pnas.1012931107
https://doi.org/10.1073/pnas.1012931107
https://doi.org/10.1111/1462-2920.14976
https://doi.org/10.1111/1462-2920.14976
https://doi.org/10.1016/j.chom.2013.11.008
https://doi.org/10.1128/9781555819286.ch12
https://doi.org/10.1128/9781555819286.ch12
https://doi.org/10.1016/j.celrep.2020.108259
https://doi.org/10.1016/j.celrep.2020.108259
https://doi.org/10.1016/j.tim.2020.09.001
https://doi.org/10.1016/j.tim.2020.09.001
https://doi.org/10.1016/j.cub.2020.01.065
https://doi.org/10.1016/j.cub.2020.01.065
https://doi.org/10.7554/eLife.74658
https://doi.org/10.7554/eLife.74658
https://doi.org/10.3390/molecules23051009
https://doi.org/10.3390/molecules23051009
https://doi.org/10.1371/journal.ppat.1003752
https://doi.org/10.1371/journal.ppat.1003752
https://doi.org/10.1073/pnas.1222783110
https://doi.org/10.1073/pnas.1222783110
https://doi.org/10.1128/mBio.00654-17
https://doi.org/10.1128/mBio.00654-17
https://doi.org/10.1126/science.1260064
https://doi.org/10.1126/science.1260064
https://doi.org/10.1038/srep45133
https://doi.org/10.1038/srep45133
http://refhub.elsevier.com/S2589-0042(23)02409-4/sref25
http://refhub.elsevier.com/S2589-0042(23)02409-4/sref25
http://refhub.elsevier.com/S2589-0042(23)02409-4/sref25
http://refhub.elsevier.com/S2589-0042(23)02409-4/sref25
http://refhub.elsevier.com/S2589-0042(23)02409-4/sref25
https://doi.org/10.1016/j.cell.2013.01.042
https://doi.org/10.1016/j.cell.2013.01.042
https://doi.org/10.7554/eLife.05701
https://doi.org/10.1073/pnas.1808469115
https://doi.org/10.1073/pnas.1808469115
https://doi.org/10.1038/s41467-021-26041-0
https://doi.org/10.1038/s41467-021-26041-0
https://doi.org/10.1038/ncomms14371
https://doi.org/10.1098/rsif.2020.0486
https://doi.org/10.1098/rsif.2020.0486
https://doi.org/10.1128/AEM.02210-16
https://doi.org/10.1128/AEM.02210-16


ll
OPEN ACCESS

iScience
Article
Vibrio cholerae. Sci. Rep. 11, 2935. https://
doi.org/10.1038/s41598-021-81813-4.

34. Hersch, S.J., Watanabe, N., Stietz, M.S.,
Manera, K., Kamal, F., Burkinshaw, B., Lam, L.,
Pun, A., Li, M., Savchenko, A., and Dong, T.G.
(2020). Envelope stress responses defend
against type six secretion system attacks
independently of immunity proteins. Nat.
Microbiol. 5, 706–714. https://doi.org/10.
1038/s41564-020-0672-6.

35. Kamal, F., Liang, X., Manera, K., Pei, T.-T.,
Kim, H., Lam, L.G., Pun, A., Hersch, S.J., and
Dong, T.G. (2020). Differential Cellular
Response to Translocated Toxic Effectors
and Physical Penetration by the Type VI
Secretion System. Cell Rep. 31, 107766.
https://doi.org/10.1016/j.celrep.2020.
107766.

36. van Opijnen, T., Bodi, K.L., and Camilli, A.
(2009). Tn-seq: high-throughput parallel
sequencing for fitness and genetic interaction
studies in microorganisms. Nat. Methods 6,
767–772. https://doi.org/10.1038/
nmeth.1377.

37. Hersch, S.J., Sejuty, R.T., Manera, K., and
Dong, T.G. (2021). High throughput
identification of genes conferring resistance
or sensitivity to toxic effectors delivered by
the type VI secretion system. Preprint at
bioRxiv. https://doi.org/10.1101/2021.10.06.
463450.

38. Kawecki, T.J., Lenski, R.E., Ebert, D., Hollis, B.,
Olivieri, I., and Whitlock, M.C. (2012).
Experimental evolution. Trends Ecol. Evol. 27,
547–560. https://doi.org/10.1016/j.tree.2012.
06.001.

39. Levy, S.F., Blundell, J.R., Venkataram, S.,
Petrov, D.A., Fisher, D.S., and Sherlock, G.
(2015). Quantitative evolutionary dynamics
using high-resolution lineage tracking.
Nature 519, 181–186. https://doi.org/10.
1038/nature14279.

40. Melnyk, A.H., Wong, A., and Kassen, R.
(2015). The fitness costs of antibiotic
resistance mutations. Evol. Appl. 8, 273–283.
https://doi.org/10.1111/eva.12196.

41. Miyata, S.T., Kitaoka, M., Brooks, T.M.,
McAuley, S.B., and Pukatzki, S. (2011). Vibrio
cholerae Requires the Type VI Secretion
System Virulence Factor VasX To Kill
Dictyostelium discoideum. Infect. Immun. 79,
2941–2949. https://doi.org/10.1128/IAI.
01266-10.

42. Altindis, E., Dong, T., Catalano, C., and
Mekalanos, J. (2015). Secretome Analysis of
Vibrio cholerae Type VI Secretion System
Reveals a New Effector-Immunity Pair. mBio
6, e00075. https://doi.org/10.1128/mBio.
00075-15.

43. Brooks, T.M., Unterweger, D., Bachmann, V.,
Kostiuk, B., and Pukatzki, S. (2013). Lytic
Activity of the Vibrio cholerae Type VI
Secretion Toxin VgrG-3 Is Inhibited by the
Antitoxin TsaB. J. Biol. Chem. 288, 7618–
7625. https://doi.org/10.1074/jbc.M112.
436725.

44. Luciano, D.J., Levenson-Palmer, R., and
Belasco, J.G. (2019). Stresses that Raise Np4A
Levels Induce Protective Nucleoside
Tetraphosphate Capping of Bacterial RNA.
Mol. Cell 75, 957–966.e8. https://doi.org/10.
1016/j.molcel.2019.05.031.

45. Edwards, M.D., Black, S., Rasmussen, T.,
Rasmussen, A., Stokes, N.R., Stephen, T.-L.,
Miller, S., and Booth, I.R. (2012).
Characterization of three novel
mechanosensitive channel activities in
Escherichia coli. Channels 6, 272–281. https://
doi.org/10.4161/chan.20998.
46. Fivenson, E.M., and Bernhardt, T.G. (2020).
An Essential Membrane Protein Modulates
the Proteolysis of LpxC to Control
Lipopolysaccharide Synthesis in Escherichia
coli. mBio 11, e009399-20–e1020. https://doi.
org/10.1128/mBio.00939-20.

47. Gabale, U., Peña Palomino, P.A., Kim, H.,
Chen, W., and Ressl, S. (2020). The essential
inner membrane protein YejM is a
metalloenzyme. Sci. Rep. 10, 17794. https://
doi.org/10.1038/s41598-020-73660-6.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Vibrio cholerae C6706 ptac-qstR Thomas, J.et al.22 Killer strain

V. cholerae C6706 ptac-qstR DvasK Thomas, J.et al.22 Non-killer strain (T6- control)

Escherichia coli MG1655 DaraBAD::camR De Lay N.R.et al.82 PB501

E. coli PB501 with plasmid pKM01(KanR) This manuscript Ancestor

E. coli isolate from evolved population 1 This manuscript E1

E. coli isolate from evolved population 2 This manuscript E2

E. coli isolate from evolved population 3 This manuscript E3

E. coli isolate from evolved population 4 This manuscript E4

E. coli isolate from evolved population 5 This manuscript E5

E. coli isolate from evolved population 6 This manuscript E6

E. coli isolate from evolved population 7 This manuscript E7

E. coli isolate from evolved population 8 This manuscript E8

E. coli isolate from control population 1 This manuscript C1

E. coli isolate from control population 2 This manuscript C2

E. coli isolate from control population 3 This manuscript C3

E. coli isolate from control population 4 This manuscript C4

E. coli PB501 DapaH::tet This manuscript RLG717

E. coli PB501 DyjeP::tet This manuscript RLG803

E. coli PB501 DyjeJ::bla zei-722::Tn10 (linker control) This manuscript RLG795

E. coli PB501 DyjeJ::bla zei-722::Tn10 yjePI724T This manuscript RLG796

E. coli PB501 DyjeJ::bla zei-722::Tn10 yejM8bp+ This manuscript RLG797

E. coli PB501 DyjeJ::bla zei-722::Tn10 yejMI427N This manuscript RLG798

E. coli PB501 DyjeJ::bla zei-722::Tn10 yjePI724T yejM8bp+ This manuscript RLG799

E. coli PB501 DyjeJ::bla zei-722::Tn10 yjePI724T yejMI427N This manuscript RLG800

E. coli PB501 Tn7::apaH-spec This manuscript RLG844

E. coli PB501 DapaH::tet Tn7::apaH-spec This manuscript RLG845

E. coli PB501 DyjeP::tet This manuscript RLG803

E. coli PB501 Tn7::yjeP-spec This manuscript RLG859

E. coli PB501 DyjeP::tet Tn7::yjeP-spec This manuscript RLG860

E. coli PB501 DyjeJ::bla Tn7::yjeP-spec This manuscript RLG861

E. coli PB501 DyjeJ::bla yjePI724T Tn7::yjeP-spec This manuscript RLG862

E. coli PB501 rlmE::tetA This manuscript RLG910

E. coli PB501 DapaH::frt DyjeJ::bla zei-722::Tn10 This manuscript RLG1107

E. coli PB501 DapaH::frt yejMI427N This manuscript RLG1108

E. coli PB501 DapaH::frt yjePI724T This manuscript RLG1109

E. coli PB501 DapaH::frt yjeP1724T yejMI427N This manuscript RLG1110

E. coli PB501 DapaH::frt yejM1694 This manuscript RLG1111

E. coli PB501 DapaH::frt yjePI724T yejM1694 This manuscript RLG1112

E. coli PB501crp::KanR Crisan, C.V.et al.33 SSW12

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Next generation whole genome sequencing of Ancestor; E1-E8; C1-C4 MiGS (Now SeqCenter) Genbank: PRJNA1008648

Oligonucleotides

See supplemental materials This manuscript Table S1

Software and algorithms

Breseq v0.35.1 Deatherage, D.E.et al.83 Breseq

JMP Pro 16 N/A JMP
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Brian K. Hammer

(brian.hammer@biology.gatech.edu).

Materials availability

All unique reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

� Illumina sequencing data have been deposited at Genbank and are publicly available as of the date of publication. Accession numbers

are listed in the key resources table.
� This paper does not report original code.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains and growth conditions

Escherichia coli MG1655 and derivatives were used throughout this study. Cells were grown at 37�C in lysogeny broth (LB) or M9 minimal

media supplemented with 0.2% glucose, under aerobic conditions with shaking at 200 rpm. Strains and genotypes are described in key re-

sources table.

Vibrio choleraeC6706 and derivatives were used for T6SS competition assays and were grown at 37�C in LB under aerobic conditions with

shaking at 200 rpm. Strains and genotypes are described in key resources table.

The following antibiotics and inducers were supplemented where appropriate: ampicillin, spectinomycin, streptomycin, kanamycin, chlor-

amphenicol, tetracycline, and arabinose. Specific concentrations are described in the method details section.

METHOD DETAILS

Bacterial strains and media

Bacterial strains were grown aerobically at 37�C overnight in lysogeny broth (LB) (1% w/v tryptone (Teknova, CA, USA), 0.5% w/v yeast extract

(Hardy Diagnostics, CA, USA), 1% w/v NaCl (VWR Life Sciences, PA, USA) or liquid basal medium (100 mM Tricine (Thermo Scientific, MA,

USA), 10 mM K2HPO4 (Fisher Scientific, NH, USA), 0.5% w/v tryptone, 0.25% w/v yeast extract, 0.5% w/v glucose (VWR, PA, USA), and pH

5.5 with HCl (Fisher Scientific, NH, USA) or pH 8.6 with KOH (Fisher Scientific, NH, USA) or NaOH (Fisher Scientific, NH, USA)) with constant

shaking or on LB agar (1.5% w/v agar; Genesee Scientific and Hardy Diagnostics, CA, USA). Ampicillin (GoldBio, MO, USA and VWR Life

Sciences, PA, USA), spectinomycin (Sigma-Aldrich, MO, USA and Enzo Life Sciences, NY, USA), streptomycin (VWR Life Sciences, PA,

USA), kanamycin (GoldBio, MO, USA and VWR Life Sciences, PA, USA), chloramphenicol (Sigma-Aldrich, MO, USA and EMD Millipore,

MA, USA), tetracycline (Sigma-Aldrich, MO, USA and Fisher BioReagents, PA, USA), and arabinose (GoldBio, MO, USA) were supplemented

where appropriate. Specific concentrations will be described below.

Mutant construction

Mutations were introduced into E. coli K-12 strain MG1655 DaraBAD::cat by P1vir transduction.84 Point mutations in ybdG, yejM, and yjeP

were transduced into the recipient strain using the genetically linked markers purE79::Tn10, zei-722::Tn10, and DyjeJ::ampR, respectively.

Transductants were selected for using 10 mgmL�1 tetracycline or 25 mgmL�1 ampicillin and screened for the presence of the point mutations

by DNA sequencing (Azenta Life Sciences, MA, USA). All null mutations were confirmed by PCR.
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yjeJ and rlmE were deleted and replaced with the AmpR or TetR cassette, respectively, by l Red recombination as previously described.85

To generate DyjeJ::ampR, the AmpR cassette from pUC19 was amplified by PCR using the primers KOyjeJBla.Fwd and KOyjeJBla.Rev, which

contain homology to the 50 and 30 ends of yjeJ, respectively. To generate DrlmE::tetA, the tetA gene and promoter were amplified from Tn10

using the primers rrmJTET.Fwd and rrmJTET.Rev. DyjeJ::ampR or DrlmE::tetA DNA were transformed into DY378, a strain of E. coli K-12 that

expresses the l Red recombination system from a temperature sensitive promoter. Prior to transformation, the l Red system was induced by

incubating midlog phase DY378 cells at 42�C for 15 minutes in a shaking water bath. Recombinants were selected for on LB containing 25 mg

mL�1 ampicillin (for DyjeJ::ampR) or 10 mg mL�1 tetracycline (for DrlmE::tetA).

To generate theDapaH::tetA,DybdG::tetA, andDyjeP::tetA null alleles, apaH::kanR,DybdG::kanR, andDyjeP::kanR from the Keio library86

were moved into DY378 by P1vir transduction.84 The KanR cassette in each Keio allele was replaced with tetA from Tn10 by l Red recombi-

nation.85 The tetADNAwas amplified by PCR using the primers pKD13TetA.Fwd and pKD13TetA.Rev, which contain homology to the 50 and
30 ends of the KanR cassette, respectively. Recombinants were selected for on LB containing 10 mg mL�1 tetracycline and screened for sensi-

tivity to 25 mg mL�1 kanamycin.

To generate the triple mutants, the tetracycline resistance cassette in DapaH::tetA was removed using the FLP/FRT system as previously

described.87 The FRT-flanked araBAD::cat allele was reintroduced into the DapaH::frt strain by P1vir transduction. Mutations in yjeP and yejM

were then introduced as described above.

ybdGI167T was constructed using CRISPR-Cas9 gene editing as previously described.88 The ybdG guide RNA plasmid pCRISPR-ybdG493

was constructed by ligating ybdG493.CRISPR duplexed DNA (Integrated DNA Technologies, IA, USA) into BsaI-digested pCRISPR. 100 ng of

pCRISPR-ybdG493 and 10 uM of the editing oligonucleotide ybdGI167T.MAGE (Integrated DNA Technologies, IA, USA) were transformed

intoMG3686, a derivative of DY378 that constitutively expressesCas9 from a plasmid. Transformants were selected for on LB containing 25 mg

mL�1 chloramphenicol and 50 mg mL�1 kanamycin. Recombinants containing the ybdGI167T mutation were identified by DNA sequencing

(Azenta Life Sciences, MA, USA). Two phosphorothioate bonds were added at the 50 and 30 ends of the ybdGI167T.MAGE oligonucleotide

to increase stability.

Genes were inserted at the Tn7 attachment site following a similar protocol described previously.89,90 Wildtype apaH or yjeP expressed

from the constitutive promoter J23119 (http://parts.igem.org/Part:BBa_J23119) were cloned into XhoI andHindIII (NewEngland Biolabs, MA,

USA) digested pZS21, resulting in the plasmids pZS21-apaH and pZS21-yjeP. The J23119 promoter, gene, and rrnB1 terminator from pZS21-

apaH or pZS21-yjePwere amplifiedby PCR using the primers pGRG25GA.Fwd andpGRG25GA.Rev. TheU streptomycin/spectinomycin resis-

tance cassette from pHP45U was amplified using the primers pGRG25SpcGA.Fwd and pGRG25SpcGA.Rev. apaH or yjeP DNA along with

DNA corresponding to the U streptomycin/spectinomycin resistance cassette were inserted into PacI and AvrII digested pGRG25-Modular-

BamA-Kan by Gibson Assembly (New England Biolabs, MA, USA). The resulting plasmids were transformed into MG1655 and transformants

were selected for on LB containing 25 mgmL�1 spectinomycin and 0.2% (w/v) arabinose. Transformants were screened for integration of apaH

or yjeP and the U streptomycin/spectinomycin resistance cassette at the Tn7 site by PCR.

V. cholerae was genetically engineered with established allelic exchange methods using vector pKAS32.91 Expression of chromosomal

qstR from a heterologous Ptac promoter results in constitutive T6SS activity becauseC6706 lacks a functional lacI gene.92 An in-framedeletion

of vasK prevents T6SS assembly.22 All Insertions, deletions, andmutations were confirmed by PCR and DNA sequencing (Eton Bioscience Inc,

NC, USA).
Experimental evolution

Twelve replicate populations of E. coli with chromosomal CmR cassette and a plasmid encoding KanR cassette were initiated from an over-

night culture in LB with kanamycin and chloramphenicol. Each day, cultures were washed twice with LB to remove antibiotics, thenmixed with

an overnight culture of either V. cholerae C6706 qstR* (for the 8 experimental populations) or C6706 qstR* DvasK (for the 4 control popula-

tions) in a 10:1 killer to target ratio. 50 mL of eachmixture was spotted onto an LB agar plate, dried, and incubated at 37�C for 3 hours. Compe-

tition mixtures were then resuspended in 5 mL of ddH2O containing kanamycin (50 mg mL�1) and chloramphenicol (10 mg mL�1), and put at

4�C for 30minutes, conditions which allow for survival of E. coli but not V. cholerae. Surviving cells were then diluted 10-fold into LB containing

kanamycin (50 mg mL�1) and chloramphenicol (10 mg mL�1) for overnight growth at 37�C. This procedure was repeated daily for 30 rounds. A

sample of each whole population was frozen at�80�Cwith 25% glycerol every five days. The populations themselves were frozen at day 15 to

briefly pause the evolution experiment, and were revived by diluting 500 mL thawed stock into 5 mL LB with kanamycin and chloramphenicol,

and grown overnight to start the evolution again the next day. At the end of 30 rounds, a clonal isolate from each population was taken for

subsequent phenotypic and genomic testing.
Stress assay

The optical density (OD600) of overnight cultures of E. coli strains growing in the basal medium (pH 7) was measured by a ThermoFisher Sci-

entific Genesys 30 spectrophotometer (MA, USA) and normalized to 1. Then cells were diluted 1:50 into the basal medium (pH 5.5, pH 7, and

pH 8.6 with KOH or NaOH) in a 96-microtiter plate, which was incubated aerobically at 37�C with shaking in a BioTek Synergy H1 microplate

reader (VT, USA). The OD600 of each well was read every 30 mins for 16 h. A curve of best fit was assigned to each well using the 4P Growth

model in JMP (JMP�, Version 16.1.0. SAS Institute Inc., Cary, NC, 1989–2021), and the value of the ‘‘Division’’ parameter was compared across

treatments and replicates.
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Antibiotic MIC determination

Antibiotics were added to wells of a 96-microtiter plate, starting at 1280 mgmL�1 for streptomycin and 640 mgmL�1 for kanamycin, and serially

diluted 2-fold across the plate. Overnight cultures of bacteria were diluted and added to the wells for a final OD600 of 0.001. Once a target

range was determined to contain the MIC for each antibiotic, a linear range of antibiotic concentrations were prepared and tested in

96-microtiter plate (4 through 36 mg mL�1 for kanamycin and 2 through 18 mg mL�1 for streptomycin), and bacteria were added at a an

OD600 of 0.001. Plates were incubated stationary at 37�C for 24 hours. A well was determined to have growth if the OD600 was above 0.2,

as measured by a BioTek Synergy H1 microplate reader (VT, USA), and the MIC was determined to be the lowest concentration at which

no growth occurred.
T6SS-mediated competition assay

TheOD600 of overnight cultures of V. cholerae killer and CmR E. coli target were normalized to 1. Killer and target are thenmixed in either 10:1

or 1:4 ratio, inoculated onto a pre-dried LB agar, and allowed to dry. After 3 hours of static incubation at 37�C, cells were resuspended in 5 ml

of LB, following with serial dilutions. Finally, the resuspension was inoculated on a LB agar containing chloramphenicol (10 mgmL�1) to select

for the surviving E. coli, which was incubated overnight at 37�C and the E. coli colonies were counted. Data is presented as the fold increase of

the survival rate for a given genotype as compared to the ancestor (measured in the same experiment), as given by:

Fold increase =
Survival rate of genotype

Survival rate of ancestor

where the survival rate for each strain is calculated by dividing recovered E. coli colonies from competition with the T6SS+ V. cholerae strain by

the number of colonies recovered from competition with the T6SS- strain. These raw data are provided in Figures S2–S6.
DNA preparation, WGS, and genomic analysis

E. coli genomicDNA fromeach populationwas isolated using PromegaWizardGenomicDNAPurification Kit (Madison,WI). TheDNAquality

was analzyed using gel electrophoresis to confirm no degradation and NanoDrop to confirm the purity of the samples (260/280 = 1.8–2.0).

Whole genome sequencing was conducted using Illumina sequencing on a NextSeq 2000 platform at Microbial Genome Sequencing Center

(PA, USA). Once we received the DNA sequencing results, quality check, filter, base correction, adapter trimming, and merging were con-

ducted using fastp v0.20.0.93 Reads were then mapped and compared to the E. coli MG1655 reference genome (accession U00096) from

NCBIGenomedatabase using Breseq v0.35.1 with bowtie2-stage2.83,94,95 Other parameters remain default. A hyperlink to the whole genome

sequence is in the Deposited data section above.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance of T6SS survival between the control and experimental groups in the experimental evolution was determined using

one-way ANOVA and a pre-planned contrast in JMP Pro 16.

Follow-up experiments testing the T6SS effects on each mutant were accessed with one-sample t-test (m = 0) and Bonferroni correction

when the number of experimental groups is 2 or one-way ANOVA and Dunnett’s multiple comparison (m = 0) when the number of experi-

mental groups is > 2. Division rate of E. coli was determined via two-way ANOVA and Dunnett’s Multiple Comparison relative to the WT.

These statistical tests were performed in Prism 7.

All of the statistical analysis was conducted with natural log transformed data (nR 3). Each data point is presented, and the median of the

dataset is shown in the figures. ****, ***, **, * denotes statistical significance with p% 0.0001, 0.001, 0.01, 0.05. Additional statistical details of

experiments definition of statistical significance and multiple tests corrections were indicated in the results and figure legends.
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