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ABSTRACT  28 

 29 

Structural colors (SC), generated by light interacting with nanostructured materials, is 30 

responsible for the brightest and most vivid coloration in nature. Despite being widespread 31 

within the tree of life, there is little knowledge of the genes involved. Partial exceptions are 32 

some Flavobacteriia in which genes involved in a number of pathways, including gliding 33 

motility and polysaccharide metabolism, have been linked to SC. A previous genomic 34 

analysis of SC and non-SC bacteria suggested that the pterin pathway is involved in the 35 

organization of bacteria to form SC. Thus here, we focus on the moeA molybdopterin 36 

molybdenum transferase. When this gene was deleted from Flavobacterium IR1, the knock-37 

out mutant showed a strong blue shift in SC of the colony, different from the green SC of the 38 

wild-type. The moeA mutant showed a particularly strong blue shift when grown on kappa-39 

carrageenan and was upregulated for starch degradation. To further analyze the molecular 40 

changes, proteomic analysis was performed, showing the upregulation of various 41 

polysaccharide utilization loci, which supported the link between moeA and polysaccharide 42 

metabolism in SC. Overall, we demonstrated that single-gene mutations could change the 43 

optical properties of bacterial SC, which is unprecedented when compared to multicellular 44 

organisms where structural color is the result of several genes and can not yet be addressed 45 

genetically. 46 

 47 

MAIN TEXT  48 

 49 

INTRODUCTION 50 

 51 

Structural color (SC) is the result of the interaction of light with nanoscale structures, causing 52 

selective, angle-dependent light reflectance, an optical mechanism distinct from 53 

pigmentation which is a property of differential light reflection in molecules. This 54 

phenomenon can have a bright, metallic and iridescent appearance, where the color seen 55 

is often highly dependent on viewing and illumination angles. SC has been reported in many 56 

eukaryotes, including vertebrates, invertebrates, plants, and Myxomycota, as well as in 57 

bacteria, but not in Eumycota or Archaea (Brodie et al., 2021). Among bacteria, SC from 58 

colonies of the phylum Bacteroidetes is the best characterized (Kientz et al., 2012b; Kientz 59 

et al.,, 2016, Johansen et al., 2018). SC in bacteria results from the periodic organization of 60 

the rod-shaped cells packed in a regular hexagonal lattice, forming a two-dimensional 61 

photonic crystal that reflects light (Scherte et al., 2020). Interestingly, the ecological role of 62 

bacterial SC is yet to be determined. Hypotheses point at predation (Hamidjaja et al., 2019) 63 

and polysaccharide metabolism optimization (van der Kerkhof et al., 2022), but further 64 

research is needed to elucidate its biological significance. 65 

 66 

Information on genes and pathways involved in bacterial SC is limited but growing. 67 

Transposon mutagenesis suggests the involvement of cellular functions including the 68 
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stringent response, plant metabolite modification, carbohydrate metabolism, and 69 

Bacteroidetes-specific gliding motility (Johansen et al., 2018). A recent bioinformatic study 70 

has shown the possible link of some metabolic pathways to bacterial SC (Zomer et al., 71 

2024). In Flavobacterium iridescence species 1 (IR1), SC has been linked to interactions 72 

with microalgae, particularly through the metabolism of algal polysaccharides such as 73 

kappa-carrageenan and fucoidan (Johansen et al., 2018, van de Kerkhof et al., 2022). IR1’s 74 

colony organization, which underlies SC, may play a role in interbacterial competition, such 75 

as predation, but this has no obvious link to the photonic properties of the bacteria 76 

(Hamidjaja et al., 2020). 77 

 78 

A bioinformatic analysis of 117 bacterial genomes (87 with SC and 30 without) identified 79 

genes potentially involved in SC by comparing gene presence/absence, providing a SC-80 

score. By this method, pterin pathway genes were strongly predicted to be involved in SC 81 

(Zomer et al., 2024). Pterins mainly work as enzyme cofactors in various functions, such as 82 

aerobic/anaerobic metabolism and detoxification. In eukaryotes, pterins contribute to 83 

pigmentary colors, such as in the scale structures of pierid butterfly wings (Wijnen et al., 84 

2007), and appear in insects, fish, amphibians, and reptiles (Daubner et al., 2018). While 85 

pigment coloration is different from SC, structurally organized pterins can function as 86 

refractive index dopants (Wilts et al., 2016; Sai et al., 2023) and function in UV protection, 87 

phototaxis, and intracellular signaling (Feirer et al., 2017). 88 

 89 

We focused on one specific pterin, the molybdenum cofactor (MoCo), due to its predicted 90 

involvement in bacterial SC (Zomer et al., 2024). MoCo is a cofactor in a group of enzymes 91 

known as molybdoenzymes which are key enzymes in nitrogen, purine, and sulfur 92 

metabolism. These enzymes in bacteria fall into three families: xanthine oxidases, dimethyl 93 

sulfoxide reductases, and sulphite oxidases (Wootton et al., 1991; Zhang and Gladyshev 94 

2008). To study the link between MoCo and SC, we use IR1 as a model organism for 95 

bacterial SC due to the availability of genome engineering tools and its intense coloration 96 

(Johansen et al., 2018; Patinios et al., 2021). Using the SIBR-Cas (Self-splicing Intron-97 

Based Riboswitch-Cas) genome engineering tool (Patinios et al., 2021), we deleted the 98 

molybdopterin molybdenum transferase moeA gene, one of the most important genes for 99 

predicting bacterial SC (Zomer et al., 2024), as its protein is crucial in the final MoCo 100 

pathway reaction. 101 

 102 

MATERIALS AND METHODS 103 

 104 

Bioinformatics analysis of the molybdopterin pathway operon in Flavobacterium IR1. 105 

Synteny and homology of the proteins related to SC were visualized with gggenomes 1.0.0 106 

(Hackl et al., 2024) in RStudio 1.1.456. First, sequences of genomes and SC proteins were 107 

obtained from a previous work (Zomer et al., 2024). Proteins were predicted in the genomes 108 

with Prodigal 2.6.3 (Hyatt et al., 2010). Proteins of interest were matched with BLAST 109 
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2.14.0+ blastp (Altschul et al., 1990) against Prodigal's predicted proteins to find genomic 110 

coordinates. Operon start coordinate matches the start of the first gene of the putative 111 

operon and operon end coordinate matches the end of the last gene of the putative operon. 112 

Python 3.12.4 and jupyter notebook 7.2.1 were used to adapt file formats and create objects 113 

compatible to gggenomes. The corresponding phylogenetic tree was made from aligned 114 

16S rRNA genes using Barrnap 0.9 (Seemann 2024), BEDtools 2.31.0 getfasta (Quinlan et 115 

al 2010), MAFFT 7.505 (Katoh et al., 2013), iqtree v1.6.2 (Minh et al., 2020) and iToL online 116 

v6 (Letunic and Bork, 2024). The final figure containing synteny, homology, and the tree was 117 

done in Inkscape 1.3.2. The tutorial and scripts for reproducing the figure were stored in a 118 

GitHub repository: https://github.com/MGXlab/genes_synteny. Tools were used with their 119 

default parameters and exact commands can be found in the GitHub repository. 120 

 121 

Bacterial strains and growth conditions. Bacteria strains used in this study are described 122 

in Table S1. Flavobacterium iridescence species 1 (IR1) was the target strain used in this 123 

project. IR1 was grown in Artificial Sea Water (ASW) medium composed of 5g·L-1 peptone 124 

(Sigma-Aldrich), 1g·L-1 yeast extract (Sigma-Aldrich), and 10g·L-1 sea salt (Lima), at 25oC 125 

and grown in an orbital incubator at 200rpm (Johansen et al., 2018). Escherichia coli DH5α 126 

(New England Biolab, NEB) was used for general plasmid propagation and standard 127 

molecular techniques. E. coli was grown in Luria-Bertani (LB) medium composed of 10g·L-1 128 

tryptone (Sigma-Aldrich), 5g·L-1 yeast extract, and 10g·L-1 NaCl (Sigma-Aldrich), at 37oC 129 

shaken at 200rpm. IR1 was plated on ASW with 1% agar (Invitrogen) with or without 0.25g·L-130 
1 nigrosine (Sigma-Aldrich) (Johansen et al., 2018). E. coli was plated on LB medium 131 

containing 1.5% agar (Invitrogen). Media were supplemented with 50µg·mL-1 spectinomycin 132 

(Sigma-Aldrich), 100µg·mL-1 ampicillin or 200µg·mL-1 erythromycin (Sigma-Aldrich) when 133 

necessary. All the strains were stored in 25% glycerol solution at -80oC. 134 

 135 

Plasmid construction. All the plasmids used for SIBR-based gene knockout (KO) were 136 

constructed from pSIBR048 (Table S2) following the previously described protocol by 137 

Patinios and coworkers (Patinios et al., 2021). In brief, to introduce the moeA homologous 138 

arms (HA) and mediate the deletion of moeA, pSIBR048 was linearized using MluI (NEB) 139 

and the phosphorylated ends were removed using Shrimp Alkaline Phosphatase (NEB). 140 

1500 bp HA corresponding upstream and downstream of moeA were amplified from the IR1 141 

genome by PCR with Dream Taq DNA Polymerase (Thermo Fisher). The amplicons were 142 

resolved on 1% agarose (Eurogentec) electrophoresis gel and purified using GenElute PCR 143 

Clean-Up Kit (Sigma-Aldrich). The PCR products were introduced to the linearized 144 

pSIBR048 using NEBuilder HiFi DNA Assembly Master Mix (NEB), resulting in the 145 

pMoeA_NT. Following, the moeA targeting spacer was introduced in the pMoeA_S1 plasmid 146 

as previously described (Patinios et al., 2023). The DNA sequence of each newly created 147 

plasmid was verified by Sanger sequencing. Oligonucleotides used in this study are listed 148 

in Table S3. 149 

 150 
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E. coli DH5α competent cell preparation and transformation. Competent cells of E. coli 151 

DH5α, for chemical transformation, were prepared following the CaCl2 method described by 152 

Sambrook (Sambrook et al., 1989). The cells were aliquoted ready to be used or stored at -153 

80oC. The transformation of the competent DH5α cells was done by heat-shock following 154 

the High Efficiency Transformation Protocol of NEB. For this protocol, LB medium was used 155 

instead of SOC medium. The cells were plated on LB 1.5% agar supplemented with 156 

50µg·mL-1 spectinomycin and incubated at 37oC for 1 day. 157 

 158 

IR1 competent cell preparation, transformation, and SIBR-Cas genetic engineering 159 

assay. The methods used for the preparation of the electro-competent cells of IR1, 160 

transformation with plasmids and SIBR-Cas genetic engineering were as previously 161 

described (Patinios et al., 2021). Mutant colonies were identified through colony PCR using 162 

primers cFwd moeA and cRev moeA, and Sanger sequencing (Eurofins). 163 

 164 

Effects of nutrient composition on SC in IR1 WT and ΔmoeA. The visual phenotype of 165 

the mutant in comparison to the WT was first checked on agar plates under different nutrient 166 

conditions. ASWB agar contains ASW medium with 1% agar and 0.25g·L-1 nigrosine 167 

(Johansen et al., 2018). ASWB low nutrient medium (ASWBLow) contains the same 168 

nutrients as ASWB but without peptone (Johansen et al., 2018). Minimal medium (MM) 169 

contains 0.5% sea salt, 0.1% MgSO4, 0.25% kappa-carrageenan (Special Ingredients) and 170 

1% agar. ASWB kappa-carrageenan (ASWBKC) contains the same nutrients as ASWB, but 171 

with kappa-carrageenan instead of agar (ASWBC modified from Johansen et al., 2018). 172 

ASWB fucoidan (ASWBF) contains the same nutrients as ASWB plus 1% fucoidan 173 

(Absonutrix) (Johansen et al., 2018). ASWB starch (ASWBS) contains the same nutrients 174 

as ASWB plus 1% starch (Sigma-Aldrich) (Johansen et al., 2018). Before studying the 175 

effects of the nutrient composition, both strains were cultivated overnight at 25oC on an 176 

ASWB plate from which some bacterial biomass was collected, resuspended in 1% sea salt 177 

and 10µL of the bacteria suspension was spotted on the plates. The mutant was observed 178 

after 2 days by eye to check the display of SC. 179 

 180 

Imaging. Photographs of colonies were taken with a Canon digital camera equipped with a 181 

RF 100 mm macro lens or using a KEYENCE VHX-7000 Digital Microscope using defined 182 

angles of illumination and data capture (Figure 2B).  183 

 184 

Determining colony spread. Colonies of IR1 WT and ΔmoeA were grown as a spot on 185 

ASWB, ASWBKC, ASWBF, ASWBS, ASWBLow, and MM for 6 days at 25oC. The diameter 186 

of the colonies was measured at two time points, just after the spot was inoculated and after 187 

6 days. These data were measured in triplicates for each condition and strain. 188 

 189 

Angle-resolved spectroscopy (goniometry). The optical properties of the bacteria 190 

colonies were studied following the method previously described (Johansen et al., 2018). 191 
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Angle-dependent reflectance spectra were measured using a custom-built goniometer setup 192 

(Vignolini et al., 2013) both in scattering and specular configuration. The samples were 193 

illuminated from a fixed direction by a Xenon lamp (Ocean Optics HPX-2000), and the 194 

reflected light was collected at different detection angles (resolution 1°) using a rotating arm 195 

connected to a spectrometer (Avantes HS2048) via an optical fiber. Data presented in this 196 

work were normalized against a white diffuser (Labsphere SRS-99-010). 197 

 198 

Analysis of the optical response. Angle-resolved reflectance spectra show peculiar 199 

features caused by the two-dimensional structural organization. In scattering configuration, 200 

diffraction spots are visible that can be correlated to the diffraction grating formed by the 201 

bacteria on the surface (Schertel 2020, Johansen 2018). More specifically, the angles of 202 

constructive interference from a diffraction grating can be expressed by the grating equation, 203 

 204 

𝜃𝑚 = 𝑎𝑟𝑐𝑠𝑖𝑛 (
𝑚𝜆

𝑑
 − 𝑠𝑖𝑛𝜃𝑖)    [1]  205 

 206 

where m ∈ [0, − 1, + 1, − 2, + 2, …] is the diffraction order, λ is the wavelength of light, d is 207 

the period of the structure, θi is the angle of incidence and θm is the reflection angle for a 208 

given order. This equation can be used to determine the period (d) of the bacteria 209 

organization, and deviation from the predicted diffraction spots can quantitatively inform 210 

about the degree of disorder compared to an ideal periodic structure. Information on the 211 

effective refractive index can be obtained from goniometry data acquired in specular 212 

configuration. In this case, reflectance peaks arise from the constructive interference of light 213 

with the multilayer structure and depend on various parameters. Considering both Bragg’s 214 

law and Snell’s law, the peak reflection wavelength λB and corresponding incident angles θin 215 

at which constructive interference occur are linked via the following equation:  216 

 217 

𝜆𝐵 = 2𝑛𝑎𝑣𝑔𝑑 𝑐𝑜𝑠(𝑎𝑟𝑐𝑠𝑖𝑛 (
𝑠𝑖𝑛𝜃𝑖𝑛

𝑛𝑎𝑣𝑔
))   [2] 218 

 219 

where θin is the illumination angle and navg is the volume average effective refractive index 220 

of the total material composite in the photonic crystal. For construction, the angle of 221 

observation θout equals θin. 222 

 223 

Intracellular and extracellular proteome sample preparation. WT IR1 and the moeA 224 

mutant were selected for intracellular and extracellular proteomics analysis. Cells were 225 

grown for 2 days at 25°C completely covering ASWBKC plates. To prepare the whole cell 226 

fractions, cultures were harvested and centrifuged at 12,000 rpm for 15 min at 4°C in 2mL 227 

tubes. Cells were washed with 1% KCl solution, centrifuged at 12,000rpm for 15min at 4°C 228 

and cell pellets were stored at -80°C. For preparation of extracellular protein fractions, 229 

supernatants were collected after the first cell centrifugation, the supernatants were 230 
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transferred into new 2 mL tubes, and centrifuged at 12,000rpm for 25 min at 4°C. To ensure 231 

reproducibility, both preparations were performed in biological triplicates. 232 

 233 

Peptides originating from IR1 intracellular and extracellular proteins were extracted 234 

according to the protocol described by Campos and coworkers (Campos et al., 2015, 2016). 235 

The resulting dried peptides were resuspended in 0.1% formic acid in deionized water 236 

followed by bath-sonication for 5 min and 5 min centrifugation at 12,000rpm at 25°C. Peptide 237 

concentration was assessed at A280 using ND-1000 Nanodrop spectrophotometer (Thermo 238 

Scientific) peptide concentrations were adjusted to 0.1mg/ml to normalize samples prior to 239 

LC-MS/MS analyses. 240 

 241 

Proteome sample analysis. For the LC-MS/MS analyses, peptides were separated by 242 

EASY-nLC II system (Thermo Scientific) at flow rate of 300nl/min on a precolumn (Acclaim 243 

PepMap 100, 75μm × 2cm, Thermo Scientific) followed byEASY-Spray C18 reversed-phase 244 

nano LC column (PepMap RSLC C18, 2μm, 100A 75μm × 25cm, Thermo Scientific) 245 

thermostated at 55°C. A 90 min gradient of 0.1% formic acid in water (A) and 0.1% formic 246 

acid in 80% acetonitrile (B) was distributed as follows: from 6% B to 30% B in 65min; from 247 

30% B to 100% B in 20min and hold at 100% B for 5min. Automated online analyses were 248 

performed in positive ionization mode by a Q Exactive HF mass spectrometer (Thermo 249 

Scientific) equipped with a nano-electrospray. Full scans were performed at resolution 250 

120,000 in a range of 380–1,400 m/z and the top 15 most intense multiple charged ions 251 

were isolated (1.2m/z isolation window) and fragmented at a resolution of 30,000 with a 252 

dynamic exclusion of 30s. The generated raw files were analyzed using Sequest HT in 253 

Proteome Discoverer software (Thermo Fisher Scientific, San Jose, CA, USA, CS version 254 

2.5.0.400). Flavobacterium (NCBI Taxonomy ID 2026304) protein sequence database used 255 

for protein identification was acquired from NCBI (https://www.ncbi.nlm.nih.gov/; 256 

downloaded on 10th of February 2023; 5468 entries. The following search parameters were 257 

used: trypsin as a digestion enzyme; maximum number of missed cleavages 2; fragment 258 

ion mass tolerance 0.08Da; parent ion mass tolerance 10ppm; carbamidomethylation of 259 

cysteine as fixed modification and methionine oxidation as variable modifications.  260 

 261 

Proteome bioinformatics. Scaffold (version Scaffold_5.3.0, Proteome Software Inc., 262 

Portland, OR) was used to validate protein identifications and for relative quantification of 263 

proteins. Peptide identifications were accepted if they could be established at greater than 264 

90% probability by the Scaffold Local FDR algorithm. Protein identifications were considered 265 

correct if they could be established at a greater than 95% probability and contained at least 266 

1 unambiguously identified peptide. Protein probabilities were assigned by the Protein 267 

Prophet algorithm (Nesvizhskii et al., 2003). Proteins that contained similar peptides and 268 

could not be differentiated based on MS/MS analysis alone were grouped to satisfy the 269 

principles of parsimony. Proteins sharing significant peptide evidence were grouped into 270 
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clusters. These clusters were associated to a specific protein of IR1 within the GenBank 271 

database giving the following default identity name: PAM9XXXX.  272 

 273 

Proteome data analysis. The quantitative protein abundance levels were analyzed in the 274 

proteins that had a difference between the sample groups when applying the Student’s t-275 

test, using the multiple test correction Benjamin-Hochberg, and a cut-off p-value lower than 276 

0.01 was chosen for statistically significant quantitative difference in relative proteins amount 277 

between moeA and WT sample groups. A protein was considered downregulated when the 278 

log2 of the fold change (ΔmoeA/WT) was lower than -1, and upregulated when was higher 279 

than 1. 280 

 281 

The identified differentially expressed proteins were bioinformatically analyzed using the 282 

KEGG tool BlastKOALA for functional characterization and the InterProScan software 283 

(Kanehisa et al., 2016; Jones et al., 2014). The proteins identified in extracellular fractions 284 

were also analyzed using SecretomeP (identifies signal independent secreted proteins) and 285 

SignalP (predict signal peptides) software to confirm that they were predicted to be 286 

potentially secreted and to exclude possible contamination by intracellular proteins 287 

(Bendtsen et al., 2005; Teufel et al., 2023). 288 

 289 

Monitoring starch degradation by iodine staining assay. Colonies of IR1 WT and 290 

ΔmoeA were grown on plates with ASWS (ASWBS without nigrosin) for 2 days at 25oC. 291 

Iodine crystals were deposited on the lid of the plate and incubated upside down overnight 292 

to expose the agar to the iodine vapor. The plates were checked for starch degradation 293 

which corresponds to the zones of clearing , with dark, stained areas indicating presence of 294 

undegraded starch (Kasana and Salwan, 2008). These were measured in triplicates for each 295 

condition and strain. 296 

 297 

RESULTS 298 

 299 

Bioinformatic analysis of the molybdopterin operon  300 

 301 

We reanalyzed a recent bioinformatic analysis on SC to specifically investigate genes 302 

involved in molybdopterin cofactor (MoCo) synthesis (Zomer et al., 2024). MoCo genes are 303 

typically clustered in SC bacteria and are consecutively encoded on the IR1 genome (Figure 304 

1A), probably forming an operon comprising molybdopterin molybdenum transferase 305 

(moeA), molybdenum cofactor guanylyl transferase (mobA), uroporphyrinogen-III C-306 

methyltransferase (sumT), molybdopterin synthase sulfur carrier unit (moaD), adenylyl 307 

transferase/sulfur transferase (moeZ), molybdopterin synthetase catalytic unit (moaE), 308 

cyclic pyranopterin monophosphate synthase 2 (moaC2), and GTP 3’,8-cyclase (moaA). In 309 

117 bacterial genomes (87 SC and 30 non-SC) analyzed (Table 1), most bacteria showing 310 

SC contained all these genes, except mobA and moaD. Meanwhile, in non-SC bacteria, 311 
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these genes appeared less frequently. Overall, 61 of 87 SC genomes had a complete MoCo 312 

pathway, 10 lacked one gene, and 16 lacked two. Conversely, only 6 of 30 non-SC genomes 313 

had a full pathway, while others showed partial gene loss, with 6 missing the entire pathway. 314 

 315 

The genetic structure of this putative operon for molybdopterin synthesis was compared 316 

across 8 strains with variable SC (Figure 1BC). Using the SC classifier, these strains were 317 

scored for SC based on the presence/absence of specific genes in their genomes (Zomer 318 

et al., 2024), revealing that the predictions were consistent with our experimental results SC 319 

(Figure 1D). 320 

 321 

Synteny analysis of selected genomes revealed the organization of MoCo synthesis genes. 322 

IR1 contains a putative MoCo synthesis operon consisting of moeA, mobA, sumT, moaD, 323 

moeZ, moaE, moaC2, and moaA, and an additional sumT homolog. UW101 has a similar 324 

operon without the sumT duplication (Figure 1C). Other strains show different gene orders, 325 

loci, or variations like missing or duplicated genes. Notably, Flavobacteriaceae strains 326 

DSM15718 and DD5b, which only contain sumT, and HM20, lacking sumT but retaining 327 

most MoCo genes, do not exhibit SC. Thus, while the MoCo synthesis pathway is crucial for 328 

SC, its structure and organization vary among SC strains and are not the sole determinants 329 

of SC. 330 

 331 

Phenotyping the ΔmoeA mutant 332 

 333 

To study the role of moeA in SC, we generated a clean knock-out (KO) of moeA in IR1 using 334 

the SIBR-Cas tool (Patinios et al., 2021). After successfully deleting moeA, we compared 335 

the colors of the ΔmoeA colonies with those of the wild-type (WT) strain under three nutrient 336 

conditions: (1) ASWB, a standard peptone/yeast extract medium; (2) ASWBLow, a low-337 

nutrient medium with yeast extract as the sole nutrient; and (3) minimal medium (MM), with 338 

the minimum nutrients required for IR1 growth. 339 

 340 

On ASWB agar plates, the WT strain colony showed a vivid brilliant green SC with a red 341 

ring, while the ΔmoeA colony displayed a dull green-blue SC with a blue ring. On ASWBLow, 342 

the WT’s SC shifted to a shiny green-yellow-orange color, whereas ΔmoeA displayed a dull 343 

green center with an intense green ring. On MM, both the WT and ΔmoeA had weaker SC 344 

than when grown on higher nutrient media, showed dispersed clusters of cells, and 345 

maintained their green and blue hues, respectively. Additionally, ΔmoeA colonies spread 346 

more slowly than the WT under all conditions evaluated. In summary, deleting moeA 347 

produced a general SC shift from green to blue, and a reduction of colony spreading (Figure 348 

2A). 349 

 350 

The optical properties of the ΔmoeA colony were checked by growing as a spot on ASWB 351 

plates and observing its color from different angles to capture the full optical response of its 352 
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photonic structure. When photographed from directly above the light source at position 353 

(X,Y,Z coordinates 0,-1,1.1 respectively), ΔmoeA displayed a primarily green SC (Figure 354 

3A), albeit duller than when photographed from positions (1,-1,1) (Figure 3B), and (1,-1,0.36) 355 

(Figure 3C). From the positions in Figure 3BC, two distinct colored rings were visible: an 356 

inner blue ring and an outer green-yellow ring. Although, when they were photographed from 357 

positions (1,0,0.36) (Figure 3D), and (1,0,0.18) (Figure 3E), the SC shifted to predominantly 358 

blue, with a highly reflective blue ring and a green ring. SC was lost when photographed 359 

from position (0.58,1,1), displaying a gray-brown color (Figure 3F). Overall, we confirmed 360 

the angle-dependency of the SC in the ΔmoeA, showing variations in color and intensity with 361 

changes in viewing angle. 362 

 363 

When IR1 was grown with the polysaccharides fucoidan (from brown algae), or kappa-364 

carrageenan (from red algae), its SC shifted to dark purple and shinier green, respectively 365 

(van de Kerkhof et al., 2022). To investigate how nutrient supply affects SC in IR1 WT and 366 

ΔmoeA strains, they were grown as spot on ASW medium gelled with kappa-carrageenan 367 

instead of agar (ASWBKC), fucoidan and agar (ASWBF), or starch and agar (ASWBS). On 368 

ASWBKC plates, both strains exhibited more intense SC than on ASWB, with ΔmoeA 369 

displaying a brilliant, blue shifted color compared to the WT’s structural green. The WT strain 370 

also displayed a dark green ring, and a thin red outer ring as observed in ASWB (Johansen 371 

et al., 2018; Hamidjaja et al., 2020). On ASWBF plates, the WT displayed a dull blue-purple 372 

SC, while ΔmoeA showed a dull green SC with a dull green-yellow ring and a red thin outer 373 

ring. On ASWBS, the colonies displayed a mix of colors rather than the mostly 374 

monochromatic patterns seen on agar (Figure 2), kappa-carrageenan or fucoidan (Figure 375 

4A). The WT showed a dull green center, a green-yellow ring, and a shiny red outer ring. In 376 

contrast, ΔmoeA displayed a dull blue center with a shiny blue ring, and a shiny green outer 377 

ring. Overall, polysaccharides significantly influenced SC, with both strains showing the most 378 

intense colors on kappa-carrageenan. 379 

  380 

Deletion of the moeA gene reduces colony expansion 381 

 382 

During the analysis of the colors displayed by IR1 WT and ΔmoeA, differences in the colony 383 

spreading were observed indicating variations in gliding motility. To quantify this, both strains 384 

were grown for an extended period, and colony expansion was measured (Figure 4B). The 385 

ΔmoeA showed slower colony expansion, reaching about half the size of the WT in most 386 

conditions, except on ASWBF, where colony expansion was similar to the WT. Interestingly, 387 

ΔmoeA colony expansion was faster on ASWBLow, and especially on MM, compared to 388 

other conditions, which also happened for the WT. Thus, the lack of nutrients is an enhancer 389 

of colony expansion. 390 

 391 

The organization and motility of groups of cells at the colony edges were visualized using a 392 

digital stereo microscope with full coaxial light. Both strains were grown as a spot on ASWB, 393 
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and the colony edges were visualized for 1 hour (Figure 6). IR1 WT showed high motility of 394 

the bacterial layers at the edge of the colony, with dispersed cell layers forming 'vortex' 395 

patterns (Figure 5, yellow arrows). In contrast, ΔmoeA exhibited limited motility, with a more 396 

tightly packed cell organization and a fine, slow-moving layer at the edge (Figure 5, blue 397 

arrows). This suggests that moeA deletion significantly impairs cell motility and colony 398 

expansion. 399 

 400 

Quantification of the optical responses of IR1 WT and ΔmoeA colonies 401 

 402 

IR1 WT and ΔmoeA grown on ASWBKC plates were studied using an optical goniometer to 403 

understand the optical characteristics of their displayed colors. We selected this media due 404 

to the uniform, vibrant blue coloration of the ΔmoeA colony. 405 

 406 

The complex optical response of both IR1 strains observed in the heatmaps in Figure 6 can 407 

be attributed to a polycrystalline two-dimensional structure with hexagonal packing, as 408 

previously described (Schertel et al., 2020). In particular, the specular reflection data (Figure 409 

6AB) allowed us to extrapolate an effective refractive index of 1.38 for both strains, 410 

consistent with earlier studies (Schertel et al., 2020). In a diffraction configuration, intense 411 

diffraction peaks are observed in the visible range around a detection angle of -30° for 412 

wavelengths of 550 nm (green) for IR1 WT colonies (Figure 6C) and 480 nm (blue) for 413 

ΔmoeA (Figure 6D), coherent with the primary colors observed qualitatively in Figure 2A.  414 

 415 

In addition, other two bright diffraction spots are present in both cases outside of the visible 416 

range. For IR1 WT, such spots are present around 550 nm, 400 nm, and 350 nm; in ΔmoeA, 417 

these diffraction spots shift to a lower wavelength around 480 nm, 350 nm, and 300 nm. By 418 

matching the diffraction grating equation with the observed spots (white dashed lines in 419 

Figure 6), the inter-bacterial distance can be obtained (Schertel et al., 2020). The periodicity 420 

was therefore estimated to be 410 nm for IR1 WT, and 365 nm for ΔmoeA. This optical 421 

analysis aligns with visual observations, confirming the blue shift in ΔmoeA, and suggested 422 

that this change in SC is caused by cells which are still highly ordered but narrower. 423 

 424 

Changes in the proteome due to the deletion of moeA  425 

 426 

To further investigate the effects of moeA deletion, we performed a characterization and 427 

quantitative comparison of cellular (Figure 7A) and extracellular (Figure 7B) proteomes of 428 

IR1 WT and ΔmoeA strain using a mass spectrometry-based proteomic approach. We 429 

identified 203 intracellular proteins that significantly changed their abundance upon deletion 430 

of moeA (Table S4 and S5), and 268 differentially abundant extracellular proteins (Table S6 431 

and S7). The following pathway analysis provided insight into how these proteins might be 432 

related to SC.  433 

 434 

.CC-BY 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 January 16, 2025. ; https://doi.org/10.1101/2025.01.13.632688doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.13.632688
http://creativecommons.org/licenses/by/4.0/


 

12 

Peptides derived from molybdopterin molybdenum transferase, encoded by moeA, were 435 

only detected in the WT strain, confirming a successful knock out in ΔmoeA. The intra- and 436 

extracellular proteome analysis showed some differentially expressed proteins involved in 437 

the MoCo pathway or containing molybdopterin-binding motif. The deletion of moeA 438 

produced different regulatory effects on the peptides encoded from the genes within its 439 

putative operon. The proteins encoded from moaA, moaC2, and mobA were upregulated in 440 

the mutant, while from moaE and moeZ were unaffected, and from sumT and moaD were 441 

undetected in both strains (Figure 8). Proteins with a molybdopterin-binding motif were 442 

differentially expressed. The downregulated proteins included xanthine dehydrogenase 443 

yagS and yagR (involved in purine catabolism), an alanine dehydrogenase involved (amino 444 

acid biosynthesis), and a nitrite reductase (nitrogen assimilation) (Table S4). An upregulated 445 

protein was NAD(P)H-nitrite reductase, also involved in nitrogen assimilation (Table S5). 446 

 447 

Of the 5,471 known proteins in IR1, 58.1% (3,181 proteins) intracellular proteins were 448 

identified, 10.2% (324) showed significant differences (p<0.01), with 34.3% (111) 449 

considered downregulated, and 27.2% (88) upregulated in the ΔmoeA (Figure 7A). The 450 

downregulated subset included 29 hypothetical proteins, while the upregulated subset had 451 

31.  452 

 453 

Downregulated intracellular proteins were involved in amino acid metabolism (10), RNA 454 

processing (10), transport (9), DNA transcription (8), translation (6), fatty acid metabolism 455 

(4), antimicrobial resistance (4), nucleotide metabolism (4), cofactor biosynthesis (4), 456 

proteolysis (4), biofilm formation (3), homeostasis (3), carbohydrate metabolism (3), lipid 457 

metabolism (3), phospholipid transformation (2), stress response (2), transport (2), and 458 

various metabolic processes (Table S4). Additionally, 28 proteins with unknown functions 459 

were identified (Table S4). Some downregulated proteins, such as an ABC transporter ATP-460 

binding protein and a membrane assembly protein (involved in phospholipid transformation), 461 

as well as an alanine dehydrogenase (amino acid metabolism), and some hypothetical 462 

proteins with unknown role, were completely repressed (found only in the WT). 463 

 464 

Upregulated intracellular proteins were involved in transport (12), non-ribosomal peptide 465 

synthesis (11), stress response (6), carbohydrate metabolism (5), proteolysis (4), signaling 466 

(4), electron transport (3), glycosylation (3), DNA repair (3), amino acid metabolism (2), 467 

antibiotic resistance (2), cofactor biosynthesis (2), metabolism (2), RNA processing (2), and 468 

various metabolic processes (Table S5). Additionally, 20 proteins with unknown roles were 469 

identified (Table S5). Notably, among the most upregulated proteins, we observed a 23S 470 

rRNA (adenine(1618)-N(6))-methyltransferase (involved in RNA processing), a hypothetical 471 

protein (unknown role), a chalcone isomerase (stress response), an aminopeptidase 472 

(proteolysis), and a transcriptional regulator (regulation of DNA transcription). 473 

 474 
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Of the total known proteins in IR1, 27.5% (1,504 proteins) extracellular proteins were 475 

identified, 60.4% (909) were statistically significant (p<0.01), with 20.5% (186) considered 476 

downregulated, and 20% (182) upregulated in ΔmoeA (Figure 7B). The downregulated 477 

subset included 44 hypothetical proteins, while the upregulated subset had 70. Although 478 

fewer proteins were identified in the extracellular space compared to the intracellular space, 479 

a higher proportion were statistically significant and differentially regulated. 480 

 481 

Analysis of downregulated proteins using SecretomeP showed that 29.6% (55) were likely 482 

secreted through a non-classical way, lacking typical secretion sequence motifs in their N-483 

terminus. Additionally, SignalP analysis revealed that 31.7% (59) had a putative signal 484 

peptide, suggesting they are Sec (general secretory pathway) substrates and likely to be 485 

secreted. The downregulated proteins likely to be secreted (69) included those involved in 486 

carbohydrate metabolism (7), transport (7), stress response (4), antibiotic resistance (3), 487 

lipopolysaccharide assembly (3), protein modification (3), electron transport (2), lipid 488 

metabolism (2), purine metabolism (2), motility (2), and several other functions (Table S6). 489 

Additionally, 27 proteins with unknown roles were identified (Table S6). Notably, among the 490 

most highly downregulation proteins included a flagellin biosynthesis protein (involved in 491 

motility), probably misannotated as the pathways for flagella synthesis are absent in 492 

Flavobacterium IR1, a murein hydrolase activator (cell division), a hypothetical protein 493 

(lipopolysaccharide assembly), a peptidylprolyl isomerase (protein modification), and an 494 

azurin (electron transport). 495 

 496 

Analysis of upregulated proteins using SecretomeP revealed that 47.3% (86) potentially 497 

follow a non-classical secretion pathway. SignalP analysis indicated that 54,4% (99) of the 498 

upregulated proteins possessed a signal peptide. The upregulated proteins likely to be 499 

secreted (109) included those involved in transport (19), carbohydrate metabolism (18), 500 

proteolysis (12), stress response (5), fatty acid metabolism (4), cell division (1), electron 501 

transport (1), iron acquisition (1), motility (1), protein modification (1), and signaling (1) 502 

(Table S7). Additionally, 45 proteins with unknown roles were identified (Table S7). Notably, 503 

the most upregulated proteins included two hypothetical proteins (involved in unknown 504 

roles), a hypothetical protein (cell division), an acetyl-CoA carboxylase biotin carboxyl carrier 505 

protein (fatty acid biosynthesis), a glycoside hydrolase (carbohydrate metabolism), and a 506 

hypothetical protein (transport). 507 

 508 

The combination of protein analysis and genomic data from the IR1 genome provided 509 

insights into the putative operons or gene clusters affected by the deletion of moeA (Figure 510 

8). Intracellular proteomic analysis suggested the downregulation of putative operons 511 

associated with antimicrobial drug resistance, fatty acid biosynthesis, purine catabolism, and 512 

phospholipid transformation. Conversely, putative operons involved in respiratory electron 513 

transport, carbohydrate metabolism, non-ribosomal peptide synthesis, antioxidant stress, 514 

and cell wall synthesis were upregulated. In the extracellular proteomic analysis, a putative 515 
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operon with an unknown function was downregulated, while putative operons involved in 516 

fatty acid biosynthesis, carbohydrate metabolism, and unknown functions were upregulated. 517 

Notably, the deletion of moeA created a cascade of regulation effects that affected pathways 518 

not previously linked to molybdopterin synthesis.  519 

 520 

Previous studies, alongside the results of this investigation, have shown the importance of 521 

complex polysaccharides degradation in the development of SC (Johansen et al., 2018; van 522 

de Kerkhof et al., 2022). In the Bacteroidetes phylum, polysaccharides utilization loci (PUL) 523 

operons facilitate the uptake and processing of these polysaccharides. Typically, PUL 524 

operons consist of a tandem pair of genes resembling susCD, which encode a transport and 525 

substrate-binding complex, and various carbohydrate active enzymes (CAZymes), such as 526 

glycosyl hydrolases and pectate lyases (Terrapon et al., 2015).  527 

 528 

Our intracellular and extracellular protein analysis revealed the upregulation of three putative 529 

PUL operons with similar organization (Figure 8): (1) PAM95095-90, which includes a 530 

glycoamilase, a glycosyl hydrolase family 3 (GH3) involved in cellulose degradation, a 531 

glycerophosphoryl diester phosphodiesterase, and a GH43 that degrades hemicellulose and 532 

pectin polymers (Ara et at., 2020; Mewis et al., 2016); (2) PAM95448-51, which includes an 533 

unidentified GH, and a GH35 enzyme that hydrolyzes terminal non-reducing β-D-galactose 534 

residues (Tanthanuch et al., 2008); (3) PAM95391-88, which includes a hypothetical protein, 535 

and two GH16, one of which was not detected, involved in the degradation of various 536 

polysaccharides such as agar and kappa-carrageenan (Viborg et al., 2019). Additionally, 537 

other carbohydrate metabolism-related proteins were upregulated in the ΔmoeA, including 538 

a GH18 enzyme involved in chitin degradation (Chen et al., 2020), and a pectate lyase 539 

involved in starch degradation (Table S8) (Aspeborg et al., 2012). 540 

 541 

moeA deletion affects metabolism of complex carbohydrates 542 

 543 

As previously described, the IR1 WT and ΔmoeA strain were grown on various complex 544 

polysaccharides, showing different color phenotypes. The ΔmoeA colony displayed a strong 545 

blue SC phenotype on ASWBKC, a dull green on ASWBF, and a dull blue center with a blue 546 

internal ring and green external ring on ASWBS (Figure 4). These results suggest a 547 

connection between SC, moeA, and polysaccharide metabolism. Proteins linked to 548 

carbohydrate metabolism were also highly regulated, reinforcing this link (Tables S6 and 549 

S8). Both strains were grown on ASWS, and starch degradation was visualized using iodine 550 

vapor (Kasana and Salwan, 2008). The colonies were photographed from the front and the 551 

back (Figure 9). The WT strain showed a duller and smaller starch degradation zone 552 

(0.58±0.12 cm) compared to ΔmoeA (1.17±0.17 cm). In contrast to other media where 553 

ΔmoeA colony expansion was less than WT, the ΔmoeA showed stronger starch 554 

degradation, supporting a role of moeA in complex polysaccharides metabolism. 555 

 556 
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DISCUSSION  557 

 558 

SC in biological systems is well-studied optically, but less well understood genetically. This 559 

study aimed to expand and deepen the knowledge of genes involved in bacterial SC, 560 

focusing on the predicted SC-related gene, moeA (Zomer et al., 2024). By deleting moeA 561 

from the IR1 genome, a model for bacterial SC, we conducted microbiological, optical, 562 

proteomic, and comparative genomic analyses of the mutant. The results demonstrated the 563 

possibility of engineering SC by targeting specific pathways.  564 

 565 

The moeA gene is part of the molybdenum cofactor (MoCo) synthesis pathway, which is not 566 

exclusive to bacteria, but also found in archaea, animals, and plants, tracing back to the last 567 

universal common ancestor (Allen et al., 1994; Weiss et al., 2016). MoCo is essential for 568 

molybdoenzymes that catalyze oxo-transfer and hydroxylation reactions such as nitrate 569 

reductase, xanthine dehydrogenase, and aldehyde oxidase (Wootton et al., 1991; Zhang 570 

and Gladyshev, 2008). In the ΔmoeA proteome, some molybdoenzymes like xanthine 571 

hydrogenases, aldehyde oxidase, and nitrite reductase were downregulated, suggesting 572 

their synthesis depends on MoCo availability. However, one nitrite reductase protein 573 

(PAM94801) was upregulated, potentially independent of MoCo. Additionally, proteins from 574 

moaA, moaC2, and mobA genes which are present in the same operon as moeA, were 575 

upregulated, possibly to boost molybdopterin availability for MoCo synthesis. 576 

 577 

The presence of moeA in the genome or the putative operon structure for MoCo pathway 578 

alone does not determine a bacterial strain's ability to form SC colonies. For example, the 579 

genomes of the Bacteroidetes strains Flavobacterium IR1, F. johnsoniae UW101, and C. 580 

lytica HI1, which contain all the genes for the synthesis of MoCo, display SC. Meanwhile, M. 581 

algicola HM30 and Z. galactinovorans DSM1208, lacking moaD and moaC, respectively, 582 

also show SC. Interestingly, the corresponding proteins of moaD and sumT were not 583 

detected in the proteomic analysis of IR1 WT and ΔmoeA. Additionally, moaD and mobA 584 

were not present in all SC strains. Thus, we concluded that the presence of moaC, moaD, 585 

mobA and sumT are not essential for SC formation (Zomer et al., 2024). 586 

 587 

The predominantly green SC of IR1 WT has been studied using transposon mutagenesis, 588 

cultivation, and optical characterization, revealing additional structural colors like yellow, 589 

orange, red, blue, and purple (Johansen et al., 2018; van de Kerkhof et al., 2022). Here, 590 

moeA was deleted from the IR1 genome using SIBR-Cas (Patinios et al., 2021), resulting in 591 

a strong blue shift in the colony color, confirmed and quantified by goniometry. The WT and 592 

ΔmoeA colonies show variations in color, color pattern and intensity depending on three 593 

conditions: 1) observation angle, displaying green, yellow and blue hues with different 594 

intensities; 2) the presence of peptone and yeast extract, affecting color and motility; and 3) 595 

the type of polysaccharides present in the media, which significantly altered color and 596 
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motility. These findings showed that SC color hue, pattern, and intensity can be modified by 597 

genetic engineering, observation angle, and nutrient changes. 598 

 599 

Previously, mutations in trmD tRNA methyltransferase, and a clbB triosephosphate 600 

isomerase were described (Johansen et al., 2018). A transposon insertion in trmD led to the 601 

loss of SC, while preserving growth and motility, and a clbB disruption produced a dull 602 

green/blue SC. Here, TrmD was downregulated, and ClbB upregulated in the ΔmoeA 603 

proteomics analysis. Deleting moeA also caused downregulation of GldL, a protein essential 604 

for gliding motility and secretion in F. johnsoniae (Shrivastava et al., 2013). The reduced 605 

motility in the ΔmoeA mutant may have resulted from the combined downregulation of trmD, 606 

GldL, ribosomal proteins, and other uncharacterized proteins. Additionally, the upregulation 607 

of ClbB and other regulated proteins may contribute to the SC shift from green to blue. 608 

 609 

Polysaccharide metabolism in IR1 has been linked to changes in colony color and motility 610 

(van de Kerkhof et al., 2022). Although moeA has not been previously linked to 611 

polysaccharide degradation (Hasona et al., 1998; Tao et al., 2005; Leimkühler, 2017), its 612 

deletion led to the upregulation of proteins from three PUL operons and others involved in 613 

polysaccharide metabolism, likely causing the color shift from green (WT) to blue (ΔmoeA). 614 

The identified proteins were involved in degrading cellulose, hemicellulose, pectin, 615 

galactose polymers, agar, kappa-carrageenan, mannanose, and starch. The polysaccharide 616 

degradation versatility was supported by checking the starch degradation in both strains, 617 

with the ΔmoeA capable of degrading starch faster and more efficiently than WT, producing 618 

larger and clearer halos with iodine staining.  619 

 620 

On different polysaccharide media, the ΔmoeA strain showed varied SC and colony 621 

expansion patterns: green/blue SC and low colony expansion on agar, intense blue SC and 622 

low colony expansion on kappa-carrageenan, dull green SC and low colony expansion on 623 

fucoidan, and blue/green SC with higher colony expansion on starch. While reduced motility 624 

has been associated with dull or absent SC, and reduced polysaccharide metabolism 625 

(Kientz et al., 2012a; Johansen et al., 2018), ΔmoeA showed reduced motility, but an intense 626 

blue SC, and high polysaccharide metabolism. Based on these results, we established a 627 

link among polysaccharide metabolism, MoCo biosynthesis, and SC, showing that intense 628 

SC is not strictly dependent on motility. 629 

 630 

Ecologically, we hypothesize that dense, highly structured bacterial colonies, such as 631 

necessary for the SC phenotype, could limit the loss, by diffusion, of the metabolic 632 

degradation products of complex polysaccharides. These large macromolecules are often 633 

partially hydrolyzed extracellularly because they are too large to pass through bacterial cell 634 

membranes. Bacteria secrete enzymes into the surrounding environment to break these 635 

polysaccharides down into more easily absorbable monosaccharides or oligosaccharides. 636 

The colony structure could create a physical barrier that keeps these products concentrated 637 
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and near the cells, allowing the colony to efficiently access and utilize these products, and 638 

preventing them from leaking into the surrounding environment. While SC may also yield 639 

other ecological benefits associated with growth in biofilms, the highly structured colonies 640 

that characterize SC may be more resistant against invasion by competitor species 641 

scavenging for degradation products, than an unstructured biofilm. This model is consistent 642 

with the observation that SC is associated with polysaccharide metabolism genes, and with 643 

the recent observation that SC is mainly localized on surface and interface environments 644 

such as air-water interfaces, tidal flats, and marine particles (Zomer et al., 2024). 645 

 646 

SC bacteria like Cellulophaga lytica (Sullivan et al., 2023) and Flavobacterium IR1 (Groutars 647 

and Risseeuw, 2022) have been recently studied to be used as colorful biomaterials, making 648 

genetic engineering to modify SC a potential next step for developing new colorants. Similar 649 

to IR1, C. lytica belongs to the Flavobacteriaceae family, exhibiting gliding motility, similar 650 

SC, and has diverse polysaccharide metabolism genes, though it lacks genetic engineering 651 

tools (Kientz et al., 2012a; Kientz et al., 2016; Lysov et al., 2022). Genetic engineering SC 652 

in IR1 opens the way to synthetic biology of SC and its application in biomaterials, offering 653 

a sustainable alternative to traditional pigments. 654 

 655 

CONCLUSIONS 656 

 657 

Our results demonstrate the involvement of bioinformatically predicted genes in bacterial SC 658 

and suggested that such genes could be targeted to modify the optical characteristics of SC 659 

colonies. The simple deletion of one gene, moeA, shifted the SC of IR1 colony from green 660 

to blue, while nutrient and polysaccharide availability emerged as key factors affecting SC 661 

color and motility. Proteomics analysis revealed polysaccharide metabolism as a driver of 662 

SC hue changes, hinting at its ecological significance. Additionally, several uncharacterized 663 

proteins were differentially expressed, providing exciting new leads for further exploration of 664 

bacterial SC. This study marks a step forward in the synthetic biology of SC, with promising 665 

applications in biomaterials. 666 
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 875 
 876 

Figure 1. A) Schematics of the putative molybdopterin synthesis operon in the IR1 genome. 877 

In blue, the target gene: moeA. B) Phylogenetic tree of the 16S ribosomal RNA gene, 878 

showing IR1 and other 7 selected strains. C) Synteny and homology visualization of genes 879 

that are putatively involved in molybdopterin synthesis. Spacers indicated with // represent 880 

stretches longer than 5kb on the same contig, which may encode unshown genes. 881 

Whitespaces separate different contigs. D) Presence of SC in the selected strains and its 882 

SC score based on the SC classifier software (Zomer et al., 2024). The suggested cut-off 883 

value (0.68) for presence of SC is shown as dashed vertical line. 884 
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 886 
 887 

Figure 2. A) Colonies of IR1 WT and IR1 ΔmoeA grown on agar plates with three different 888 

nutrient conditions: ASWB, ASWBLow and MM. B) Schematic of how the colony image was 889 

taken. It shows the position of the incident light and the camera as X, Y and Z coordinates 890 

(X,Y,Z). The colony is positioned at position (0,0,0), the light source at (0,-1,1), and the 891 

camera at (1,0,1). The red dotted line represents the light direction, the blue dotted line 892 

represents the camera direction, and the red and blue lines the position of the light and the 893 

camera. 894 
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 896 
 897 

Figure 3. ΔmoeA colonies grown on ASWB and photographed from different angles. The 898 

location of the camera is shown in the bottom right of each panel, following the scheme on 899 

Figure 2B. The camera coordinates are A) (0,-1,1.1), B) (1,-1,1), C) (1,-1,0.36), D) (1,0,0.36), 900 

E) (1,0,0.18), and F) (0.58,1,1). The light was always positioned at (0,-1,1). 901 
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 903 
 904 

Figure 4. A) Colonies of IR1 WT and ΔmoeA are grown for 2 days with 1% of 3 different 905 

polysaccharides: Artificial Sea Water Black with Kappa-Carrageenan instead of agar 906 

(ASWBKC), ASWB with agar and Fucoidan (ASWBF), and ASWB with agar Starch 907 

(ASWBS). All the photos were taken from position (1,0,1), following the scheme on Figure 908 

2B. B) Colony diameter in centimeters of IR1 WT and ΔmoeA grown on different media after 909 

6 days, as mean ± standard deviation of three biological replicates. 910 

 911 
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Figure 5. Images taken with a KEYENCE microscope using full coaxial light at the edge of 915 

the colony of IR1 WT and ΔmoeA growing on ASWB. These are frames at 0 minutes, 30 916 

minutes and 60 minutes from the respective 1-hour time-lapse videos. The blue arrows 917 

indicated the motility of a group of cells, and the yellow arrows indicated the forming of circular 918 

‘vortex’ patterning and movement. 919 

 920 

 921 
 922 

Figure 6. Goniometry analysis of IR1 WT and ΔmoeA strains grown as a film layer on 923 

ASWBKC medium. Specular reflection analysis of A) WT, and B) ΔmoeA, and scattering 924 

(light illumination with an angle of 60o) of C) WT, and D) ΔmoeA. The dotted lines represent 925 

the values of the grating equation.  926 
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 927 
 928 

Figure 7. Volcano plots of the peptides identified in A) the intracellular protein analysis, and 929 

in B) the extracellular protein analysis. Some of the most regulated proteins are shown in 930 

the plots. The horizontal dashed lines represent the cut-off value for the p-value (2), and the 931 

vertical dashed lines represent the cut-off value for the fold change (-1 and 1). 932 
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 933 
 934 

Figure 8. Putative operons or gene clusters with differentially expressed proteins identified in A) intracellular and B) 935 

extracellular proteomic analyses, based on function and proximity. To the left of each operon are the accession numbers of 936 

the translated proteins, to the right is the predicted function. Gene or protein names are indicated. Genes are colored based 937 

on the fold change of the encoded proteins. The black bars show the scale in kilobase pairs (kbp). TP: transporter, hyp: 938 

hypothetical protein, GA: glycoamylase, GHX: glycosyl hydrolase family X, GDP: glycerophosphoryl diester 939 

phosphodiesterase, CLB: colibactin biosynthesis, TBDR: TonB-dependent receptor, OMP: outer membrane protein, NTF: 940 

nuclear transport factor 2, ABH: alpha/beta hydrolase, TRX: thioredoxin domain-containing protein, XAT: xenobiotic 941 

acyltransferase, MT: SAM-dependent methyltransferase, GT-X: glycosyltransferase family X, CF: cell surface protein, SP: 942 

secretion protein. 943 
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 944 
 945 

Figure 9. Colonies of IR1 WT (top row) and ΔmoeA (bottom) grown on ASWS. Iodine vapor 946 

was used to dye the starch remaining in the media. The zones of starch degradation are 947 

seen as the lighter areas under the colonies. The images were taken at the same 90o angle 948 

from the front (left column) and back (right) of the plate. 949 

 950 

TABLES 951 

 952 

Table 1. Analysis of 117 bacterial genomes (87 SC and 30 non-SC) for the presence of the 953 

genes involved in molybdopterin cofactor synthesis. 954 

 955 

 956 

SUPPLEMENTARY INFORMATION 957 

 958 

Table S1. Bacterial strains used in this study. 959 

 960 

Bacterial strains Relevant characteristics Source 

Escherichia coli DH5α Strain used for general cloning NEB 

 moeA mobA sumT moaD moeZ moaE moaC2 moaA 

SC bacteria 100% 87% 100% 70% 100% 100% 100% 100% 

Non-SC bacteria 40% 37% 63% 20% 70% 40% 40% 50% 
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Flavobacterium IR1 Wild-type (WT) Johansen et al., 

2018 

Flavobacterium IR1 ΔmoeA IR1 moeA knock-out (KO) via SIBR This study 

 961 

Table S2. Plasmids used in this study. 962 

 963 

Plasmid name Description Source 

pSIBR048 ompAp-Int3 FnCas12a-mapt, Hup-NT spacer-ompAt, 

SpecR (E. coli), ErmR (IR1) 

(Patinios et al., 

2021) 

pMoeA_NT pSIBR048 containing homologous arms of moeA This study 

pMoeA_S1 pSIBR048 containing homologous arms of moeA and 

targeting spacer 1 for moeA 

This study 

 964 

Table S3. Oligonucleotides used in this study. 965 

 966 

Oligo ID Sequence Description 

cHA fwd TCCTCCTTAGCTCAGTTGGTTAG To check the introduction of the 

homologous arms into the 

plasmid, forward 

cHA rev CAGGAAACAGCTATGACCATG To check the introduction of the 

homologous arms into the 

plasmid, reverse 

cSp fwd CAGGAAACAGCTATGACCATG To check the introduction of the 

spacer into the plasmid, forward 

cSp rev CCAACACTTGCAAGGAACGG 

 

To check the introduction of the 

spacer into the plasmid, reverse 

moeA US fwd GGCCTCGAGATCTCCATGGATATTT

CCCAAGATGAATTTG 

Upstream homologous arm for 

moeA, forward 

moeA US rev GCTATTTTATAAGGTAAGCA Upstream homologous arm for 

moeA, reverse 

moeA DS fwd TGCTTACCTTATAAAATAGCAGCAGT

GTGTAAATTTAAAC 

Downstream homologous arm for 

moeA, forward 

moeA DS rev CCTGCAATAAATCCTGCAGT Downstream homologous arm for 

moeA, reverse 

cHA inner moeA TAAAGATGCAGGCGTTTACG To check the insertion of the 

homologous arms of moeA  

moeA S1 fwd TGGTCTCTTAGACATTATTGCGCAA

AATAGTACATCTATGAGACCT 

moeA spacer insertion 1, forward 

moeA S1 rev AGGTCTCATAGATGTACTATTTTGC

GCAATAATGTCTAAGAGACCA 

moeA spacer insertion 1, reverse 

cFwd moeA GCTGTATAGGATGTAAAGCC To check the deletion of the moeA 

gene in the genome, forward 
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cRev moeA TAAAGATGCAGGCGTTTACG To check the deletion of the moeA 

gene in the genome, reverse 

 967 

Table S4. The most downregulated intracellular proteins in the ΔmoeA mutant, and proteins 968 

mentioned in the main text and in Figure 8. 969 

 970 

Role ID protein 
(GenBank) 

Protein name Gene 
name* 

 Fold 
change 

Molybdenum cofactor 
(MoCo) synthesis 

PAM94797 Molybdopterin molybdenum transferase moeA -6.64 

Purine catabolism PAM91437 2Fe-2S ferredoxin yagT -3.94 

PAM91438 FAD-binding molybdopterin 
dehydrogenase 

yagS -1.82 

PAM91439 Aldehyde oxygenase yagR -3.20 

Fatty acid 
biosynthesis 

PAM91878 DUF983 domain-containing protein hyp1 -1.18 

PAM91879 [acyl-carrier-protein] S-
malonyltransferase 

fabD -2.02 

Phospholipid 
transformation 

PAM93675 ABC transporter ATP-binding protein mlaF -6.64 

PAM93677 Membrane assembly protein asmA -6.64 

Nitrogen assimilation PAM94801 Nitrite reductase - -1.15 

Translation PAM92040 Ribosomal protein L27 rpmA -1.57 

PAM92136 Ribosomal protein S15 rpsO -1.54 

PAM94293 Ribosomal protein L16 rplP -1.35 

RNA processing PAM93099 tRNA(guanosine(37)-N1)-
methyltransferase 

trmD -1.38 

PAM93366 Proline—tRNA ligase proS -1.25 

PAM96417 tRNA(adenosine(37)-N6)-
threonylcarbamoyltransferase complex 
ATPase subunit type 1 

tsaE -2.70 

DNA transcription PAM92509 RNA polymerase sigma-54 factor rpoN -1.23 

PAM93777 RNA polymerase sigma-19 factor fecI -3.52 

Amino acid 
biosynthesis 

PAM91434 Alanine dehydrogenase xdhC -6.64 

PAM94076 Type II 3-dehydroquinate dehydratase aroQ -1.41 

PAM95008 Acetylornithine deacetylase argE -1.33 

PAM95600 Glutamine synthetase glnA -1.89 

Antimicrobial 
resistance 

PAM93287 Transporter TP -1.90 

PAM93288 Hydrophobe/amphiphite efflux-1 family 
RND transporter 

mdtF -1.17 

PAM93289 Efflux transporter periplasmic adaptor 
unit 

mdtE -2.52 

Unknown PAM92103 Hypothetical protein hypA -6.64 

PAM93709 Hypothetical protein - -6.64 

* Gene name or protein with the designation that gives the most information. “-” means no 971 

gene name; hyp: hypothetical; TP: transporters. 972 

 973 
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Table S5. The 5 most upregulated intracellular proteins in the ΔmoeA mutant, and proteins 974 

mentioned in the main text and in Figure 8. 975 

 976 

Role ID protein 

(GenBank) 

Protein name Gene 

name* 

Fold 

change 

Molybdenum 

cofactor (MoCo) 

synthesis   

PAM94790 GTP 3’,8-cyclase moaA 2.18 

PAM94791 Cyclic pyranopterin monophosphate 

synthase 2 

moaC2 2.15 

PAM94796 Molybdenum cofactor guanylyl 

transferase 

mobA 3.84 

Nitrogen assimilation PAM94787 NAD(P)H-nitrite reductase nirB 1.05 

Cell wall synthesis PAM94230 Hypothetical protein hyp2 1.23 

PAM94231 Hypothetical protein GT-2a 2.32 

PAM94234 Hypothetical protein GT-2b 1.92 

PAM94238 ABC transporter ATP-binding protein tagH 1.24 

Respiratory electron 

transport 

PAM91938 Cytochrome oxidase subunit III cyoB 1.00 

PAM91940 Protoheme IX farnesyltransferase cyoE 2.32 

Carbohydrate 

metabolism 

PAM95090 Xylosidase GH43 1.03 

PAM95092 Beta-glucosidase bglX 1.11 

PAM95094 Nutrient uptake outer membrane 

protein 

susD1 1.06 

PAM95388 Laminarase GH16 1.07 

PAM95389 Hypothetical protein hyp3 1.52 

Stress response PAM94360 Chalcone isomerase - 4.14 

PAM94935 DUF6734 family protein TRX1 3.39 

PAM94936 Hypothetical protein TRX2 1.84 

PAM94937 Hypothetical protein hyp4 1.62 

Signal transduction  PAM95501 Response regulator - 3.59 

RNA processing PAM93105 23S rRNA (adenine(1618)-N(6))- 

methyltransferase 

rlmF 5.47 

Regulation of DNA 

transcription 

PAM92290 TetR family transcriptional regulator acrR 1.38 

PAM93723 Transcriptional regulator ompR 2.41 

PAM94944 Transcriptional regulator hipB 3.84 

Proteolysis PAM96640 Aminopeptidase AP1 4.04 

Non-ribosomal 

peptide synthesis 

PAM96235 Hypothetical protein CLB 1.78 

PAM96237 Hypothetical protein CLB1 2.83 

PAM96238 Hypothetical protein clbI 2.21 

PAM96239 Hypothetical protein entF 3.03 

PAM96240 Hypothetical protein clbB 2.11 

PAM96241 Hypothetical protein TBDR 1.60 

PAM96242 Hypothetical protein CLB2 2.42 

PAM96243 Hypothetical protein OMP 1.14 
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PAM96245 Thioesterase clbQ 1.77 

PAM96247 Non-ribosomal peptide synthetase CLB3 1.40 

PAM96501 4-phosphopantetheinyl transferase clbA 1.83 

PAM96502 Alpha/beta hydrolase ABH1 2.61 

Unknown PAM96476 Hypothetical protein hypB 4.92 

* Gene name or protein with the designation that gives the most information. “-” means no 977 

gene name; hyp: hypothetical; GT-2:glycosyltransferase family 2; GHX: glycosyl hydrolase 978 

family X; TRX: thioredoxin domain-containing protein; TBDR: TonB-dependent receptor; 979 

OMP: outer membrane protein; CLB: colibactin biosynthesis ABH: alpha/beta hydrolase. 980 

 981 

Table S6. The most 5 downregulated extracellular proteins in the ΔmoeA mutant, and 982 

proteins mentioned in the main text and in Figure 8. 983 

 984 

Role ID protein 

(GenBank) 

Protein name Gene 

name* 

Secretion  

pathway** 

Fold 

change 

Protein modification PAM93429 Peptidylprolyl isomerase fkpA SP -3.00 

PAM93873 Glutamine 

cyclotransferase 

- SP -2.18 

Carbohydrate 

metabolism 

PAM91916 Galactose oxidase - SP -1.48 

PAM91646 Nutrient uptake outer 

membrane protein 

susC SP -1.03 

Stress response PAM94872 Superoxide dismutase sodC SP -1.51 

Cell division PAM92714 Murein hydrolase 

activator 

envC SP -3.51 

Antibiotic resistance PAM96491 Serine hydrolase - SP -2.40 

PAM91787 Serine hydrolase - SP -1.71 

Lipopolysaccharide 

assembly 

PAM94009 Hypothetical protein hypG NC -3.13 

PAM95883 Hypothetical protein - SP -2.19 

Electron transport PAM91962 Cytochrome C ctaD SP -1.13 

PAM95417 Azurin azu SP -2.82 

Motility PAM91688 Flagellin biosynthesis 

protein 

flgD SP -4.72 

PAM91755 Gliding motility protein gldL NC -2.22 

Transport PAM92093 TonB-dependent 

receptor 

fepA SP -1.98 

PAM93287 RND transporter tolC SP -1.95 

Unknown PAM92477 Hypothetical protein hyp10 SP -1.93 

PAM92479 Hypothetical protein hyp11 SP -1.32 

PAM96055 Hypothetical protein - SP -2.63 

* Gene name or protein with the designation that gives the most information. “-” means no 985 

gene name; hyp: hypothetical. 986 

** SP: signal peptide; NC: non-classical; -: not secreted. 987 
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 988 

Table S7. The 5 most upregulated extracellular proteins in the ΔmoeA mutant, and proteins 989 

mentioned in the main text and in Figure 8. 990 

 991 

Role ID protein 

(GenBank) 

Protein name Gene 

name* 

Secretion  

pathway** 

Fold 

change 

Transport PAM94786 Hypothetical protein - SP 2.28 

PAM96649 Hypothetical protein - SP 2.41 

Proteolysis 

  

PAM93900 Zinc metalloprotease - SP 2.29 

PAM95531 Hypothetical protein - SP 2.22 

Carbohydrate 

metabolism 

PAM93863 Glycoside hydrolase 

family 18 

GH18 SP 2.42 

PAM94980 TonB-dependent receptor TBDR SP 1.39 

PAM95091 Glycerophosphodiester 

phosphodiesterase 

GDP SP 1.49 

PAM95092 Beta-glucosidase bglX SP 1.78 

PAM95094 Nutrient uptake outer 

membrane protein 

susD1 SP 1.10 

PAM95095 TonB-linked outer 

membrane protein 

susC1 SP 1.13 

PAM95273 Pectate lyase pelB SP 1.41 

PAM95448 TonB-linked outer 

membrane protein 

susC2 SP 1.12 

PAM95449 Nutrient uptake outer 

membrane protein 

susD2 SP 1.66 

PAM95764 Alpha/beta hydrolase ABH2 - 1.10 

Fatty acid 

biosynthesis 

PAM92474 Acetyl-CoA carboxylase, 

biotin carboxyl carrier 

protein 

accB NC 2.56 

PAM92475 Acetyl-CoA carboxylase 

biotin carboxylase 

subunit 

accC - 1.20 

Cell division PAM92348 Hypothetical protein hypF SP 2.76 

Unknown PAM91530 Secretion protein SP SP 1.55 

PAM91622 Cell surface protein CF SP 1.09 

PAM92266 Hypothetical protein hypE NC 3.11 

PAM92573 Hypothetical protein hypD SP 4.05 

PAM93697 Hypothetical protein hyp5 SP 1.43 

PAM93700 Hypothetical protein hyp6 NC 1.97 

PAM93702 Hypothetical protein hyp7 SP 1.50 

PAM95724 Hypothetical protein hyp8 SP 1.65 

PAM95725 Hypothetical protein hyp9 SP 1.18 
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* Gene name or protein with the designation that gives the most information. ABH: 992 

alpha/beta hydrolase; SP: secreted protein; CF: cell surface. 993 

** SP: signal peptide; NC: non-classical; -: not secreted. 994 
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