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Abstract 19 

Microbial communities occupy diverse niches in nature, and exchanges of metabolites 20 

such as carbon sources, amino acids, and vitamins occur routinely among the community 21 

members. While large-scale metagenomic and metabolomic studies shed some light on 22 

these exchanges, the contribution of individual species and the molecular details of 23 

specific interactions are difficult to track. Here, we explore the molecular picture of vitamin 24 

B1 (thiamin) metabolism occurring in synthetic communities of Escherichia coli thiamin 25 

auxotrophs which engage in the exchange of thiamin and its biosynthesis intermediates. 26 

In E. coli, the two parts of thiamin – the 4-amino-5-hydroxymethyl-2-methylpyrimidine and 27 

the 4-methyl-5-(2-hydroxyethyl)thiazole – are synthesized by separate pathways using 28 

enzymes ThiC and ThiG, respectively, and are then joined by ThiE to form thiamin. We 29 

observed that even though E. coli thiC, thiE, and thiG mutants are thiamin 30 

auxotrophs, co-cultures of thiC-thiE and thiC-thiG grow in a thiamin-deficient 31 

minimal medium, whereas the thiE-thiG co-culture does not. Analysis of the exchange 32 

of thiamin and its intermediates in Vibrio anguillarum co-cultures, and in mixed co-cultures 33 

of V. anguillarum and E. coli revealed that the general pattern of thiamin metabolism and 34 

exchange among microbes is conserved across species. Specifically, the 35 

microorganisms exchange HMP and thiamin easily among themselves but not THZ. 36 

Furthermore, we observe that the availability of exogenous thiamin in the media affects 37 

whether these strains interact with each other or grow independently. This underscores 38 

the importance of the exchange of essential metabolites as a defining factor in building 39 

and modulating synthetic or natural microbial communities. 40 

 41 
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Introduction 42 

Microorganisms inhabit diverse natural habitats and ecosystems, and are engaged 43 

in a multitude of interactions, including sharing and competing for essential nutrients. 44 

Microbial communities or consortia are shaped via these positive and/ or negative 45 

interactions, and have their own unique metabolic network that is defined by the spatial 46 

distribution, physiology, and availability of nutrients among the microbial participants (1–47 

3). The exchange of biomolecules such as sugars, nucleobases, amino acids, vitamins, 48 

electron acceptors, fermentation byproducts, and metal-chelating siderophores are found 49 

to occur between members of natural and synthetic microbial consortia (1, 4–8). Some 50 

members of a microbial consortia may stop synthesizing a metabolite that is readily 51 

available in their environment, and eventually become auxotrophic for that nutrient (8, 9). 52 

Auxotrophy is beneficial for an individual organism as it allows for the reduction in 53 

metabolic burden and/ or genome size (10, 11). For example, in experiments with 54 

Escherichia coli, about 13% of mutants auxotrophic for vitamins, amino acids and 55 

nucleotides show a higher fitness than the wild-type strain when the missing nutrient is 56 

provided exogenously in sufficient quantities in the growth medium (12). Another study 57 

shows that the co-evolution of a co-culture of the sulfate-reducing bacterium Desulfovibrio 58 

vulgaris and an archaea Methanococcus maripaludis over 103 generations leads to loss-59 

of-function mutations in the sulfur-reducing genes in D. vulgaris. Further, deleting these 60 

genes shows an increased yield of the corresponding D. vulgaris strains when compared 61 

to the wild-type strain in the co-cultures (13). Conversely, microorganisms that produce a 62 

metabolite to share or exchange with their fellow community dwellers secure a position 63 

of prominence as they become indispensable for the consortium (14). Ruminococcus 64 
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bromii, a starch-degrading bacterium associated with the human gut, converts starch to 65 

sugars that are substrates for other gut bacteria, thus playing the role of a keystone 66 

species (15). Thus, auxotrophy and metabolite sharing are important features for the 67 

formation and sustenance of microbial communities, and synthetic communities 68 

developed for biotechnological applications or for studying microbe-microbe interactions 69 

are often designed using these principles. 70 

One of the commonly shared metabolites in microbial communities are vitamins 71 

(1, 16, 17). The activated forms of vitamins play an indispensable role as cofactors for 72 

numerous enzymes in primary metabolism across all domains of life. Several 73 

metagenomic analyses reveal that the water-soluble group B vitamins are readily 74 

exchanged in marine microbial communities, the human gut microbiota, and communities 75 

associated with insects and other hosts (17–20). Of these, vitamin B1 (also known as 76 

thiamin) is an important member of the group B vitamins that plays an essential role in 77 

carbohydrate, amino acid, and lipid metabolism by assisting enzymes in conducting 78 

“impossible” decarboxylations (21).  In the human gut microbiome, B1 auxotrophy appears 79 

to be most widespread at both the genus and family level (17). 80 

Even though most bacteria, plants and eukaryotes such as fungi are capable of 81 

thiamin biosynthesis, many other organisms are unable to produce it and instead acquire 82 

it from their surroundings or their diet. The structure of thiamin consists of a 5-membered 83 

4-methyl-5-(2-hydroxyethyl)thiazole ring (THZ) and a 6-membered 4-amino-5-84 

hydroxymethyl-2-methylpyrimidine ring (HMP) which are synthesized in the natural world 85 

in their phosphorylated forms, THZ-P and HMP-P, respectively, in two distinct branches 86 

of the thiamin biosynthesis pathway. The HMP-P is further phosphorylated to HMP-PP, 87 
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following which the diphosphate is displaced by an attack via the THZ-P ring nitrogen to 88 

form a methylene bridge between the two rings to yield thiamin monophosphate (TMP) 89 

(Figure 1A). A final phosphorylation of TMP yields thiamin diphosphate (TDP), which is 90 

used as a cofactor by enzymes for cellular metabolism. 91 

 92 

 93 

 94 

Figure 1. An overview of the thiamin biosynthesis pathway in E. coli str. K-12 substr. 95 

MG1655. (A) Major and relevant steps in the thiamin biosynthesis pathway are depicted. All 96 

phosphate groups are indicated as P. The 4-amino-5-hydroxy-2-methylpyrimidine phosphate 97 

(HMP-P) ring is formed by rearrangement of its precursor aminoimidazole ribotide (AIR), by the 98 
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enzyme ThiC. The 4-methyl-5-(2-hydroxyethyl)thiazole ring (THZ) is formed by the enzyme ThiG. 99 

The sulfur in the THZ ring is transferred through a cascade of enzymes IscS, ThiI, ThiF and ThiS 100 

in the form of a thiocarboxylate moiety. The 1-deoxyxylulose-5-phosphate is synthesized by Dxs, 101 

and the ThiH enzyme converts tyrosine to dehydroglycine. ThiD, ThiM, and ThiK act as kinases 102 

for HMP-P, THZ, and thiamin respectively. The enzyme ThiE attaches the HMP-PP and the THZ-103 

P rings together in the final steps of the pathway to form thiamin monophosphate (TMP) and ThiL 104 

phosphorylates it to form the active form of the cofactor, thiamin pyrophosphate/ diphosphate 105 

(TDP). Abbreviations: AIR = 5'-phosphoribosyl-5-aminoimidazole, DXP = 1-deoxyxylulose-5-106 

phosphate, HMP-P = 4-amino-5-hydroxymethyl-2-methylpyrimidine phosphate, HMP-PP = 4-107 

amino-5-hydroxymethyl-2-methylpyrimidine diphosphate, THZ-P = 4-methyl-5-(2-108 

hydroxyethyl)thiazole phosphate, THZ = 4-methyl-5-(2-hydroxyethyl)thiazole. Enzyme names are 109 

written in grey. (B) The arrangement of the genes involved in the de novo biosynthesis pathway 110 

for thiamin in E. coli K-12 MG1655. We hypothesize that (C) the co-culture of EcthiC-EcthiE 111 

strains can survive by exchanging HMP and thiamin, (D) the co-culture of EcthiE-EcthiG strains 112 

can survive by exchanging THZ and thiamin, and (E) the co-culture of numbers EcthiC-EcthiG 113 

strains can survive in three possible scenarios where metabolites are exchanged in following 114 

pairs: 1 – exchange of HMP and THZ, 2 – exchange of THZ and thiamin, and 3 – exchange of 115 

HMP and thiamin. Hexagon – HMP, pentagon – THZ, linked hexagon and pentagon – thiamin. 116 

Thiamin and its intermediates THZ and HMP are stable under physiological 117 

conditions and are salvaged from the environment by organisms for producing thiamin. 118 

Metagenomic analysis of the human gut microbiome reveals that the thiamin biosynthesis 119 

and salvage pathways display the largest variety of intermediates and non-canonical 120 

metabolic precursors (17). Recent findings implicate HMP as an important metabolite in 121 

shaping marine algal and bacterial consortia (22). Additionally, studies show that there 122 

exist thiamin auxotrophs that lack thiamin transporters but instead contain putative 123 
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transporters for the uptake of HMP and/ or THZ, which permit the salvage of these 124 

intermediates to produce thiamin (16, 23, 24). Examples of HMP and thiamin transporters 125 

and their uptake have been reported widely in literature (25–28). On the other hand, 126 

information on THZ uptake and exchange is limited to only a handful of studies that predict 127 

a THZ transporter and show the uptake of the precursor carboxythiazole (16, 25, 26, 29, 128 

30). 129 

The modular nature of thiamin biosynthesis where HMP and THZ are found to be 130 

independently synthesized and salvaged makes this pathway a unique candidate for 131 

studying metabolic crosstalk within microbial co-cultures. To experimentally validate 132 

some of these findings, we require a simple model system whose members are engaged 133 

in thiamin, THZ, and HMP exchange. Such a system will allow us to (i) understand thiamin 134 

biosynthesis at a community level, that is, beyond what occurs in individual organisms 135 

and (ii) establish the design principles of building synthetic communities sustained by 136 

thiamin biosynthesis and uptake with diverse biotechnological applications. 137 

In this study, we create a series of thiamin-dependent synthetic co-cultures using 138 

E. coli, a gram-negative bacterium that is capable of de novo thiamin synthesis and 139 

salvage, and is a member of several environmental and enteric microbial communities. 140 

In E. coli, the formation of the HMP-P ring is catalyzed by the enzyme ThiC, the THZ-P 141 

ring is synthesized by a host of enzymes including ThiG, and subsequently, these rings 142 

are coupled together by ThiE to form TMP. Also, no known transporters and salvage 143 

enzymes of the HMP or THZ or their analogues are found in this organism, and only one 144 

known transporter ThiBPQ exists to facilitate thiamin transport (22, 25, 26, 30–32). We 145 

generated E. coli str. K-12 substr. MG1655 thiamin biosynthesis mutants - thiC, thiE 146 
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and thiG - which are impaired in de novo thiamin biosynthesis, and thus are thiamin 147 

auxotrophs. We then set up pairwise synthetic co-cultures of these three E. coli mutants 148 

to study their growth over short time periods. We also analyzed the exchange of thiamin, 149 

THZ, and HMP at a molecular level, and its effect on the community composition. Further, 150 

we studied similar co-cultures of another gammaproteobacterium Vibrio anguillarum and 151 

finally, mixed co-cultures of E. coli and V. anguillarum to understand the extent to which 152 

our findings on thiamin metabolism within the E. coli communities hold true for other 153 

bacteria. 154 

A unique property of the thiamin-based synthetic consortia we have devised is that 155 

these are reliant on the exchange of precursors and intermediates within a single 156 

metabolic pathway, as compared to other synthetic co-culture studies in literature which 157 

involve exchange of molecules derived from two or more metabolic pathways (4, 6, 33). 158 

The advantages of a co-culture system which is based on the biosynthesis of a single 159 

metabolite are: (a) the growth conditions of individual strains are similar as they are 160 

auxotrophs for the same metabolite, (b) the regulation of the biosynthesis and uptake of 161 

individual intermediates along the pathway can be studied, and (c) coupling the results 162 

we observe from our system with genetic data from isolates and metagenomes has the 163 

potential to improve predictions of B1-related auxotrophy and metabolite exchange in 164 

natural systems. 165 

Our results indicate that the rules of exchange of thiamin and its intermediates are 166 

broadly similar across organisms, and variations may be predicted based on growth 167 

conditions and the genome sequences of the interacting species. We also observe 168 

temporal changes in the ratios of the thi- mutants in our co-cultures based on the ability 169 
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of the strains to either make B1 or a B1 biosynthesis intermediate, or use exogenously 170 

added B1. Our findings inform on the physiology of single microbial members with regard 171 

to thiamin metabolism within the context of a microbial community. Finally, our study 172 

highlights the nature of interdependencies that arise from relying on acquiring essential 173 

metabolites from the environment or from fellow community members. 174 

 175 

Results 176 

E. coli thiamin biosynthesis auxotrophic mutants show concentration-dependent 177 

increase in growth when supplemented with thiamin or its biosynthesis 178 

intermediates 179 

 E. coli is capable of producing TDP de novo and also contains genes to salvage 180 

thiamin from its environment (Figure 1A). All the major genes for thiamin synthesis and 181 

salvage are found in three operons: (i) thiCEFSGH, which conducts de novo thiamin 182 

biosynthesis (Figure 1B), (ii) thiMD, which codes for kinases in the salvage pathway, and 183 

(iii) thiBPQ, which codes for an ABC-type thiamin transporter (34) (Figure S1A). All three 184 

operons are regulated by TDP-dependent riboswitches (35). 185 

 To begin our studies, we created three knockout E. coli K-12 MG1655 strains -  186 

EcthiC, EcthiE and EcthiG (referred to as the thi- mutant strains) - and noted that all 187 

three strains grew without any growth disadvantage in a nutrient-rich medium (Figure 188 

S2A). Next, we tested their growth in a thiamin-deficient minimal medium containing M9 189 

salts with glucose and NH4Cl as the carbon and nitrogen sources, respectively. We 190 

expected that they would require exogenously added thiamin for growth in this media, but 191 

to our surprise, all three strains survived well in the first passage (P1) from the nutrient-192 
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rich to the minimal medium (Figure S2C). A second passage (P2) of the mutants in the 193 

thiamin-deficient minimal medium showed significantly lesser growth as compared to the 194 

wild-type strain, and the third passage (P3) showed no growth, indicating that the thi- 195 

mutant strains were indeed thiamin auxotrophs (Figure 2A-D, no thiamin added trace, 196 

Figure S2E). Our results match similar observations in literature, which note that thiamin 197 

stored inside the cells during their growth in rich media is carried over into a few 198 

generations of cell growth (36, 37). For all future experiments, the P2 cells were used as 199 

this allowed for us to have some cells from the controls for thiamin quantitation 200 

experiments while yet showing a sufficient difference in optical density (OD600) between 201 

the single culture and co-culture growth experiments. 202 

 Next, to determine the minimum thiamin concentration required by the thi- mutant 203 

strains, we tested their growth in minimal medium supplemented with thiamin 204 

concentrations ranging from 0 to 20 µM. We found that while these strains show low 205 

growth with up to 1 nM thiamin, they are able to achieve an OD600 of ~0.6 with 100 nM, 1 206 

µM and 20 µM thiamin (Figures 2B, 2C and 2D). This shows that thiamin is the growth-207 

limiting nutrient for the thi- mutants. To ensure that thiamin is not limiting in our assays, 208 

all further experiments were conducted with 20 µM thiamin unless otherwise stated. We 209 

further complemented each knockout strain with a plasmid containing the deleted gene 210 

and confirmed that growth can be restored in these strains in minimal medium in the 211 

absence of thiamin, as also observed in previous literature studies (Figure S3) (38–40). 212 
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  213 

Figure 2. Supplementation of thiamin, HMP and THZ to the thiamin mutants of E. coli K-12 214 

MG1655 in M9 medium. Growth phenotype of (A) the wild-type strain, (B) the EcthiC strain, (C) 215 

the EcthiE strain, and (D) the EcthiG strain. Symbols in panels (A-D) depict the following 216 

concentrations of thiamin: □ = Nothing added, ○ = 1 pM, Δ = 1 nM,  = 100 nM, ◊ = 1 µM, * = 20 217 

µM. Supplementation to (E) the EcthiC mutant, (F) the EcthiG mutant, and (G) the EcthiE 218 

mutant. Symbols in panels (E-G) depict the following:  = no HMP/ THZ, □ = 100 nM HMP, Δ = 219 

100 nM THZ, ○ = 100 nM thiamin. Means ± standard errors of the means from three independent 220 

experiments are plotted. 221 

 We expect the EcthiC and EcthiG strains to be impaired in the biosynthesis of 222 

the intermediates HMP and THZ, respectively, while the EcthiE mutant should not be 223 

able to link them together to synthesize thiamin. To test this, we fed HMP and THZ to the 224 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 29, 2021. ; https://doi.org/10.1101/2021.09.29.462401doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.29.462401
http://creativecommons.org/licenses/by-nd/4.0/


12 
 

thi- mutants in varying concentrations ranging from 0-1 M. The EcthiC strain survived 225 

only when supplemented with HMP but not with THZ (Figures 2E, S4), the EcthiG strain 226 

when supplemented with THZ but not with HMP (Figures 2F, S4), and the EcthiE strain 227 

was unable to survive with either HMP or THZ alone (Figures 2G, S4).This confirms that 228 

the metabolic phenotypes of the thi- mutants are correlated to their genotypes. 229 

  230 

Specific co-cultures of the thiamin biosynthesis mutants grow in minimal medium 231 

with no exogenously added thiamin 232 

Next, we constructed three pairwise co-cultures EcthiC-EcthiE (Ec-CE), 233 

EcthiC-EcthiG (Ec-CG), and EcthiE-EcthiG (Ec-EG) and studied their growth in 234 

thiamin-deficient minimal medium. We hypothesized that, if the thi- mutant strains can 235 

share thiamin biosynthesis intermediates among themselves and produce thiamin, the 236 

co-cultures will survive as opposed to the single cultures which are auxotrophic and perish 237 

under similar growth conditions. We started these co-cultures with 9:1, 1:1 and 1:9 ratios 238 

and observed their growth over a period of 24 hrs. We observed that the 1:9 ratio of the 239 

Ec-CE co-culture and the Ec-CG co-culture showed increased survival as compared to 240 

the individual pure cultures (Figure 3A and B, data for the 9:1 and 1:1 not shown). On the 241 

other hand, the Ec-EG co-culture showed no difference in growth when compared to their 242 

individual pure cultures (Figure 3C). 243 

There are several possibilities of exchange of thiamin and its intermediates that 244 

account for the survival of the Ec-CE and Ec-CG co-cultures (Figures 1C-E). The EcthiC 245 

strain cannot synthesize HMP, but if it can acquire it from its environment, it can combine 246 

the HMP with the THZ it synthesizes to form thiamin. Alternately, it can acquire thiamin 247 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 29, 2021. ; https://doi.org/10.1101/2021.09.29.462401doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.29.462401
http://creativecommons.org/licenses/by-nd/4.0/


13 
 

directly from its environment. Similarly, the EcthiG strain cannot synthesize THZ, but it 248 

can grow if it acquires THZ or thiamin from its surrounding. On the other hand, the EcthiE 249 

strain can synthesize both the HMP and the THZ intermediates, but is unable to combine 250 

them to form thiamin and needs to acquire it from its growth medium. The growth 251 

observed in the Ec-CE co-culture can be explained only if the EcthiE strain 252 

supplemented the EcthiC strain with HMP, and the EcthiC strain in return 253 

supplemented the EcthiE strain with thiamin (Figure 1C, 3A). This indicates that both 254 

HMP and thiamin are likely being exchanged in the medium. On similar lines, the Ec-EG 255 

co-culture can grow only if the EcthiE strain supplemented the EcthiG strain with THZ, 256 

and the EcthiG strain in return, supplemented the EcthiE strain with thiamin (Figure 257 

1D, 3C). As the Ec-EG co-culture does not grow, and we know that THZ and thiamin are 258 

salvaged by the E. coli cells based on our feeding studies and thiamin is also exchanged 259 

as per the results of the Ec-CE co-culture, this result suggests that THZ is possibly not 260 

present at a large enough concentration to be taken up by the EcthiG mutant. The 261 

absence of any annotated THZ transporters in E. coli also supports this hypothesis. 262 

Interestingly, the Ec-CG co-culture shows a distinct increase in its growth as compared 263 

to the individual pure cultures grown in thiamin-deficient medium (Figure 3B). The Ec-CG 264 

co-culture can grow in three scenarios: (i) the EcthiC strain and the EcthiG strain 265 

provided the other with THZ and HMP, respectively, or (ii) the EcthiC strain provided the 266 

EcthiG strain with THZ and, the EcthiG strain synthesized thiamin and provided it back 267 

to the EcthiC, or (iii) the EcthiG strain provided the EcthiC strain with HMP and, the 268 

EcthiC strain synthesized thiamin and provided it back to the EcthiG strain (Figure 1E). 269 
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 270 

Figure 3. Thiamin biosynthesis mutants of E. coli K-12 MG1655 grow in pairwise co-271 

cultures in thiamin-deficient M9 medium. Co-culture of (A) the EcthiC-EcthiE strains, (B) 272 
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the EcthiE-EcthiG strains, and (C) the EcthiC-EcthiG strains. Supplementation to (D) the 273 

thiC-thiE co-culture, (E) the thiE-thiG co-culture, and (F) the thiC-thiG co-culture. Symbols 274 

in panels (D-F) depict the following:  = no HMP/ THZ, □ = 100 nM HMP, Δ = 100 nM THZ, ○ = 275 

100 nM thiamin. (G) HPLC of thiochrome assay samples to detect thiamin from co-culture lysates. 276 

(H) Amount of thiochrome monophosphate (TMP) normalized to that in the WT strain, detected in 277 

lysates of monocultures or co-cultures of the thiamin biosynthesis mutants grown in P2. Means ± 278 

standard errors of the means from three independent experiments are plotted. 279 

As the data of the Ec-EG co-culture indicates that THZ is likely not being exchanged, only 280 

the third possibility remains for the Ec-CG co-culture, that is, HMP and thiamin are 281 

exchanged among the thiamin biosynthesis mutants. Incidentally, several reports in 282 

literature note the exchange or release of HMP among microbial communities, confirming 283 

our observation (23, 41). 284 

 Next, we compared between carbon sources to understand whether these results 285 

hold true across different growth conditions. In addition to glucose, we chose pyruvate 286 

and succinate as their utilization requires thiamin. Similar to what we observed with 287 

glucose, the Ec-CE and Ec-CG co-cultures showed growth in pyruvate and succinate 288 

minimal media without thiamin while the Ec-EG did not, and the growth of the Ec-CG co-289 

culture was highest among the three (Figure S5). As the metabolism of glucose, pyruvate 290 

and succinate require thiamin-utilizing enzymes, our growth studies imply that the Ec-CE 291 

and Ec-CG co-cultures are able to synthesize thiamin. The Ec-CE co-culture showed 292 

lower growth in the presence of pyruvate and succinate as compared to glucose, and thus 293 

we continued with glucose as the carbon source for all further experiments.  294 

 295 
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Analysis of the co-cultures demonstrate that the exchange of HMP and thiamin aids 296 

their survival 297 

To probe the growth patterns observed for the Ec-CE, Ec-CG and Ec-EG co-298 

cultures, we conducted a supplementation study with a range of HMP and THZ 299 

concentrations (Figures 3D-F, Figure S4). We observed that while the Ec-CE and Ec-CG 300 

co-cultures each show growth without or with supplementation with both molecules, the 301 

Ec-EG co-culture survives only when fed with THZ, but not with HMP (Figure 3F). 302 

Interestingly, the EcthiG mutant can survive with 1 nM THZ, whereas the EcthiC mutant 303 

requires 100 nM HMP to survive (Figures S4A, I, K). This indicates that E. coli differs in 304 

its ability to either acquire and/ or utilize the thiamin biosynthesis intermediates THZ and 305 

HMP. This result also sheds light on one of our preliminary observations that when the 306 

Ec-CE and Ec-CG co-cultures were started at a total OD600 of 0.01 in the P2 passage 307 

instead of 0.1, they were unable to survive (data not shown). We attribute this to the lack 308 

of an adequate pool of thiamin intermediates at the start that would allow the co-culture 309 

strains to begin dividing and cooperating, thus ensuring their survival. 310 

 311 

De novo biosynthesis of thiamin occurs within co-cultures  312 

To verify that the growth of the co-cultures is due to the de novo biosynthesis of 313 

thiamin, we analyzed the lysates of the cells grown in thiamin-deficient media from the 314 

second passage P2 for single cultures and co-cultures for the presence of thiamin and its 315 

phosphorylated versions TMP and TDP. To do so, we used the thiochrome assay which 316 

employs an oxidation reaction under alkaline conditions to generate a fluorescent 317 

derivative of thiamin (42). Firstly, we noted that under the thiochrome assay conditions 318 
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we used, the standard thiochrome diphosphate formed is unstable, and undergoes 319 

dephosphorylation (Figure 3G, HPLC trace). Next, we analyzed the lysates of the Ec-CE 320 

co-cultures and the Ec-CG co-cultures and noted that the levels of thiochrome 321 

monophosphate in them were significantly higher than their respective single cultures 322 

when measured at 24 hr, and similar to those in the wild-type E. coli cell lysate (Figure 323 

3G, H). In contrast, the amounts of thiochrome monophosphate detected from the lysates 324 

of the Ec-EG co-cultures and their respective single cultures were similar, and were 325 

significantly lower than the wild-type lysate (Figure 3G, H). This implies that thiamin is 326 

synthesized de novo in the Ec-CE and Ec-CG co-cultures. Further, LC-MS/ MS analysis 327 

of these samples confirmed the presence of thiamin in the lysates of the co-cultures 328 

(Figure S6). Taken together, these results show that the Ec-CE and the Ec-CG co-329 

cultures grow due to de novo thiamin synthesis, whereas the Ec-EG co-cultures do not 330 

survive as they are unable to produce thiamin. 331 

 332 

Vibrio anguillarum thiamin mutants follow a similar pattern of exchange as E. coli 333 

 In order to determine whether the pattern of exchange of thiamin biosynthesis 334 

intermediates observed in E. coli is conserved across other microbes, we analyzed 335 

another gammaproteobacterium Vibrio anguillarum str. PF430-3 which is capable of de 336 

novo thiamin biosynthesis and salvage (Figure S1B). Similar to the previous experiment, 337 

V. anguillarum thiC, thiE, and thiG mutant strains were grown individually and in 338 

pairwise co-cultures in thiamin-deficient M9 medium (Figure 4). 339 
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 340 

Figure 4. Thiamin biosynthesis mutants of V. anguillarum str. PF430-3 grow in pairwise co-341 

cultures in thiamin-deficient M9 medium. Co-cultures of (A) the VathiC-VathiE strains, (B) 342 

the VathiC-VathiG strains, and (C) the VathiE-VathiG strains without thiamin 343 

supplementation. Co-cultures of (D) the VathiC, VathiE, and VathiG strains supplemented 344 

with 100 pM thiamin. (E) HMP supplementation to the VathiC mutant. (F) THZ supplementation 345 

to the VathiG mutant. Symbols in panels (D) and (F) depict the following concentrations of HMP 346 

and THZ respectively: ◊ = nothing added, □ = 1 pM, Δ = 100 pM, ○ = 1 nM,  = 100 nM. Means 347 

± standard deviations from three independent experiments are plotted. 348 

As V. angiullarum and E. coli are both gammaproteobacteria containing the same 349 

set of thiamin genes except the kinase thiM, we expect V. anguillarum to show a similar 350 

pattern of exchange (Figure S1).  The V. anguillarum thiC, thiE and the thiG single 351 
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cultures showed no background growth in the P1 passage, and a concentration-352 

dependent increase in growth starting with nanomolar concentrations of supplemented 353 

thiamin (Figure S7). For the co-cultures grown without supplemented thiamin, we 354 

observed that the V. anguillarum CE (Va-CE) co-culture showed significant growth 355 

followed by the Va-CG co-culture, while the Va-EG co-culture showed background 356 

growth, similar to what we observed in E. coli (Figures 4A-C). When supplemented with 357 

100 pM thiamin, the Va-CE, Va-CG and Va-EG co-cultures grew significantly better than 358 

the single cultures, reiterating that the co-cultures were likely producing thiamin (Figure 359 

4D). Interestingly, even though the V. anguillarum thiC strain shows concentration-360 

dependent increase in growth when supplemented with HMP similar to its E. coli 361 

counterpart, the VathiG strain does not grow with exogenously added THZ (Figures 4E, 362 

F). This indicates that unlike the E. coli thiG mutant, whose growth can be 363 

complemented by thiamin and THZ, the V. anguillarum thiG mutant can be 364 

complemented only by thiamin. This may be attributed to the absence of the thiazole 365 

kinase gene thiM in V. anguillarum, which is considered to be a salvage enzyme that 366 

phosphorylates THZ to produce THZ-P for incorporation in thiamin biosynthesis in E.coli 367 

and other organisms (Figure 1, Figure S1).  368 

 369 

V. anguillarum and E. coli thiamin mutants exchange thiamin and its biosynthesis 370 

intermediates among themselves 371 

  Finally, to test whether the pattern of exchange that we observe occurs across 372 

different species, we created mixed co-cultures of the E. coli thiG with V. 373 

anguillarumthiC and thiE strains in a pairwise manner. The V. anguillarum thiC- E. 374 
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coli thiG (VaC-EcG) co-culture survived without thiamin supplementation as compared 375 

to the individual strains (Figure 5A). Surprisingly, the VaE-EcG co-culture also grew 376 

significantly better than the individual strains without thiamin supplementation (Figure 5B), 377 

even though the overall growth was lower than the VaC-EcG co-culture. This result is 378 

contrary to what was observed in the Va- EG or the Ec-EG co-cultures which did not grow 379 

beyond the background level. This indicates that THZ synthesized by the V. anguillarum 380 

thiE strain might be available in the medium at a concentration that allows the E. coli 381 

thiG to grow and produce thiamin and share it in return with V. anguillarum thiE. The 382 

VaC-EcG and VaE-EcG co-cultures grow to similar OD600 with 100 pM of supplemented 383 

thiamin as expected (Figure 5C). 384 

 385 

Figure 5. Mixed-species co-cultures of the thiamin biosynthesis mutants of V. anguillarum 386 

PF430-3 and E. coli K-12 MG1655 in thiamin-deficient M9 medium. Mixed co-culture of (A) 387 

the VathiC-EcthiG strains and (B) the VathiE-EcthiG strains without thiamin 388 

supplementation. (C) Co-culture of the VathiC or VathiE and EcthiG strains with 100 pM 389 

thiamin. Means ± standard deviations from three independent experiments are plotted. 390 

To summarize, the CE and CG co-cultures of only E. coli or V. anguillarum strains 391 

can survive in the absence of externally supplemented thiamin, whereas the EG co-392 

cultures cannot. These experiments implicate that in a community of thiamin auxotrophs, 393 
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HMP and thiamin are shared more readily, but not THZ. Further, results obtained from 394 

the mixed co-cultures of E. coli and V. anguillarum strains suggest that even though THZ 395 

is picked up when present at higher concentrations, it might not be readily shared among 396 

microorganisms as the concentrations produced are too low to be salvaged. 397 

 398 

The ratio of the individual strains within the co-culture is determined by the 399 

exchange of thiamin and its biosynthesis intermediates  400 

 Our observations of the co-culture experiments thus far are based on the total 401 

OD600 of the co-cultures. To understand and quantify the contribution of each individual 402 

strain, we created the thi- mutants fluorescently labeled with green fluorescent protein 403 

(GFP) and set up the pairwise Ec-CE and Ec-CG co-cultures in thiamin-deficient minimal 404 

media, where one of the strains in each co-culture was fluorescently labeled (Figure S2B, 405 

D). This approach allows us to quantify the amount of each strain in the co-culture using 406 

the two parameters – (i) the total OD600, and (ii) the fluorescence of the co-culture which 407 

indicates the growth of the GFP-tagged strain. Briefly, we generated a standard curve of 408 

fluorescence versus OD600 for each individual strain, following which we  set up the 409 

following pairs of cultures (GFP strain indicated with an asterisk) - Ec-C*E and Ec-CE* 410 

with the controls Ec-C*E* and Ec-CE, and a similar set for the Ec-CG co-cultures. We 411 

then noted the increase in the OD600 and fluorescence values over time and mapped the 412 

fluorescence signal of the co-culture to the standard curve of the corresponding GFP-413 

tagged strain, allowing us to quantify its OD600 in the co-culture (Figure S8). The remaining 414 

untagged strain numbers were then calculated by subtracting this number from the total 415 
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OD600, eventually yielding the ratios of the two strains over the course of the co-culture 416 

growth. 417 

 418 

Figure 6. Growth phenotypes and fluorescence of the monocultures and the co-cultures of 419 

the thiamin mutant strains. The strains containing the GFPmut2 cassette are marked with an 420 

asterisk. Black symbols = without thiamin, grey symbols = with thiamin. (A) OD600 and (B) 421 

fluorescence of EcthiC*-EcthiE co-cultures. (C) OD600 and (D) fluorescence of EcthiC-422 
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EcthiE* co-cultures. (E) Percentage of EcthiC cells in the EcthiC*-EcthiE co-cultures and the 423 

EcthiC-EcthiE* co-cultures. Average values from two independent experiments are plotted. 424 

Our experiments and subsequent calculations showed that the quantities of the 425 

strains in the co-cultures change over a period of 24 h when no thiamin is exogenously 426 

provided (Figure 6 and Figure S9). The OD600 of the Ec-C*E co-culture increases over 427 

time as expected (Figure 6A). The fluorescence of the co-culture also increased, 428 

indicating that the quantity of the GFP-marked EcthiC* strain increased over time (Figure 429 

6B). Next, we observed that for the Ec-CE* co-culture in the absence of thiamin, the 430 

fluorescence did not increase even though the OD600 value increased over time, 431 

reiterating that the EcthiC strain increased in numbers in the co-culture (Figures 6C and 432 

6D). 433 

Interestingly, in the presence of thiamin, even though the OD600 of the Ec-C*E co-434 

culture increased over time, and the fluorescence increase in the EcthiC* single culture 435 

cells was proportional to its growth as expected, the fluorescence of the Ec-C*E co-culture 436 

stayed constant over time (Figures 6A, B). This indicates that the ratio of the individual 437 

strains remains constant over time with respect to the starting ratio. Also, both the OD600 438 

and the fluorescence of the Ec-CE* co-culture and the EcthiE* single culture increased 439 

over time, confirming that the numbers the two participating strains do not deviate in the 440 

co-culture in the presence of thiamin (Figures 6C, D). 441 

Upon quantifying the Ec-C*E and Ec-CE* co-culture results, we found that in the 442 

absence of thiamin, the percentage of the EcthiC cells in the co-cultures increased over 443 

time, to attain an average ratio of ~8:2 of EcthiC: EcthiE cells at 24 h (Figure 6E). Also, 444 

the presence of GFP does not alter the final ratios of the strains in the co-cultures as 445 
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illustrated by both the Ec-C*E and Ec-CE* co-cultures showing similar ratios. Comparable 446 

ratios were obtained when the Ec-C*G co-cultures were similarly analyzed (Figure S9B). 447 

When the co-cultures were further transferred at the end of 24 h of growth to a fresh 448 

thiamin-deficient M9 medium in passage P3, the new ratios held constant over a period 449 

of 24 h (Figure S9A, C). Additionally, even after the continued growth of the P2 co-cultures 450 

for another ~24 h, the ratios attained stayed constant (Figure 6E, S9B). We hypothesize 451 

that this change in the ratio of the two strains results from the exchange of HMP and 452 

thiamin which equilibrates after ~24 h and subsequently stabilizes. However, in the 453 

presence of exogenously added thiamin, the exchange is no longer necessary and hence 454 

the ratios of the two strains remain mostly unaltered. 455 

 456 

Discussion 457 

Thiamin, an essential nutrient for living organisms, assists enzymes in executing 458 

key decarboxylation reactions in primary metabolism. Several studies based on 459 

metagenomic analyses predict that thiamin and its building blocks HMP and THZ can be 460 

salvaged by both thiamin auxotrophs and prototrophs (16, 17, 41). In this study, we 461 

investigate the mechanism of thiamin synthesis and exchange within a microbial 462 

community through a molecular lens. 463 

It has been reported that secondary transporters of thiamin such as PnuT which 464 

facilitate bidirectional transport of the vitamin are found more often in prototrophs, 465 

whereas the ABC family primary transporters such as ThiT which promote the uptake of 466 

thiamin are found more often in auxotrophs (16, 17). It has also been observed for both 467 

marine and gut microbial communities that some organisms in the community might be 468 
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auxotrophic for the biosynthesis of both THZ and HMP, whereas certain others in the 469 

same community can produce both these intermediates, but lack the ability to combine 470 

them to form thiamin (16, 17). These observations reiterate that thiamin sharing is 471 

common among microorganisms. 472 

 473 

 474 

Figure 7. Proposed model for the exchange of thiamin biosynthesis intermediates in the 475 

co-cultures and effects of the exchange on the co-culture dynamics. (A) Probable molecular 476 

exchanges among the thiamin mutants. (B) Probable exchanges in the co-culture of the thiC-477 

thiE strains without thiamin at the initial and the final stages (after 24 h) of the co-culture. 478 

Thickness of the arrows is proportional to the amounts of the respective nutrients being released. 479 

(C) Ratios of the two strains in the co-culture differ based on the presence or absence thiamin, 480 

black cells = thiC strain, grey cells = thiE or thiG strain. Hexagon = HMP, pentagon = THZ, 481 

linked hexagon and pentagon = thiamin. 482 
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To better understand the specifics of the exchange of thiamin and its intermediates 483 

in a community, we created synthetic co-cultures with bacterial strains with defined 484 

thiamin auxotrophy patterns. Our results from the E. coli and V. anguillarum co-cultures 485 

as well as mixed co-cultures of these two organisms show that thiamin and one of its 486 

biosynthesis intermediates HMP are commonly exchanged among microorganisms, 487 

whereas the exchange of the other intermediate THZ may occur less frequently and under 488 

specific conditions (Figure 7A). Our results show that the Ec-EG and Va-EG co-cultures 489 

do not grow, and we attribute this to the inability of THZ to be shared (illustrated in the 490 

schematic shown in Figure 7A and 1D). However, the mixed co-cultures i.e. in the VaE-491 

EcG and the VaC-EcG co-cultures both show growth which indicates that there may be 492 

an exchange of THZ between these organisms (Figures 5A, B and 1D, E). Of these, the 493 

growth of the VaE-EcG co-culture was surprising and unexpected based on our previous 494 

results, and we reason out that there is only one possibility for how these two thiamin 495 

auxotroph strains may support one another’s growth – V. anguillarumthiE supplies THZ 496 

to E.coli thiG, which produces thiamin and in turn returns it to V. anguillarumthiE, 497 

enabling it to grow and the co-culture to be sustained over 12 days (~300 hrs) (Figure 498 

5B). In the VaC-EcG co-culture, there are three possibilities as illustrated in schematic 499 

Figure 1E, briefly, (i) VathiC THZ  EcthiG, EcthiG  thiamin  VathiC (ii) 500 

VathiC THZ  EcthiG, EcthiG  HMP  VathiC, or (iii) EcthiG  HMP  501 

VathiC, VathiC  thiamin  EcthiG. Based on the observation that the VaE-EcG is 502 

able to grow, it opens up the possibility for any of these to occur. However, as the OD600 503 

of the VaC-EcG co-culture is significantly higher than the VaE-EcG co-culture, it is likely 504 

that the two co-cultures do not rely on the exchange of the same molecules (Figure 5A, 505 
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B). Based on this observation, we hypothesize that the VaC-EcG co-culture may follow 506 

possibilities (ii) and (iii), and this needs to be investigated further. 507 

The unexpected growth of the VaE-EcG mixed co-culture in thiamin deficient 508 

media might be explained based on some of the characteristics of the co-culture 509 

inhabitants. The first possibility is that the cells of VathiE lyse owing to the longer 510 

incubation time of ~300 h as opposed to EcthiE cells in the EcE-EcG co-cultures which 511 

are grown for only 24 h. This results in the release of THZ in the medium, sufficient 512 

amount of which then accumulates and is salvaged by the EcthiG cells, and thus the 513 

VaE-EcG co-culture survives. But had this been the case, the Va-EG co-culture which 514 

showed no growth for ~300 h should have also survived (Figure 4C). We hypothesize that 515 

this inability to grow is because unlike E. coli which harbors ThiM, V. anguillarum lacks 516 

this enzyme that is essential for the conversion of THZ to THZ-P which is then routed into 517 

thiamin biosynthesis. Thus in respective co-cultures, adequate quantity of THZ is derived 518 

from VathiE cells either through lysis or release. But as the VathiG cells lack ThiM and 519 

thus cannot make THZ-P and subsequently thiamin, the Va-EG co-culture does not 520 

survive. On the other hand, as the EcthiG cells convert THZ to THZ-P and synthesize 521 

thiamin and provide it back to the VathiE cells, the VaE-EcG co-culture survives in the 522 

absence of any exogenous thiamin. 523 

When calculating the ratios of the two strains in the co-culture, we noted that the 524 

EcthiC strain increases in the co-culture over time and the ratios of EcthiC: EcthiG 525 

and EcthiC: EcthiE finally stabilize at ~8:2. The role of the EcthiG or EcthiE strains 526 

in both co-cultures is to provide HMP, whereas that of EcthiC is to produce thiamin. Let 527 

us take the instance of the Ec-CE co-culture. The EcthiE strain (present in a higher 528 
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amount at the start) produces HMP and supplies it to the EcthiC strain. The EcthiC 529 

strain produces thiamin, and is now self-sufficient. However, as it grows and replicates, it 530 

will require more thiamin and hence, it needs a small but continuous supply of HMP, and 531 

hence, it provides the EcthiE strain with just enough thiamin such that some EcthiE 532 

cells continue to survive in the co-culture (Figure 7B). Thus, we can conclude that the 533 

strain that produces thiamin, which both strains need, plays a more significant role in the 534 

co-culture. 535 

We also observed that when thiamin is supplemented to the co-cultures of the E. 536 

coli thi- mutants, the ratios of the two strains in the co-cultures do not deviate much from 537 

the starting ratios (Figure 7C). This suggests that when a nutrient is available in plenty in 538 

a community of auxotrophs, they may not interact with each other. But when the nutrient 539 

is unavailable or scarce, a crosstalk that allows for the microorganisms to collectively 540 

build and share the nutrient may evolve, which will result in subsequently shaping the 541 

composition of and relative abundance of members of the community. Indeed, it has been 542 

shown that the seasonal blooms of marine microorganisms which either produce or utilize 543 

thiamin alter concentrations of thiamin biosynthesis intermediates in seawater and when 544 

the microbial numbers are low, the overall concentrations of the intermediates remain at 545 

an equilibrium (32). Such changes in the community composition have also been reported 546 

earlier for synthetic co-cultures based on their differential ability of nutrient exchange or 547 

uptake (4, 5, 39). 548 

Finally, we hypothesize that the reason for HMP being exchanged more readily as 549 

compared to THZ among auxotrophs is that the biosynthesis of THZ is more intricate as 550 

compared to the biosynthesis of HMP. THZ is assembled by thiG (or thi4 in eukaryotes) 551 
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using three distinct intermediates from different pathways, one of which includes a series 552 

of intricate sulfur-transfer reactions, whereas HMP biosynthesis by thiC is a 553 

rearrangement of a single intermediate. Thus, the biosynthesis of HMP may have a lower 554 

metabolic expense as compared to THZ, making it easier for organisms to share HMP 555 

rather than THZ. Interestingly, one study reports that the ratio of the thiC:thiG+thi4 genes 556 

in marine microbes is  in the 0.06-0.28 range, always less than one (41). Congruently, 557 

another study reported higher concentrations of HMP than thiamin in surface waters of 558 

the Sargasso Sea, and that the abundance of thiC genes was lesser than the thiG genes 559 

at depths of 0, 40 and 80 m (23). Even beyond marine ecosystems, there is a propensity 560 

for HMP exchange within the human gut microbiome (HGM) as well, wherein out of the 561 

2,228 reference genomes studied, 199 were HMP auxotrophs, whereas only 114 were 562 

THZ auxotrophs (17). These studies, taken together with our observations, point to HMP 563 

and possibly other pyrimidine intermediates that can yield HMP via salvage as key 564 

nutrients in determining the dynamics of nutrient exchange and subsequently microbial 565 

abundance (22, 31, 32).  566 

 567 

Conclusion 568 

In this study, we have designed a unique co-culture system based on the exchange 569 

of intermediates derived from the same metabolic pathway, in this case vitamin B1 570 

biosynthesis. We conclude that the sharing of vitamin B1 and its intermediates is 571 

modulated by the availability of as well as the presence of biosynthesis and transporter 572 

proteins in cells. Exchange forms the basis of building an interacting community of 573 

microbes, but may also be a feasible mechanism to halt interactions or limit the success 574 
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of portions of a community, e.g. provision of thiamin rather than HMP to prevent 575 

dominance of pyrimidine auxotrophs. Finally, our investigations at the molecular level 576 

underscore the specific role of metabolite exchange in determining, stabilizing and 577 

sustaining the collective metabolism and composition of our microbial co-cultures, making 578 

it possible to create defined communities for synthetic biology and biotechnological 579 

applications in the future. 580 

 581 

Materials and methods 582 

Chemicals and reagents: All the chemicals used were obtained either from TCI, HiMedia 583 

or Sigma unless otherwise specified. The enzymes used were obtained from TaKaRa. 584 

Strains and plasmids: The E. coli K-12 MG1655 strain containing pKD46 and the 585 

plasmids pKD3 and pProEX-Hta were a gift from Dr. Nishad Matange at IISER Pune. The 586 

plasmids pCA24N-EcthiC, pCA24N-EcthiG, and pCA24N-EccobT were obtained from the 587 

ASKA collection hosted at IISER, Pune. The E. coli KL-16 strain harboring the GFPmut2-588 

kanR cassette was a gift from Dr. Deepa Agashe at NCBS, Bangalore. 589 

Generating single gene knockouts in E. coli: All the single knockout mutants of E. coli 590 

K-12 MG1655 used in the study were generated using recombination by λ Red 591 

Recombineering system (36, 43). The primers sequences used for generating the gene 592 

knockouts and for their verification are listed in the supplementary table 1. For generating 593 

the strains marked with GFP, we flipped out the kanR cassette from the thi- mutants of E. 594 

coli K-12 MG1655. We then cloned and inserted the GFPmut2::kanR cassette from the E. 595 

coli KL-16 strain into the thi- mutants, after aidB gene, in the reverse orientation with 596 

respect to the aidB gene. This gave us the following E. coli mutants – thiC 597 
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aidB1633::GFPmut2-kanR (EcthiC*), thiE aidB1633::GFPmut2-kanR (EcthiE*) and thiG 598 

aidB1633::GFPmut2-kanR (EcthiG*). The GFPmut2-kanR insertions were carried out 599 

using the same λ Red Recombineering system mentioned above. 600 

Cloning of EcthiE, and transformations of the pCA24N plasmids: The thiE gene from 601 

E. coli K-12 MG1655 was cloned in pProEx-Hta vector using restriction-free cloning 602 

method as previously described (44). The empty pProEx-Hta vector and the pProEx-Hta-603 

EcthiE vector were then chemically transformed into the E. coli K-12 MG1655 thiE::kanR 604 

strain for complementation analysis. The pCA24N-EccobT was chemically transformed 605 

into E. coli K-12 MG1655 thiC::kanR, thiE::kanR, and thiG::kanR strains for 606 

complementation analysis. The pCA24N-EcthiC and the pCA24N-EcthiG plasmids were 607 

chemically transformed into the E. coli K-12 MG1655 thiC::kanR and thiG::kanR strains 608 

respectively. 609 

Growth conditions and media: E. coli K-12 MG1655 cells were grown either in Luria-610 

Bertani Miller (LB) or in M9 salts minimal medium at 37°C, 180 rpm (45). Whenever 611 

necessary, the medium was supplemented with various components in small defined 612 

amounts as mentioned. 613 

Primary culture set-up (LB and P1 cultures) for E. coli: E. coli K-12 MG1655 WT, 614 

thiC, thiE, and thiG mutants were grown in LB aerobically at 37°C, 180 rpm, for 6-8 615 

hours. The cultures were centrifuged at 6500 rpm for 1 minute and the pellets were 616 

washed thrice with 1X M9 salts by re-suspending them using a vortex for each wash. This 617 

step was used to make sure that the cells do not carry-over any residual nutrients from 618 

LB. These cells were used to start P1 cultures (first subcultures in minimal medium) in 619 

[M9 + NH4Cl + Glucose + Inosine (50 µM)] medium, in 4 mL medium in 25 mL test-tubes, 620 
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at a starting OD600 of 0.05, and were incubated aerobically at 37°C, 180 rpm, for 16-18 621 

hours. Cells grown in P1 were centrifuged at 6500 rpm for 1 minute and the pellets were 622 

washed thrice with 1X M9 salts. 623 

For the thi- mutant rescue experiments, the mutants with or without pProEx-Hta or 624 

pCA24N plasmids harboring the genes mentioned were grown similarly in P1, 625 

supplemented with or without thiamin (20 µM). 626 

Pairwise co-culture set-up of E. coli mutants in P2: E. coli cells washed after P1 were 627 

used to start their co-cultures in P2 (second subcultures in minimal salts medium – 628 

composition described above) at a starting OD600 of 0.1, in a 96-well plate with lid, with 629 

200 µL medium in each well, and were incubated aerobically at 37°C, ~240 rpm orbital 630 

shaking, for 24-96 hours, with OD600 reading and fluorescence reading at excitation/ 631 

emission values of 485/ 535 after every shaking cycle of ~300 sec, with upper lid at a 632 

temperature 2°C higher than 37°C (in EnSight) to avoid condensation, inside a plate 633 

reader – either Tecan or EnSight respectively. Alternately, the cells were grown in 25 mL 634 

test tubes with 4 mL medium each at 37°C, 180 rpm, in a shaker incubator. The media 635 

used were supplemented with various nutrients as and when required in the 636 

concentrations mentioned, for both the thiamin requirement and the HMP and THZ 637 

feeding studies. The two different mutants used for co-cultures were inoculated either 638 

singly as a control or in their co-culture at the ratios of 1:9 or 1:1 or 9:1. Both the single 639 

cultures as well as the co-cultures were inoculated at a starting OD600 of 0.1, that is, say, 640 

for the co-cultures with the 1:9 ratio, the two mutants were mixed at a starting OD600 of 641 

0.01 and 0.09 of the individual mutants, respectively. When using the alternate carbon 642 

sources, glucose (final concentration in the medium - 22.2 mM) was replaced with 33.3 643 
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mM Na-succinate or 44.4 mM Na-pyruvate, to keep the amount of carbon fed the same 644 

for all media. 645 

Re-inoculation experiments in P3: For the re-inoculation experiments, the cells from 646 

the single cultures or the co-cultures were harvested at the end of 24 h, washed thrice 647 

with 1X M9 salts, re-inoculated in the fresh M9 minimal medium devoid of thiamin, at a 648 

starting O.D.600 of 0.1, and incubated further at 37°C, 180 rpm, in 25 mL test tubes with 4 649 

mL medium each. 650 

OD600 and fluorescence correlation: For the OD600 and fluorescence correlation, the 651 

cells were grown in all four possible pairwise combinations of the EcthiC::kanR strain or 652 

the EcthiC* strain with the EcthiE::kanR strain or the EcthiE* strain. The values of the 653 

total fluorescence of the co-cultures carrying a single fluorescent strain were then 654 

normalized using the co-culture of the EcthiC::kanR strain with the EcthiE::kanR strain 655 

as a control, and the OD600 value of that fluorescent strain was calculated using the 656 

fluorescence v/s OD600 correlation of that strain. From this exercise, we obtained the 657 

ratios of the strains in the co-cultures of the EcthiC::kanR strain with the EcthiE::kanR 658 

strain and those of the EcthiC::kanR strain with the EcthiG::kanR strain at different time 659 

points. 660 

Thiochrome assay to detect the presence of thiamin from lysates: 2 mL cells each 661 

from the single cultures and co-cultures were harvested at different time points and lysed 662 

in 125 µL of 1X PBS. The lysates were centrifuged at 14000 rpm, 4°C, and 100 µL each 663 

of the clarified lysate or spent medium were used to detect the presence of thiamin, TMP 664 

and TDP using HPLC-FLD and LC-MS/MS. The thiochrome assay was carried out as per 665 

a protocol previously described (42). Thiochrome formed was detected using HPLC-FLD 666 
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(Agilent) on a C-18 reverse phase column (Phenomenex – Gemini), at 25°C. The solvents 667 

used were MilliQ in line A, methanol in line B, and 10 mM CH3COONa, pH 6.6 in line C. 668 

100 µL of the standards or the samples were injected in HPLC for analysis. A standard 669 

curve on HPLC was generated using various concentrations of thiamin.HCl, TMP and 670 

TDP standards. The flow rate was maintained at 0.5 mL/ min. The HPLC and LC-MS/MS 671 

method used was 0 min: 100% A; 4 min: 90% A, 10% B; 20 min: 15% A, 25% B, 60% C; 672 

24 min: 15% A, 25% B, 60% C; 30 min: 100% A; 44 min: 100% A. All samples were ran 673 

in positive ion mode with ESI method of ionization on SciEX-X500LR system for LC-674 

MS/MS analysis. 675 

 676 

V. anguillarum cultures and experiments: Vibrio anguillarum PF430-3 (46, 47) wild-677 

type and mutants thiC, thiE, and thiG (41) were used in experiments.  All were re-678 

isolated from cryopreserved stock using marine broth agar plates and liquid medium (48) 679 

with estuarine surface water from MODMON Neuse River Estuary monitoring station 180 680 

(49) as the base medium. Cells from liquid ZoBell cultures in late exponential or early 681 

stationary phase were washed and centrifuged (9,000 g, 3 min) thrice with 1X M9 medium 682 

without thiamin and then resuspended in M9 medium without thiamin. Absorbance at 600 683 

nm (opitical density, OD) was measured using a spectrophometer (GENESYS 30, 684 

Thermo). Based the OD of resuspended cell cultures, 0.001 OD of washed cells was 685 

added (final density) at the start of each experiment.   686 

Co-cultures of PF430-4 strains were started by adding 0.001 OD (final conc.) of 687 

each strain to M9 medium. Cultures were grown in clear sterile polystyrene tubes, and 688 

incubated in the dark at 20°C with daily homogenization by repetitive inversion.  Thiamin 689 
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hydrochloride, HMP, THZ used in experiments were purchased from TCI, Alfa Aesar, 690 

Fisher Scientific at ≥98% HPLC purity. Fresh solutions of vitamins were prepared under 691 

reduced light in a laminar flow hood autoclaved MilliQ water as the dilutant. Solutions 692 

were kept on ice while setting up experiments. 693 

 E. coli JW5549 ΔthiG761::kan (Keio Collection) was re-isolated as for PF430-4 but 694 

using M9 as the base for ZoBell solid and liquid media. Cells were washed and 695 

resuspended in M9 medium without B1 as for PF430-4. Co-cultures of PF430-4 thiC or 696 

thiE and E. coli JW5549 ΔthiG761::kan were initiated by adding 0.001 OD of each cell 697 

type to M9 medium without amended B1. Growth conditions were the same as for PF430-698 

4. 699 
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