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ABSTRACT 24 

The opportunistic pathogen Staphylococcus aureus is protected by a cell envelope 25 

that is crucial for viability. In addition to peptidoglycan, lipoteichoic acid (LTA) is an 26 

especially important component of the S. aureus cell envelope.  LTA is an anionic polymer 27 

anchored to a glycolipid in the outer leaflet of the cell membrane. It was known that 28 

deleting the gene for UgtP, the enzyme that makes this glycolipid anchor, causes cell 29 

growth and division defects. In Bacillus subtilis, growth abnormalities from the loss of ugtP 30 

have been attributed to the absence of the encoded protein, not to loss of its enzymatic 31 

activity. Here, we show that growth defects in S. aureus ugtP deletion mutants are due to 32 

the long, abnormal LTA polymer that is produced when the glycolipid anchor is missing 33 

from the outer leaflet of the membrane. Dysregulated cell growth leads to defective cell 34 

division, and these phenotypes are corrected by mutations in the LTA polymerase, ltaS, 35 

that reduce polymer length. We also show that S. aureus mutants with long LTA are 36 

sensitized to cell wall hydrolases, beta-lactam antibiotics, and compounds that target 37 

other cell envelope pathways. We conclude that control of LTA polymer length is 38 

important for S. aureus physiology and promotes survival under stressful conditions, 39 

including antibiotic stress. 40 

 41 

IMPORTANCE 42 

 Methicillin-resistant Staphylococcus aureus (MRSA) is a common cause of 43 

community- and hospital-acquired infections and is responsible for a large fraction of 44 

deaths caused by antibiotic-resistant bacteria. S. aureus is surrounded by a complex cell 45 

envelope that protects it from antimicrobial compounds and other stresses. Here we show 46 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 25, 2020. ; https://doi.org/10.1101/2020.03.23.004671doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.23.004671


 3 

that controlling the length of an essential cell envelope polymer, lipoteichoic acid, is critical 47 

for controlling S. aureus cell size and cell envelope integrity. We also show that genes 48 

involved in LTA length regulation are required for resistance to beta-lactam antibiotics in 49 

MRSA. The proteins encoded by these genes may be targets for combination therapy 50 

with an appropriate beta-lactam. 51 

 52 

INTRODUCTION 53 

The bacterial cell envelope is a barrier that protects bacteria from unpredictable 54 

and often hostile environments. In Gram-positive bacteria, such as Staphylococcus 55 

aureus, the cell envelope comprises the cell membrane and a thick peptidoglycan (PG) 56 

layer that is decorated with a variety of proteins and polymers important for viability and 57 

virulence. Among these polymers are teichoic acids, which are negatively charged and 58 

divided into two classes based on their subcellular localization. One class, wall teichoic 59 

acids (WTA), are covalently linked to PG; the other class, lipoteichoic acids (LTA), are 60 

associated with the cell membrane through a glycolipid anchor (1). WTA and LTA play 61 

partially redundant roles in cell envelope integrity and cannot be deleted simultaneously 62 

(2-4). 63 

In S. aureus, both WTA and LTA have been implicated in the control of cell 64 

morphology and division (3, 5, 6), virulence (7-14), osmoregulation (15-18), antimicrobial 65 

resistance (6, 19-22), and spatiotemporal regulation of cell wall enzymes (23-27). 66 

However, LTA is more important than WTA for cell viability. S. aureus can grow under 67 

standard laboratory conditions without WTA (28), but cells lacking lipoteichoic acid 68 
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synthase (LtaS), the enzyme that assembles LTA on the cell surface, are not viable and 69 

rapidly acquire suppressor mutations (3, 5, 16, 29, 30). 70 

The usual glycolipid anchor and the starting unit for LTA is diglucosyl-diacylglycerol 71 

(Glc2DAG), which is synthesized from UDP-glucose and diacylglycerol (DAG) by the 72 

glycosyltransferase UgtP (also called YpfP) (Fig. 1A-B) (31, 32). Glc2DAG is exported to 73 

the cell surface by LtaA (10). The lipoteichoic acid polymerase is LtaS, a polytopic 74 

membrane protein with an extracellular domain that contains the active site (4, 33). LtaS 75 

transfers phosphoglycerol units derived from phosphatidylglycerol (Ptd-Gro) to the 76 

Glc2DAG starter unit, producing DAG as a byproduct (5, 34, 35). DAG is recycled to Ptd-77 

Gro by a salvage pathway (36). LTA is heavily decorated with D-alanyl residues, a 78 

modification of teichoic acids that is important in autolysin regulation and has also been 79 

implicated in S. aureus virulence (8, 12, 13, 19). Notably, deleting the glycosyltransferase 80 

gene ugtP or the genes encoding the enzymes that produce UDP-glucose, its substrate, 81 

does not result in the loss of LTA, although such mutations result in morphological and 82 

fitness defects (10, 11, 32). Instead, LtaS uses Ptd-Gro rather than Glc2DAG as the lipid 83 

starter unit for LTA assembly. 84 

In Bacillus subtilis, deleting ugtP or the genes for the enzymes that produce UDP-85 

glucose also results in morphological defects (37-40). In one study, ugtP mutant cells 86 

were shown to be shorter than wild type cells, and it was proposed that UgtP is a nutrient 87 

sensor that negatively regulates cytokinesis in a manner that depends on UDP-glucose 88 

levels (38). In this model, under nutrient-rich conditions, high levels of UDP-glucose 89 

localize UgtP to the cytokinetic ring and inhibit FtsZ polymerization or constriction, which 90 

delays cell division to provide cells time to grow to a larger size (38, 41). ugtP cells are 91 
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therefore small because UgtP is not present to slow cell division. Other studies in B. 92 

subtilis are not consistent with a role for UgtP in nutrient sensing because mutant cells 93 

were found to be enlarged in its absence or to have shape rather than size alterations 94 

(39, 40). 95 

UgtP evidently does not act to increase cell size in S. aureus because ugtP 96 

mutant cells are larger, rather than smaller, than those of the wild type (32). Like other S. 97 

aureus cells that grow too large (6, 42-45), the mutant cells have cell division defects such 98 

as multiple and misplaced septa (32). While these defects may result directly from the 99 

loss of the ugtP gene product, the ugtP deletion is pleiotropic and causes multiple 100 

effects, including the absence of the disaccharide anchor Glc2DAG and an abnormal 101 

lengthening of LTA polymers (Fig. 1C, Fig. S1A) (10). Whether increased cell size and 102 

dysregulated cell division directly result from the loss of the ugtP gene product, from the 103 

loss of intracellular Glc2DAG, or from the abnormally long LTA polymers has been 104 

unclear. 105 

Mutants lacking ltaA, which encodes the flippase that exports Glc2DAG to the cell 106 

surface, provide a means to distinguish among these possibilities. ltaA mutants express 107 

UgtP and synthesize intracellular Glc2DAG, but are unable to export it efficiently (10). The 108 

LTA polymers produced by ltaA mutants are longer than those of the wild type but 109 

shorter than those of ugtP mutant cells (Fig. 1C), being a heterogeneous mixture in 110 

which some polymers are assembled on Ptd-Gro and some on Glc2DAG (which is 111 

exported to the cell surface by an alternative, unknown mechanism) (10). We 112 

hypothesized that if the defects observed in ugtP cells were caused by the abnormally 113 

long LTA polymers, we should observe alterations in cell size and division in ltaA mutant 114 
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cells, although perhaps less pronounced due to the intermediate polymer length caused 115 

by the ltaA mutation. 116 

Here we show that the production of long, abnormal LTA is sufficient to alter cell 117 

size and lead to cell division defects. We also report that LTA pathway mutants with these 118 

morphological defects are highly susceptible to beta-lactam antibiotics and PG 119 

hydrolases and are dependent on other cell envelope pathways that are dispensable in 120 

wild type strains. We used an inhibitor of one of these pathways to select for suppressor 121 

mutations in ugtP strains and found that most of the suppressor mutations were located 122 

in the LTA polymerase, ltaS, and caused a reduction in LTA polymer length. Polymer 123 

abundance was frequently decreased as well, in some cases to almost undetectable 124 

levels. The ltaS suppressor mutations partially reversed the cell size and division 125 

abnormalities caused by the ugtP mutation. Taken together, these studies indicate LTA 126 

length and abundance plays a crucial role in controlling cell size and cell envelope 127 

integrity in S. aureus. 128 

 129 

RESULTS 130 

ugtP and ltaA mutants are larger than wild type cells and have cell division 131 

defects 132 

A previous study in S. aureus reported that ugtP cells are larger than wild type 133 

cells and have other morphological defects (32), but ltaA mutant cells have not been 134 

examined in detail. We compared the morphology of otherwise isogenic wild type, ltaA, 135 

and ugtP strains by transmission electron microscopy (TEM) and quantified cell size 136 

using brightfield and epifluorescence microscopy after staining with a membrane dye. 137 
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Compared with wild type, ltaA cells appeared larger by TEM and ugtP cells were clearly 138 

larger (Fig. 1D). Quantification of cell size confirmed these observations: cell volume 139 

increased from 0.72 ± 0.14 m3 for wild type to 1.26 ± 0.38 m3 for ltaA and 1.98 ± 0.59 140 

m3 for ugtP (Fig. 1E, Fig. S1B). ltaA and ugtP cells also displayed cell division 141 

defects, including multiple and misplaced septa (Fig. S1C-D). Only 2.1% (n = 536) of wild 142 

type cells had these defects compared with 7.3% (n = 518) for ltaA cells and 18.9% (n 143 

= 55) for ugtP cells (Fig. 1F). Furthermore, ltaA and ugtP cells were more commonly 144 

observed without partial or complete septa, indicating that they spend a longer time 145 

growing prior to initiating septal synthesis (Fig. 1G, Fig. S1E). These shared phenotypes 146 

of ltaA and ugtP mutants indicate that control over cell growth and division is adversely 147 

affected when LTA is abnormally long and assembled on a Ptd-Gro, rather than on a 148 

Glc2DAG, membrane anchor. An important challenge for the future will be to elucidate the 149 

mechanism by which LTA polymer length influences cell size and division. 150 

 151 

ugtP and ltaA mutants are more susceptible to lytic enzymes than wild type 152 

Given the established connection between teichoic acids and enzymes that act on 153 

the cell wall, we used ltaA and ugtP mutants to probe whether production of abnormal 154 

LTA causes susceptibility to lytic enzymes that degrade peptidoglycan. Sle1 is an 155 

amidase native to S. aureus that hydrolyzes the amide bond between N-acetylmuramic 156 

acid and the stem peptide of PG (46). Lysostaphin is an endopeptidase produced in other 157 

Staphylococci spp. that hydrolyzes the peptide cross bridges between PG strands (47, 158 

48). We found that ltaA and ugtP mutants were substantially more susceptible to these 159 

enzymes than were wild type cells (Fig. 1H, Fig. S1F), indicating that cells that make long, 160 
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abnormal LTA have alterations in their cell envelope that cause increased susceptibility 161 

to enzymes that hydrolyze PG. 162 

 163 

ugtP and ltaA MRSA mutants are sensitized to beta-lactam antibiotics 164 

Previous work has shown that when WTA is removed, methicillin-resistant S. 165 

aureus (MRSA) becomes susceptible to some beta-lactam antibiotics, including oxacillin 166 

(6). WTA-null cells also have cell size and division defects that resemble those that we 167 

observed for ltaA and ugtP (6). These observations prompted us to test whether 168 

deleting ltaA or ugtP in a MRSA background also affected beta-lactam susceptibility. 169 

Although the minimum inhibitory concentration (MIC) for oxacillin was only modestly 170 

decreased when ltaA or ugtP was deleted in a methicillin-sensitive background, it 171 

decreased by 8-fold and 64-fold for ltaA and ugtP mutants, respectively, in MRSA (Fig. 172 

1I, Fig. S1G). By contrast, there was little to no change in the MICs of antibiotics that 173 

primarily affect peptidoglycan polymerization (moenomycin and vancomycin) rather than 174 

crosslinking. The susceptibility of ltaA and ugtP to beta-lactams provides further 175 

evidence that these mutants have cell wall alterations. 176 

 177 

ugtP and ltaA mutants lyse when teichoic acid D-alanylation is blocked  178 

We found in previous work that ugtP cells become reliant on a tailoring 179 

modification of LTA called D-alanylation in which D-alanyl esters are attached to the C2 180 

hydroxyl groups of the phosphoglycerol repeats of LTA (49). This modification, although 181 

dispensable in wild type strains, is important in resistance to cationic antimicrobial 182 

peptides and aminoglycosides (15, 19), and has been linked to regulation of autolysin 183 
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function (50). We previously identified two structurally unrelated inhibitors, DBI-1 and 184 

amsacrine (amsa), that inhibit DltB, an essential component of the D-alanylation pathway 185 

(Fig. 1B, Fig. 2A) (49, 51). Using spot titre assays, we found here that ltaA strains, like 186 

ugtP strains, are susceptible to both DltB inhibitors (Fig. 2B, Fig. S2A). This susceptibility 187 

provides additional evidence that the production of abnormal, long LTA causes defects 188 

that result in conditional essentiality of other cell envelope modifications. 189 

Terminal phenotypes can provide insight into processes that lead to cell death. We 190 

therefore used TEM to compare the phenotypes of wild type, ltaA, and ugtP cells 191 

treated with the DltB inhibitor amsa. Fields of untreated and treated wild type cells 192 

appeared similar by TEM, but there were large numbers of cell ghosts and fragments in 193 

images of the treated ltaA and ugtP mutants (Fig. 2C, Fig. S2B). Moreover, when we 194 

monitored biomass by optical density after treatment with inhibitor, we observed that the 195 

mutants stopped growing and then the optical density dropped (Fig. 2C, Fig. S2C-D). The 196 

TEM images of the untreated ugtP mutants also showed qualitatively more lysis than 197 

wild type cells. Taken together, our findings show that ltaA and ugtP cells have a 198 

greater propensity to lyse than wild type cells, and they undergo catastrophic lysis when 199 

D-alanylation is inhibited. We infer that D-alanylation negatively regulates the activity of 200 

cell wall hydrolases. 201 

 202 

Reducing LTA length and abundance suppresses lethality of D-alanylation 203 

inhibitors  204 

Because suppressor analysis can provide clues to the underlying basis of a defect, 205 

we selected for suppressor mutations of amsa lethality in a ugtP strain. Whole genome 206 
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sequencing of one suppressor showed a mutation in ltaS that resulted in a leucine 207 

substitution at F93, and we found that LTA produced by this mutant was shorter and less 208 

abundant than in the parent strain (see below). We raised additional amsa-resistant 209 

mutants from multiple independent cultures in a few distinct ugtP null strains, all of which 210 

could be complemented (Fig. S3A). Targeted sequencing of ltaS showed that mutations 211 

in this gene accounted for 75% of the 64 resistant colonies tested. Notably, only three of 212 

the mutations resulted in premature stop codons. In all other mutants, the reading frame 213 

of ltaS was maintained, suggesting that at least partial function of the encoded protein 214 

was retained. 215 

To assess whether the activity of LtaS was affected by the ltaS mutations, we 216 

selected 14 strains that contained mutations spanning different regions of the encoded 217 

enzyme (Fig. 3A, Fig. S3B) and evaluated the abundance and length of their LTA. LtaS 218 

contains five predicted transmembrane (TM) helices and a C-terminal extracellular 219 

domain that contains the active site (4, 33). Three mutants contained 18 base-pair 220 

insertions that resulted in the insertion of six amino acids in the extracellular loop between 221 

TM1 and TM2. The other eleven mutants contained single amino acid substitutions in 222 

another extracellular loop, in the <helical linker= region, or in the extracellular domain. For 223 

the mutants for which LTA was detectable by Western blot, we found that it was shorter 224 

than that in the ugtP parent strain and was typically much less abundant (Fig. 3B). For 225 

some mutants, LTA was undetectable. Targeted sequencing did not identify suppressor 226 

mutations known to restore viability to ltaS knockouts (16, 29, 30). Moreover, whole 227 

genome sequencing of a subset of strains did not identify any shared mutations in other 228 

genes (Fig. S3C). Taken together, these results suggested that suppression of the 229 
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lethality caused by loss of D-alanylation in ugtP was a direct result of the reduced LTA 230 

length and abundance. 231 

Consistent with this conclusion, we found that a ugtP ltaS double deletion strain 232 

was not susceptible to amsa because it does not produce LTA (Fig. 3C). This strain 233 

contains a hypomorphic mutation in gdpP (gdpP*). GdpP is a cyclic-di-AMP 234 

phosphodiesterase and this mutation results in increased cellular levels of cyclic-di-AMP, 235 

a second messenger implicated in osmoregulation (52). The accumulation of cyclic-di-236 

AMP allows growth in the absence of ltaS (16). We therefore confirmed that a ugtP 237 

gdpP::Tn double mutant remained sensitive to amsa and produced LTA resembling that 238 

of a ugtP single mutant (Fig. 3C, Fig. S4A-B). Therefore, amsa resistance in the ugtP 239 

ltaS double mutant was not due to gdpP*, but rather to the absence of LTA. 240 

To verify that amsa resistance in the suppressor strains was indeed caused by the 241 

ltaS mutations, we constructed strains expressing inducible copies of three ltaS mutant 242 

alleles (Ins3, F93L, and L181S) or the wild type allele. These mutations are found in 243 

extracellular loops of the transmembrane domain (Ins3, F93L) or in the linker region 244 

between the transmembrane domain and the extracellular domain (L181S). We then 245 

deleted the chromosomal copy of ltaS and introduced marked deletions of ltaA or ugtP 246 

into each strain (Fig. 4A). The strains required inducer for growth, indicating that the 247 

mutant ltaS alleles, like the wild type allele, performed an essential function (Fig. 4A). 248 

Strains expressing the ltaS mutants grew on amsa and DBI-1 regardless of whether ltaA 249 

or ugtP were present; however, strains expressing ltaSwt in a ltaA or ugtP background 250 

did not grow (Fig. 4A, Fig. S5A-B). Growth curves showed that amsa-treated cells 251 

expressing ltaSwt in the ugtP background underwent growth arrest followed by lysis, 252 
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while cells expressing the ltaS mutants continued to grow (Fig. 4B). For two of the 253 

mutants, ltaSF93L and ltaSL181S, growth rates in amsa were comparable to the untreated 254 

controls, but the ltaSIns3 mutant was growth-impaired. This mutant also reached only 20% 255 

of the optical density of the other mutants in overnight cultures. Despite differences in 256 

fitness, the reconstructed mutants confirmed that the selected ltaS mutations are 257 

necessary and sufficient to confer resistance to D-alanylation inhibitors in a ugtP 258 

background. 259 

Access to a set of otherwise isogenic strains expressing different ltaS alleles 260 

allowed us to directly compare the impact of altering LTA length and abundance without 261 

confounding effects of other genetic differences. In the wild type background, we found 262 

that LTA was undetectable for ltaSIns3; for the other two ltaS mutant alleles, LTA was 263 

shorter and the signal was much less intense than for cells expressing ltaSwt (Fig. 4C). In 264 

the ugtP background, LTA was nearly undetectable for ltaSIns3 but appeared similar in 265 

length to ltaSwt. The other two mutants showed greatly reduced LTA signal intensity and 266 

appeared shorter in length than ltaSwt. Overall, these results confirmed that reducing LTA 267 

length or greatly reducing abundance in cells that produce long, abnormal LTA confers 268 

resistance to D-alanylation inhibitors. A question for future work is how D-alanylation 269 

protects cells from the lethality of long LTA polymers. 270 

 271 

Suppressors with low LTA retain the ability to produce large amounts of DAG  272 

We noted that most of the ltaS mutant genes with suppressor mutations 273 

maintained the reading frame, yet the LTA levels in the mutants were typically low. LtaS 274 

produces DAG in addition to LTA, with one molecule of DAG produced during each round 275 
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of elongation (Fig. 1B-C). DAG is generally thought to be a byproduct of LTA synthesis 276 

that serves mainly as a feedstock for glycolipid synthesis and for a recycling pathway that 277 

leads to more Ptd-Gro (53-55). To verify that the ltaS mutants retained the ability to 278 

produce appreciable amounts of DAG and to assess the correlation between DAG and 279 

LTA levels, we purified and reconstituted LtaSwt, LtaSIns3, LtaSF93L, and LtaSL181S in 280 

proteoliposomes and quantified DAG production (Fig. S6A). As reported previously, 281 

LtaSwt made abundant LTA polymer in this system (56), but LTA was low to undetectable 282 

for the three mutants (Fig. S6B). However, all the mutants retained the capability to 283 

produce considerable amounts of DAG, ranging from ~20% of LtaSwt levels for LtaSIns3 to 284 

levels comparable to LtaSwt for LtaSL181S (Fig. S6C). Because these are technically 285 

challenging assays, we only measured endpoints so relative DAG levels should be 286 

interpreted cautiously. Nonetheless, and with this caveat in mind, it appeared that the 287 

mutants produced more DAG than expected based on the LTA polymer detected, 288 

suggesting that DAG production may be partially uncoupled from LTA synthesis. 289 

 290 

Reducing LTA length and abundance partially corrects cell size and division 291 

defects and protects against peptidoglycan hydrolases 292 

With our set of otherwise isogenic strains expressing ltaS variants, we next 293 

examined whether the ltaS suppressor mutations corrected other defects of ugtP. We 294 

found that the rebuilt strain expressing ltaSwt in the ugtP background was highly 295 

susceptible to both Sle1 and lysostaphin, but strains expressing ltaS variants were not 296 

(Fig. 4D, Fig. S7). We also quantified cell morphology by microscopy and found that cells 297 

expressing ltaSF93L or ltaSL181S in the ugtP background were 46% and 88% as large, 298 
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respectively, as cells expressing ltaSwt (Fig. 4E). These mutants had correspondingly 299 

fewer cell division defects (Fig. 4F). Although ltaSF93L and ltaSL181S produce LTA of similar 300 

length, ltaSF93L corrected size and division defects to a greater extent compared to 301 

ltaSL181S. We attribute this observation to the difference in LTA abundance produced by 302 

these two strains. The abundance of LTA in ltaSF93L more closely matched the abundance 303 

of LTA in the wild type strain, suggesting that the limited amount of LTA in ltaSL181S may 304 

be insufficient to promote proper growth and division, as seen in ltaS depletion strains 305 

that grow abnormally large before lysing (5). Therefore, there may be both an ideal LTA 306 

length and abundance for optimal growth. The ltaSIns3 mutant could not be quantified due 307 

to severe clumping and morphological aberrations. Nevertheless, the results for the other 308 

mutants allow us to conclude that reducing LTA length and abundance partially corrects 309 

the cell size and division defects of ugtP mutant cells and also confers protection against 310 

PG hydrolases. 311 

 312 

Suppressors with low LTA have high WTA levels 313 

Despite producing LTA at levels substantially below wild type levels, the ltaS 314 

mutants we selected were viable and relatively healthy. Moreover, two grew similarly to 315 

the wild type (Fig. 4B). Because LTA and WTA have partially overlapping roles, we 316 

hypothesized that there may be compensatory changes in WTA abundance in the ltaS 317 

mutants that contribute to their fitness. To address this question, we treated purified 318 

sacculi with strong acid to release orthophosphate from WTA and quantified it. We found 319 

that sacculi from strains expressing the mutant ltaS alleles contained two to three times 320 

as much phosphate as sacculi from the strain expressing ltaSwt, consistent with a large 321 
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increase in WTA (Fig. 4G). PAGE analysis of WTA polymers liberated from purified 322 

sacculi with base showed modest increases in WTA length in the strains expressing ltaS 323 

mutant alleles (Fig. S8). We conclude that S. aureus adapts to a reduction in LTA by 324 

increasing WTA. Previous work has shown that WTA positively regulates cell wall 325 

crosslinking (26). Moreover, WTA is known to decrease susceptibility to PG hydrolases 326 

(23, 25). Therefore, we surmise that increased WTA levels and the concomitant changes 327 

in cell wall structure lead to the decreased susceptibility of our ltaS mutant strains to cell 328 

wall hydrolases. 329 

 330 

DISCUSSION 331 

 The principal goals of this investigation were to elucidate the roles of ugtP and 332 

LTA length in S. aureus cell growth and division and to identify mechanisms contributing 333 

to cell viability when LTA levels are low. First, by comparing multiple phenotypes of ltaA 334 

and ugtP mutants, we showed that cells producing long, abnormal LTA have cell growth 335 

and division defects and are also more susceptible to cell lysis than the wild type. Second, 336 

we showed that suppressor mutations in ltaS that reduced LTA length and abundance 337 

corrected these defects. Third, by comparing otherwise isogenic ltaS mutants that make 338 

either high or low levels of LTA, we showed that WTA levels correlated inversely with LTA 339 

levels. It is likely that the increased abundance of WTA partially compensated for low 340 

levels of LTA. 341 

Previous work has shown that S. aureus ugtP mutants, which make long LTA, 342 

grow larger than normal (32). In B. subtilis, ugtP is also important in cell growth and 343 

division, although its absence leads to decreased cell size in some reports (37, 38). B. 344 
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subtilis UgtP is proposed to function as a nutrient sensor that, when present with sufficient 345 

UDP-glucose, slows Z-ring assembly so that cells grow to a larger size prior to division. 346 

Our results show that such a mechanism does not operate in S. aureus. First, ugtP 347 

mutant cells spend a longer time growing before initiating septal synthesis and 348 

consequently are larger rather than smaller than the wild type. Second, ltaA mutants are 349 

also larger than wild type even though they express ugtP and produce intracellular 350 

Glc2DAG. Therefore, dysregulated cell growth in LTA pathway mutants upstream of the 351 

LtaS polymerase is not due to the absence of the proteins or their products, but rather to 352 

the production of abnormally long LTA. Consistent with this conclusion, cell growth 353 

defects were reduced in a ugtP mutant background by mutations in ltaS that reduced 354 

LTA length.  355 

Previous work has shown that cell division defects result when S. aureus cells grow 356 

larger than normal (6, 42-45). Consistent with these findings, we observed a remarkable 357 

correlation between cell size and frequency of cell division defects for the mutants studied 358 

here. For example, ltaA mutants were substantially smaller than ugtP mutants, and we 359 

found that ltaA mutants had 50% fewer cell division defects. Moreover, ltaS mutations 360 

that reduced cell size in a ugtP background had fewer cell division defects, with the 361 

magnitudes of the reduction in size and the reduction in division defects tracking closely. 362 

We have therefore concluded that the cell division defects observed in ugtP and ltaA 363 

mutants are due to dysregulated coordination between cell growth and division. 364 

We have shown that S. aureus WTA levels increase substantially when LTA levels 365 

are low. This finding is reminiscent of findings in Streptococcus pneumoniae showing that 366 

levels of WTA and LTA are inversely regulated (57). S. pneumoniae synthesizes both 367 
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forms of teichoic acid through the same pathway, with the outcome distinguished only by 368 

a final ligation step where the polymer precursor is transferred to PG or to a glycolipid 369 

(58). In S. pneumoniae, LTA synthesis predominates during exponential growth, but there 370 

is a switch to predominantly WTA synthesis as cells approach stationary phase. S. aureus 371 

WTA and LTA are synthesized by different pathways with only the D-alanine tailoring 372 

modification as a shared feature. Nevertheless, there appears to be a mechanism to 373 

redistribute resources between the WTA and LTA pathways when one is lacking. 374 

Although LTA and WTA share some functions and act synergistically to maintain cell 375 

envelope integrity, their spatial localization is different. LTA is located between the 376 

membrane and the inner layer of PG and WTA extends from the inner layer of PG beyond 377 

the outer layer. Consistent with this difference in localization, we have found that 378 

producing long, abundant LTA tends to promote cell lysis whereas producing abundant 379 

WTA tends to limit cell lysis. Given this evidence that physiological roles of LTA and WTA 380 

in S. aureus are not identical, it would not be surprising to find that regulatory mechanisms 381 

exist to control the relative abundance of these polymers. 382 

Expression of normal LTA is critical for S. aureus virulence. Previous work has 383 

shown that strains lacking ltaA or ugtP have attenuated pathogenicity (10, 11). While the 384 

physiological basis of this attenuation is not known, in light of our data on the susceptibility 385 

of ltaA and ugtP to PG hydrolases, it may involve an increased sensitivity to host lytic 386 

enzymes. We have shown here that the defects caused by expression of long, abnormal 387 

LTA also result in increased susceptibility of MRSA to beta-lactam antibiotics. We 388 

therefore anticipate that inhibitors of enzymes that act upstream of LtaS will have 389 

therapeutic potential, particularly if used in combination with an appropriate beta-lactam. 390 
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Future work will focus on identifying such inhibitors and elucidating the mechanism for 391 

glycolipid-dependent control of LTA polymer length. 392 

 393 

MATERIALS AND METHODS 394 

General information. Chemicals and reagents were purchased from Sigma-395 

Aldrich unless otherwise indicated. Oligonucleotides were purchased from Integrated 396 

DNA Technologies. Detergents were purchased from Anatrace. Restriction enzymes 397 

were purchased from New England Biolabs. Staphylococcus aureus strains were grown 398 

with shaking at 30°C unless otherwise indicated in tryptic soy broth (TSB, Beckton 399 

Dickinson Biosciences) or cation-adjusted Mueller Hinton Broth 2 (MHB2). Escherichia 400 

coli strains were grown at 37°C with shaking in LB broth, Miller (LB, Beckton Dickinson 401 

Biosciences). Growth on solid medium used the appropriate broth plus 1.5% w/v agar 402 

(Beckton Dickinson Biosciences). When required, antibiotics were used at the following 403 

concentrations: 50 g/mL kanamycin, 50 g/mL neomycin, 10 g/mL erythromycin, 10 404 

g/mL chloramphenicol, 3 g/mL tetracycline, 100 g/mL carbenicillin. Anhydrotetracyline 405 

was used at 400 nM. S. aureus genomic DNA was isolated using a Wizard Genomic DNA 406 

Purification Kit (Promega). Genomic DNA from S. aureus RN4220 or isolated amsacrine-407 

resistant mutants was used as a template in PCR reactions to amplify S. aureus genes. 408 

Strain construction. To construct strains with atc-inducible, integrated copies of 409 

genes via pTP63, plasmids were electroporated into S. aureus RN4220 containing the 410 

pTP44 plasmid. Transformants were selected on chloramphenicol at 30°C. Marked 411 

deletions, marked transposon insertions, and atc-inducible genes were transduced via 412 

85 bacteriophage as described previously (59). 413 
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Analysis of LTA length by Western blot. Overnight cultures grown in TSB were 414 

diluted in fresh TSB and grown to an approximate OD600 of 0.8. 0.5 mL of each culture 415 

(normalized by OD600) were harvested by centrifugation and suspended in 50 L of a 416 

solution containing 50 mM Tris pH 7.4, 150 mM NaCl, and 200 µg/mL lysostaphin (from 417 

Staphylococcus staphylolyticus, AMBI Products). The cells were incubated at 37°C for 10 418 

minutes, diluted with one volume of 4X sodium dodecyl sulfate (SDS)-PAGE loading 419 

buffer, and boiled for 30 minutes. Samples were centrifuged for 10 minutes at 16,000 x g 420 

to pellet any insoluble material. The supernatant was diluted with one volume of water 421 

and treated with 0.5 L of 20 mg/mL proteinase K (New England Biolabs) at 50°C for 2 422 

hours. Samples were separated on 4-20% Mini-PROTEAN TGX acrylamide gels (Bio-423 

rad) with a running buffer consisting of 5 g/L Tris base, 15 g/L glycine, and 1 g/L SDS and 424 

transferred to a PVDF membrane. Western blots were performed as described previously 425 

(56). 426 

Transmission electron microscopy. Overnight cultures grown in TSB were 427 

diluted in fresh TSB and grown to mid-log phase. Cells were treated with DMSO or 16 428 

g/mL amsacrine for 4 hours at 30°C, added to an equal volume of fixative solution 429 

(1.25% formaldehyde, 2.5% glutaraldehyde, 0.03% picric acid in 100 mM sodium 430 

cacodylate pH 7.4), and pelleted for fixation. Samples were prepared for TEM by the 431 

Harvard Medical School Electron Microscopy Facility and images were captured on a 432 

JEOL 1200EX instrument. 433 

Microscopy. Overnight cultures grown in TSB were diluted in fresh TSB and 434 

grown to an approximate OD600 of 0.5. To stain the cell membrane, FM 4-64 435 

(ThermoFisher Scientific) was added at a final concentration of 5 g/mL to 1 mL of culture 436 
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for 5 minutes at room temperature. Cells were pelleted at 4,000g for 1 minute, washed 437 

with PBS pH 7.4 (50 mM sodium phosphate pH 7.4, 150 mM NaCl), and suspended in 438 

100 L of PBS pH 7.4. A 1 L aliquot of cells was spotted on top of a 2% agarose gel pad 439 

mounted on a glass slide. A 1.5 mm cover slip was placed over the cells and sealed with 440 

wax before imaging. 441 

 The cells were imaged at 30°C as described previously (45). For each field of view, 442 

3 images were taken: 1) phase-contrast, 2) brightfield, and 3) fluorescence. The phase-443 

contrast and brightfield images were acquired at 100 ms camera exposure while the 444 

fluorescence image was acquired at 500 ms. The brightfield images were used for cell 445 

segmentation for quantitative image analyses. Fluorescence images were used to detect 446 

division defects and sort cells as depicted in (FIG S1C). 447 

 Image segmentation, cell volume quantification, and cellular phenotype 448 

classification were performed as described previously (45). Cell volumes were calculated 449 

from cells lacking visible septa. 600-1000 cells of each strain were quantified. A two-tailed 450 

Mann-Whitney U nonparametric test was used to calculate the p-value for the differences 451 

in distribution of cell sizes among strains. 300-600 cells of each strain were assessed for 452 

cell division phenotypes. 453 

Expression and purification of MBP-Sle1. S. aureus Sle1 (SAOUHSC_00427) 454 

was cloned into the NdeI and BamHI sites of pMAL-c5X (New England Biolabs) with 455 

primers oTD22 and oTD23 and transformed into E. coli NEB Express cells. An overnight 456 

culture grown at 30°C was used to inoculate fresh media and the culture was grown at 457 

37°C to an approximate OD600 of 0.5. Cultures were cooled on ice and induced with 0.3 458 

mM IPTG at 16°C overnight. Cells were pelleted at 3,600g for 15 minutes at 4°C, 459 
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suspended in lysis buffer (20 mM Tris pH 7.2, 200 mM NaCl, 10% glycerol) plus 1 mM 460 

dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 100 g/mL lysozyme, and 100 g/mL 461 

DNase, and lysed with 3 passages through an EmulsiFlex-C3 cell disruptor (Avestin). All 462 

subsequent steps were performed at 4°C. Insoluble material was pelleted at 119,000g for 463 

35 minutes and the supernatant was bound to amylose resin (New England Biolabs). The 464 

resin was washed with lysis buffer and eluted with lysis buffer plus 10 mM maltose. The 465 

elution was concentrated with a 30 kDa MWCO spin concentrator (EMD Millipore) and 466 

further purified on a Superdex 200 Increase 10/300 GL (GE Life Sciences) equilibrated in 467 

lysis buffer. Appropriate fractions were concentrated, flash frozen with liquid nitrogen, and 468 

stored at -80°C. 469 

Whole cell lytic assays. Overnight cultures grown in TSB were diluted in fresh 470 

TSB and grown to an approximate OD600 of 3. 1.5 mL of culture (normalized by OD600) 471 

were harvested by centrifugation, washed with PBS pH 7.2, and suspended in 1.6 mL of 472 

PBS pH 7.2. 75 L of cell suspension were added to 75 L of 25 nM lysostaphin, 250-473 

500 nM purified Sle1, or PBS pH 7.2. Samples were incubated at 25°C with shaking in a 474 

SpectaMax Plus 384 microplate reader and OD600 was monitored over time. 475 

Minimum inhibitory concentration (MIC) determination. Overnight cultures 476 

grown in TSB were diluted in fresh MHB2 (without antibiotics) and grown to an 477 

approximate OD600 of 0.8. Cultures were diluted with media to an OD600 of 0.001 and 146-478 

147 L were added to each well of a 96-well plate. 3-4 L of a compound dilution series 479 

were added, and cultures were grown with shaking at 37°C for 18 hours. Each condition 480 

was tested in technical triplicates and the MIC was determined as the lowest 481 

concentration that prevented growth. 482 
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Spot dilutions. Overnight cultures of each strain grown in TSB were diluted in 483 

fresh TSB and grown to an approximate OD600 of 0.8. Cultures were normalized to an 484 

OD600 of 0.1, a 10-fold dilution series from 10-1 to 10-6 was created, and dilutions were 485 

spotted on TSB agar containing any desired compounds. Strains growth with 486 

anhydrotetracycline were washed once with TSB before diluting. Plates were incubated 487 

at 30°C and imaged the next day with a Nikon D3400 DSLR camera fitted with an AF 488 

Micro-Nikkor 60 mm f/2.8D lens. 489 

Growth curves. Overnight cultures of each strain grown in TSB were diluted in 490 

fresh TSB and grown to an approximate OD600 of 0.8. Cultures were diluted to an OD600 491 

of 0.03 and amsacrine or DBI-1 (in DMSO) were added at a final concentration of 10 492 

g/mL. DMSO was added to untreated control cultures at a final concentration of 2%. 493 

Cultures were grown at 30°C with shaking in a SpectaMax Plus 384 microplate reader 494 

(Molecular Devices) and OD600 was monitored over time. 495 

Raising amsacrine resistant mutants. Amsacrine resistant mutants were raised 496 

strains SEJ1 ugtP::tn, HG003 ugtP::tn, RN4220 ΔugtP, and SEJ1 ΔugtP::kan. For 497 

mutants in the SEJ1 ugtP::tn background, 50 µL of undiluted overnight cell culture was 498 

plated on TSB agar plus 6 µg/mL amsacrine at 30°C for two days. For mutants in 499 

backgrounds SEJ1 ΔugtP::kan, HG003 ugtP::tn, RN4220 ΔugtP, overnight cultures were 500 

diluted in TSB and grown at 30°C to an OD600 of 1.0. 1 mL of this culture was harvested, 501 

suspended in 100 µL fresh TSB, and plated on TSB agar plus 10 µg/mL amsacrine at 502 

30°C for two days. Multiple independent cultures were used to increase the diversity of 503 

mutants. Whole-genome sequencing of select mutants was performed with an Illumina 504 

MiSeq as described previously (45). 505 
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Construction of strains with anhydrotetracycline-inducible ltaS alleles. Wild 506 

type, Ins3, F93L, and L181S LtaS variants were cloned from the genomic DNA of RN4220 507 

or their respective suppressor mutants into pTP63 with primers iLtaS_1 and iLtaS_2 and 508 

electroporated into RN4220 bearing pTP44 for integration (44). Each resulting strain was 509 

transduced with 85 lysate from a strain with an erythromycin-marked ltaS deletion. 510 

These strains were then optionally transduced with 85 lysate from a strain with a 511 

kanamycin-marked ugtP or ltaA deletion. 512 

Phosphate quantification from purified sacculi. Sacculi containing covalently 513 

linked WTA were isolated in a manner similar as described previously (60). 2 mL of an 514 

overnight culture grown in TSB (normalized by OD600) were harvested, washed with buffer 515 

1 (50 mM MES pH 6.5), and suspended in buffer 2 (50 mM MES pH 6.5, 4% SDS). Cells 516 

were boiled for 1 hour and pellets harvested at 16,000g for 10 minutes. The supernatant 517 

was discarded, and the pellets were washed twice with buffer 2, once with buffer 3 (50 518 

mM MES pH 6.5, 342 mM NaCl), and twice with buffer 1. Pellets were treated with 50 519 

g/mL DNase and 50 g/mL RNase in buffer 1 at 37°C for 1 hour. Pellets were harvested, 520 

washed with buffer 1, and suspended in a solution containing 20 mM Tris pH 8, 0.5% 521 

SDS. Samples were treated with 20 g/mL proteinase K at 50°C for 2 hours with light 522 

shaking. After harvesting pellets by centrifugation, pellets were washed once with buffer 523 

3 and then 3 times with water. 524 

Purified sacculi were suspended in 1M HCl. A dilution series of K2HPO4 in 1M HCl 525 

was also prepared. Samples were treated at 80°C for 16 hours and cooled to room 526 

temperature. Any insoluble material remaining was pelleted by centrifugation and the 527 

supernatant was retained. An ammonium molybdate reagent was prepared by mixing, in 528 
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order, equal volumes of 2M H2SO4, 2.5% (w/v) ammonium molybdate, and 10% (w/v) 529 

ascorbic acid. One volume of ammonium molybdate reagent was added to each sample 530 

and samples were incubated at 37°C for 1 hour. Orthophosphate was quantified by 531 

absorbance at 820nm with the K2HPO4 standard curve. 532 

Polyacrylamide gel electrophoresis of WTA polymers. Sacculi containing 533 

covalently linked WTA were isolated as described above but treated with 100 mM NaOH 534 

at room temperature for 16 hours. 3 volumes of loading buffer (50% glycerol, 100 mM 535 

Tris-tricine, 0.02% bromophenol blue) were added to each sample. 536 

High-resolution 20x20cm polyacrylamide gels were prepared as described 537 

previously (60), but with a stacking gel consisting of 3% acrylamide (3% T, 3.3% C where 538 

T is total acrylamide and C is the percentage of T consisting of bisacrylamide), 900 mM 539 

Tris pH 8.5, 0.1% ammonium persulfate, and 0.01% tetramethylethylenediamine. Gels 540 

were run at 4°C in a Protean II xi Cell electrophoresis system (Bio-rad) at 40 mA/gel with 541 

a running buffer consisting of 100 mM Tris-tricine pH 8.2 until the bromophenol blue 542 

loading dye was near the bottom of the gel. Gels were washed with water, stained with 1 543 

mg/mL aqueous alcian blue for 30 minutes, destained with water and 40% ethanol/5% 544 

acetic acid, and rehydrated with water. Silver stain was performed with the Silver Stain 545 

Plus kit (Bio-rad) without the fixation step. Images were taken with a Nikon D3400 DSLR 546 

camera fitted with an AF Micro-Nikkor 60 mm f/2.8D lens and converted to an 8-bit image 547 

using ImageJ. 548 

Purification of LtaS mutants and proteoliposome analysis of DAG 549 

production. Mutant LtaS constructs were cloned from genomic DNA isolated from the 550 

original suppressor mutants and assembled into pET28b with primers LtaS_F and LtaS_R 551 
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as previously described (56). LtaS constructs were expressed, purified, and reconstituted 552 

into proteoliposomes as previously described (56). Proteoliposomes were added to 9 553 

volumes of a solution containing 20 mM succinate 6.0, 50 mM NaCl, 5% DMSO. 554 

Reactions were incubated either in the presence or absence of 1 mM MnCl2. LTA was 555 

detected by Western blot as previously described (56). To measure DAG production, 556 

reactions proceeded for 4 hours at 30°C, and then extracted and assayed according to 557 

the instructions provided by the Cell BioLabs DAG assay kit. Reactions were performed 558 

in duplicate and plotted using GraphPad Prism. Absolute activity was calculated by 559 

subtracting activity values calculated from reactions that did not contain MnCl2 from the 560 

values from reactions that contained MnCl2. Activity was compared between mutants by 561 

setting reactions with proteoliposomes containing wild type LtaS to 100% activity. 562 

Data availability. Whole-genome sequencing data (accession number 563 

PRJNA612838) can be found in the NCBI BioProject database. 564 

 565 

SUPPLEMENTAL MATERIAL 566 

 Supplemental File 1, PDF file, 1.8 MB. 567 
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 746 

FIGURE LEGENDS 747 

FIG 1 S. aureus mutants unable to synthesize LTA on Glc2DAG produce long LTA 748 

polymers anchored on Ptd-Gro, have cell size and division defects, and are susceptible 749 

PG hydrolases and beta-lactam antibiotics. A) LTA is a polymer of 30-50 750 

phosphoglycerol repeats linked to a Glc2DAG lipid anchor. Repeat units are heavily 751 

modified with D-alanyl esters. B) UgtP uses DAG and UDP-glucose to synthesize 752 

Glc2DAG, which is then exported by LtaA to the cell surface. LtaS polymerizes 753 

phosphoglycerol units derived from Ptd-Gro on the lipid anchor. Each elongation cycle 754 

generates DAG. The dlt pathway adds D-alanyl esters to LTA. C) In the absence of 755 

Glc2DAG, LtaS uses Ptd-Gro as an alternative lipid anchor, resulting in abnormally long 756 

LTA (see anti-LTA Western blot of exponential phase RN4220 lysates). D) TEM of 757 

RN4220 strains. Arrowheads indicate septal defects. Scale bar = 500 nm. E) RN4220 758 

cell volumes were calculated from cells lacking visible septa. The median is shown with 759 

a red bar. **** indicates p < 0.0001. F) RN4220 cells were classified based on the cell 760 

cycle stage and presence of defects (see FIG S1C for classification scheme). Cells 761 

containing misplaced and/or multiple septa (classes C and E) were totalled. G) Cell 762 
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cycle stage frequency plot of classified cells without visible defects. H) RN4220 strains 763 

were suspended in phosphate-buffered saline and treated with lytic enzymes. The 764 

decrease in OD600 was tracked over time. For all plots, the average and standard 765 

deviation from 3 technical replicates are shown. I) MIC table of oxacillin, vancomycin, 766 

and moenomycin against select S. aureus strains. HG003 is an MSSA strain and COL 767 

is an MRSA strain. 768 

 769 

FIG 2 Mutants with long, abnormal LTA undergo lysis when treated with D-alanylation 770 

inhibitors. A) Structures of the two DltB inhibitors used in this study. B) 10-fold serial 771 

dilutions of RN4220 strains on 10 g/mL DltB inhibitor or DMSO vehicle control. C) TEM 772 

of RN4220 strains treated with DMSO or with 10 g/mL amsa. Scale bar = 2 m. D) 773 

Growth curves of RN4220 strains treated with DMSO or 10 g/mL amsa. The average 774 

and standard deviation from 3 technical replicates are shown. 775 

 776 

FIG 3 The lethality of amsa to ugtP is suppressed by mutations in LtaS that decrease 777 

LTA length and/or abundance. A) Schematic of LtaS depicting the location of the 778 

identified mutations. B) Anti-LTA Western blot of exponential phase lysates from 779 

isolated ltaS mutants in ugtP null backgrounds. While LTA abundance cannot be 780 

precisely compared between LTA of different lengths with the anti-LTA antibody, several 781 

mutations appear to drastically decrease LTA abundance. The wild type and ugtP::tn 782 

strains are in the SEJ1 background, while the strain background of each isolated mutant 783 

is given in FIG S3B. C) 10-fold serial dilutions of strains on plates containing 10 g/mL 784 

DltB inhibitor or DMSO. The ltaS strain contains a gdpP* hypomorphic suppressor 785 
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mutation. gdpP::tn is a transposon disruption of gdpP. ltaS strains are in the SEJ1 786 

background, while the gdpP::tn strains are in the RN4220 background. 787 

 788 

FIG 4 Mutations in ltaS that reduce LTA length and/or abundance correct defects of 789 

ugtP and increase WTA abundance. A) RN4220 with an anhydrotetracyline (Atc)-790 

inducible copy of select ltaS mutants was transduced with an erythromycin (erm)-791 

marked ltaS deletion and, optionally, a kanamycin (kan)-marked ugtP deletion. Rebuilt 792 

suppressor strains were spotted in a 10-fold dilution series on plates containing 10 793 

g/mL amsa or DMSO. Note that some residual growth is observed on plates without 794 

inducer due to growth of cells in the presence of inducer prior to plating. B) Growth 795 

curves of RN4220 ugtP strains with ectopically expressed ltaS variants as the only 796 

source of LtaS. Strains were treated with 10 g/mL amsa or DMSO. A representative 797 

growth curve from 3 replicates is shown for each strain. C) Anti-LTA Western blot of 798 

exponential phase lysates from rebuilt ltaS mutants. D) RN4220 ugtP strains 799 

expressing ltaS alleles were suspended in phosphate-buffered saline and the decrease 800 

in OD600 was tracked upon addition of Sle1. This phenotype is also observed with 801 

lysostaphin and when expressing ltaS mutant alleles in the wild type background (FIG 802 

S7). The average and standard deviation from 3 technical replicates are shown. E) Cell 803 

volumes of reconstructed RN4220 ugtP strains expressing ltaS alleles were calculated 804 

from cells lacking visible septa. Expression of ltaSF93L (1.15 ± 0.31 m3, median ± 805 

median absolute deviation) or ltaSL181S (2.17 ± 0.78 m3) in the ugtP background 806 

reduces size compared to expression of ltaSwt (2.45 ± 0.73 m3). The median is shown 807 

with a red bar. * indicates p < 0.05 and **** indicates p < 0.0001. F) RN4220 ugtP 808 
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strains expressing ltaS alleles were classified based on cell cycle stage and presence of 809 

defects (see FIG S1C for classification scheme). The percentage of cells with division 810 

defects is decreased by expression of ltaSF93L (21.8%, n = 467) or ltaSL181S (39.9%, n = 811 

308) compared to expression of ltaSwt (44.9%, n = 492). G) Purified sacculi from 812 

overnight RN4220 cultures were hydrolyzed with HCl and the released orthophosphate 813 

was quantified by an ammonium molybdate assay against a standard curve of KH2PO4. 814 

tarO is a deletion mutant of the first gene in the WTA biosynthesis pathway and does 815 

not produce WTA. The average and standard deviation from 4 biological replicates are 816 

shown.  817 
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Figure 2 820 
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Figure 3 822 
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