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Abstract 24 

Biofilms aid bacterial adhesion to surfaces via direct and indirect mechanisms, and 25 

formation of biofilms is considered as an important strategy for adaptation and survival in sub-26 

optimal environmental conditions. However, the molecular underpinnings of biofilm formation in 27 

subsurface sediment/groundwater ecosystems where microorganisms often experience 28 

fluctuations in nutrient input, pH, nitrate or metal concentrations is underexplored. We examined 29 

biofilm formation under different nutrient, pH, metal, and nitrate regimes of 16 Rhodanobacter 30 

strains isolated from subsurface groundwater wells spanning diverse pH (3.5 to 5) and nitrate levels 31 

(13.7 to 146 mM). Eight Rhodanobacter strains demonstrated significant biofilm growth under 32 

low pH, suggesting adaptation to survive and grow at low pH. Biofilms intensified under 33 

aluminum stress, particularly in strains possessing fewer genetic traits associated with biofilm 34 

formation warranting further investigation. Through RB-TnSeq, proteomics, use of specific 35 

mutants and transmission electron microscopy analysis, we discovered flagellar loss under 36 

aluminum stress, indicating a potential relationship between motility, metal tolerance, and biofilm 37 

growth. Comparative genomic analyses revealed absence of flagella and chemotaxis genes, and 38 

presence of putative Type VI secretion system in the high biofilm-forming strain FW021-MT20. 39 

This study identifies genetic determinants associated with biofilm growth in a predominant 40 

environmental genus, Rhodanobacter, under metal stress and identifies traits aiding survival and 41 

adaptation to contaminated subsurface environments.  42 

 43 
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 46 



Introduction 47 

Biofilms are structured communities of microorganisms enmeshed in an self-produced, 48 

extracellular matrix, typically consisting of exopolysaccharides, proteins, and nucleic acids [1]. 49 

Microbial biofilms are found quite commonly on Earth [2], even discovered in ancient geological 50 

records [3, 4], suggesting a potential role in adaptation to different environments. As the three-51 

dimensional architecture of biofilms differs significantly from planktonic microorganisms [5, 6], 52 

biofilms often have enhanced resilience against environmental perturbation such as UV radiation, 53 

temperature, pH, antibiotics and other stressors [7–10]. The architecture of biofilms not only 54 

shields the microbial members but also facilitates substrate exchange and cell-cell communication, 55 

underscoring biofilms as a vital evolutionary strategy for microbial survival [11]. Although 56 

biofilms within the human microbiome, rhizobiome, wastewater treatment, and those in extreme 57 

environments is extensively documented [11–14], given sampling constraints, biofilms in shallow, 58 

subsurface environments, characterized by low oxygen, limited nutrients, and sometimes high 59 

concentrations of contaminants [15, 16] remains largely underexplored despite important 60 

implications in carbon, nitrogen and water turnover.  61 

The U.S. Department of Energy’s Oak Ridge Reservation (ORR) is characterized by a 62 

contamination plume containing high concentrations of mixed waste [17], and previous work 63 

identified a significant correlation between presence of Rhodanobacter species, low pH (< 4.0), 64 

and high levels of metals (UO22+, Mn2+, Al3+, Cd2+, Zn2+, Co2+, and Ni2+) [18]. Rhodanobacter 65 

appear to be versatile, inhabiting diverse environments such as groundwater, sediments, soil, and 66 

plant endospheres [19–23]. Many Rhodanobacter strains exhibit complete denitrification, 67 

positioning them as key players in the environmental nitrogen cycle [21, 22], which is particularly 68 

relevant given the increasing global issue of nitrate pollution in surface and groundwater [22, 24]. 69 
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The pronounced abundance of these species at the likely stems from notable resistance to metals 70 

[25, 26] and tolerance to low pH environments [18] in addition to high nitrate. Previous studies at 71 

the ORR have illuminated the adaptation mechanisms of Rhodanobacter strains including lateral 72 

and horizontal gene transfer and negative selection [27, 28]. However, the specifics of 73 

Rhodanobacter sp. tolerance to stress conditions are not fully understood. Given that biofilms are 74 

known to have heightened resistance to various metals [29, 30], it is plausible that biofilm in the 75 

shallow subsurface (e.g., sediment-adhered, aggregates) plays a crucial role in Rhodanobacter 76 

survival under low pH and metal stress and could contribute to the abundance and distribution of 77 

Rhodanobacter at the ORR.   78 

The overarching goal of this study was to identify the different factors that contribute to 79 

Rhodanobacter predominance in the contaminated sediment and groundwater of the ORR site. To 80 

identify biofilm growth and stress responses in the indigenous Rhodanobacter sp., we assessed 81 

individual performance across varied nutrient, pH, nitrate, and metal conditions. 13 of 16 strains 82 

exhibited significant biofilm growth (P < 0.05) compared to the control, and eight showed 83 

significant biofilm growth at low pH levels. Aluminum stress, in particular, elicited the most 84 

pronounced biofilm responses in six out of eight strains. To identify genes and proteins involved 85 

in response to aluminum stress, we incorporated insights from random barcode transposon site 86 

sequencing (RB-Tnseq), proteomics, and Transmission Electron Microscopy (TEM). An extensive 87 

pangenome analysis, involving 48 Rhodanobacter genomes from diverse environments was 88 

conducted to identify potential genes central to biofilm growth, particularly emphasizing flagellar 89 

roles in the Rhodanobacter genus. The findings highlight a mechanism among Rhodanobacter 90 

strains, in which aluminum stress enhances biofilm growth that can be closely linked to flagella 91 

loss, suggesting a strategic adaptation to metal stress.  92 
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 93 

Materials and Methods 94 

Microbial Strain, growth media, and plate assay preparation 95 

A summary of the genomic characteristics for Rhodanobacter strains utilized in this study 96 

are detailed in Supplementary Table S1. Isolates were selected based on: (1) origin from 97 

groundwater wells with diverse geochemical profiles from the ORR (Table 1), (2) unique 98 

phylogenies (Supplementary Table S1), and (3) availability of whole-genome sequences for 99 

detailed genetic analysis (Supplementary Table S1). The groundwater wells were sampled to 100 

reflect the large geochemical gradient across the site[31]. Initially, bacterial cultures were revived 101 

from frozen stocks and grown on R2A agar plates at 30°C. Subsequent liquid cultures of these 102 

strains were incubated in R2A broth under shaking conditions (170 r.p.m.) at 30°C. Growth was 103 

monitored through optical density measurements at 600 nm (OD600), and cultures harvested for 104 

experiments upon reaching OD600 values of 0.2 to 0.3, followed by a single wash in a 30 mM 105 

phosphate buffer. 106 

We conducted a comprehensive multilevel experiment to investigate the independent 107 

impacts of environmental parameters. The influence of organic carbon availability was assessed 108 

using a minimal medium (synthetic groundwater, SGW) [32], and a defined broad nutrient medium 109 

(NLDM) based upon exo-metabolites of the field site [33]. The detailed composition of SGW 110 

medium is listed in supplementary materials. We also evaluated the impacts of pH and nitrate—111 

two critical geochemical parameters in the field—by adjusting a pH range of 4 to 7 (achieved using 112 

10-30 mM HOMOPIPES, with adjustment via 1M sodium dibasic phosphate buffer) and a nitrate 113 

gradient from 0 to 300 mM (diluted using a 5 M stock solution of sodium nitrate).  114 
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Metal response assays were conducted with six metals, previously identified as relevant to 115 

field conditions (Table 1) [18]. Sterile metal stock solutions were serially diluted into deep-well 116 

96-well plates (Costar, Thermo Fisher Scientific, Waltham, MA, USA). An INTEGRA (Integra 117 

lifesciences, Princeton, NJ, USA) liquid handling robot was employed for transferring these 118 

solutions into 96-well flat-bottom transparent microplates (Corning). The assay included negative 119 

controls (by addition of chloramphenicol at 0.2 g/L) and positive controls (MilliQ water). Each 120 

well in the assay plates was filled with 40 μL of metal solution discussed above.  121 

 122 

Quantitation of biofilm growth with the crystal violet assay 123 

Crystal violet assay for rigid biofilm growth was conducted in 96-well non-treated 124 

microtiter plates (Corning), following the procedure previously described [34]. Rhodanobacter 125 

strains were inoculated into the plates at a 1:10 (v/v) ratio to achieve a final volume of 80 µL 126 

(initial OD600 of 0.02) and incubated statically at 30°C in an incubator for 3 days. Cell density 127 

was assessed at OD600 using a BioTek plate reader (Synergy H1, Agilent) equipped with Gen5 128 

software. Post incubation, supernatant was discarded, and each well was washed three times with 129 

MilliQ water before air-drying the plates upside down on paper towels. For staining, 100 µL of a 130 

0.1% crystal violet solution (0.1% v/v crystal violet, 1% v/v methanol, and 1% v/v isopropanol in 131 

MilliQ water) was added to each well, followed by a 30-minute incubation at room temperature. 132 

After discarding the stain, wells were rinsed thrice with MilliQ water. The biofilm containing 133 

plates were then destained with 100 µL of a 30% acetic acid and 70% MilliQ water solution, 134 

incubated at room temperature for 30–60 minutes. Absorbance at 550 nm and 595 nm (OD550 and 135 

OD595) of the destaining solution was measured. Statistical significance (p < 0.05) of 136 
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experimental conditions were evaluated against control using the wilcoxon test and 137 

PERMANOVA analysis in R (version 4.3.0) with default parameters (stats v. 3.6.2). 138 

 139 

DNA extraction, whole-genome sequencing, and assembly 140 

Six unpublished Rhodanobacter strains isolated from the ORR field site or from packed-141 

bed reactor enrichments seeded with ORR site material were sequenced and assembled for this 142 

study. FW021-MT20 was isolated from well FW021 groundwater, whereas five other strains 143 

(FW106-PBR-R2A-3-15, FW106-PBR-R2A-1-13, FW106-PBR-LB-2-19, FW106-PBR-LB-2-144 

11, FW106-PBR-LB-1-21) were isolated from packed-bed reactors (PBR) that mimic field 145 

sediment conditions using well FW106 sediment as seedling inoculum. High-molecular weight 146 

(HMW) DNA was extracted from cell pellets using the QIAGEN Genomic-tip 100/G kit according 147 

to manufacturer directions. The DNA was needle-sheared before input to library prep via the 148 

Illumina DNA Prep kit. Illumina libraries were sequenced by Novogene (California, USA) using 149 

2X150bp reads on the Novaseq 6000 platform. The HMW DNA was used as input to the Oxford 150 

Nanopore Technologies Native Barcoding Expansion kit (EXP-NBD104). Adapters for Nanopore 151 

sequencing were attached using the Native Ligation kit (SQK-LSK109). Libraries were sequenced 152 

on an R9 flow cell (FLO-MIN106) using a MK1C MinION device.  153 

The sequencing data were quality-filtered and trimmed before assembly. For Illumina data, 154 

Novogene removed adapters in-house. We then used BBTools v38.86 155 

(sourceforge.net/projects/bbmap/) for quality-filtering and adapter removal. The processing was 156 

done in two passes using bbduk.sh as described in [35]. Nanopore data was basecalled, 157 

demultiplexed, quality-filtered, and had adapters removed using Guppy 4.0.9. Isolate FW021-158 

MT20 was only sequenced via the Illumina platform and assembled using SPAdes version 3.13.0 159 
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[36] with parameters --only-assembler --careful -k 21,33,55,77,99,127. The PBR isolates (FW106-160 

PBR-R2A-3-15, FW106-PBR-R2A-1-13, FW106-PBR-LB-2-19, FW106-PBR-LB-2-11, FW106-161 

PBR-LB-1-21) had genomes assembled through hybrid datasets with Unicycler v.0.4.8 [37] using 162 

default parameters with Illumina and Nanopore data as input.  163 

 164 

Genome assembly, annotation, and metabolic characterization 165 

We utilized the Department of Energy Systems Biology Knowledgebase platform (KBase) 166 

[38] for the genome assembly and annotation of 16 Rhodanobacter isolates from the ORR field 167 

site. The quality of the genome assemblies was assessed using QUAST [39] via contig number, 168 

size, total length, and predicted gene count. CheckM v1.4.0 [40] was employed to evaluate 169 

assembly quality and completeness. For functional annotation and metabolic profiling, we used 170 

DRAM v0.1.2 [41] for interactive functional summaries and comparison of metabolic profiles 171 

across the 16 genomes. To construct detailed metabolic overviews, we utilized KEGG Orthology 172 

(KO) numbers obtained through DRAM genome annotations. The criteria for selecting particular 173 

genes for analysis were based on documented association with biofilm growth and/or metal 174 

toxicity, as identified in the KEGG database and supported by literature cited in Supplementary 175 

Table S2. To validate presence in the genomes, we first searched for specific gene names within 176 

the DRAM annotations to confirm presence and uploaded these KO numbers to the KEGG 177 

database to reconstruct metabolic pathways and verify their incorporation.  178 

 179 

Reconstructing taxonomy for the genomes 180 

Phylogenetic analyses were conducted using the KBase “Insert Set of Genomes Into 181 

SpeciesTree” app (v2.2.0), which uses 49 core COG gene families for species tree construction 182 
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[42]. A subset of public KBase genomes closely related to Rhodanobacter genomes were selected 183 

based upon alignment similarity to these COG domains. The Rhodanobacter genomes were then 184 

inserted into curated multiple sequence alignments (MSAs) for each COG family. After post-185 

trimming with GBLOCKS to remove poorly aligned sections, the MSAs were concatenated, and 186 

FastTree2 (v2.1.10) was used to reconstruct an approximate maximum-likelihood phylogenetic 187 

tree [42], which included the 16 ORR Rhodanobacter genomes and 20 selected publicly available 188 

genomes. Average Nucleotide Identity (ANI)/Average Amino Acid Identity (AAI) values were 189 

calculated using a genome-based distance matrix calculator [43]. 190 

 191 

Pangenome analysis of the Rhodanobacter species 192 

Pangenome analysis encompassing 64 Rhodanobacter genomes (16 from this study and 48 193 

publicly available genomes), was performed using anvi'o (version 6.2) [44, 45]. The selection of 194 

public genomes from NCBI and Joint Genome Institute databases was confirmed to belong to the 195 

Rhodanobacter genus through the Ribosomal Database Project (RDP Taxonomy 18) [46]. The 196 

circular plot generated by anvi’o was manually binned as core, soft core, shell, and cloud gene 197 

clusters. The “core” genes were present in all 64 genomes, “soft core” genes were present in 61 to 198 

63 genomes, “cloud” genes were present in 1 to 3 genomes, and the remaining genes are “shell” 199 

genes.  200 

 201 

Mutant library construction and genome-wide fitness assays 202 

Given the varied biofilm growth responses among strains under our test conditions, a 203 

deeper investigation into the genetic and molecular mechanisms is warranted. FW104-10B01 was 204 

selected to facilitate this analysis due to its substantial response to aluminum. The FW104-10B01 205 
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RB-TnSeq library was generated via conjugation with an E. coli donor carrying a DNA barcoded 206 

mariner transposon delivery vector using previously established methods [47–49]. Details on 207 

mutant library construction will be described elsewhere (V.V. Trotter et al., in preparation). 208 

Library stocks, frozen at −80°C with 10% glycerol, were revived in R2A media containing 209 

5 μg/mL kanamycin, achieving an optical density (OD600) of 0.4 after approximately 20 hours. 210 

Biofilm fitness growth experiments were performed in 96-well plates, where each well received 211 

100 µL of SGW or NLDM media, with or without 1 mM aluminum as a stress factor. Initially, 212 

mutant library stock cultures were washed with 30 mM phosphate buffer and resuspended in media 213 

to an OD of 0.04, with 100 µL of this suspension added to the wells. Cultures in NLDM were 214 

incubated for 2 days and in SGW for 4 days before measuring the OD600. Planktonic fractions 215 

were processed by pooling media from 10 wells (4 replicates), and the attached fraction by 216 

washing, resuspending in phosphate buffer, sonicating for 5 minutes in an ice bath, and pooling 217 

from 10 wells (4 replicates). Both culture fractions (planktonic and attached) were then centrifuged 218 

at 15,000 rpm for 5 minutes to concentrate samples. These, along with time-zero reference 219 

samples, were flash-frozen and stored at -80°C for subsequent DNA extraction. We performed 220 

DNA barcode sequencing [50] and calculated gene fitness scores as previously described [47]. To 221 

validate our RB-TnSeq results, we also examined individual transposon mutants (knockouts) 222 

arrayed from the pooled RB-TnSeq library, focusing on genes exhibiting significant fitness 223 

changes (>2.5) between biofilm and planktonic fractions.  224 

 225 

Proteomics culture growth and analysis 226 

Cultures of wild-type FW104-10B01 were grown in R2A to a final OD600 of 0.4 to be 227 

consistent with RB-Tnseq experiments and washed once using 30 mM phosphate buffer (pH 7.0). 228 
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Cultures were grown in 96-well deep-well plates using the same stress variables tested for the RB-229 

TnSeq experiments. Each well contained 500 µL of stress/control medium and 500 µL of original 230 

inoculum resuspended in corresponding media (SGW, NLDM) with a starting OD = 0.02. After 2 231 

days (NLDM) and 4 days (SGW) of growth, the planktonic fraction was harvested by transferring 232 

the supernatants of a deep-well plate to another sterile 96-well deep well plate and centrifuged at 233 

3,250 x g for 10 min (JS 5.9). The original plate was considered containing sessile/biofilm fraction. 234 

Protein was extracted from cell pellets and tryptic-digested peptides were prepared by following 235 

established proteomic sample preparation protocol [50]. The detailed protocol for protein analysis 236 

can be found in the supplementary materials. The generated mass spectrometry proteomics data 237 

have been deposited to the ProteomeXchange Consortium via the PRIDE [51] partner repository 238 

with the dataset identifier PXD049428.  239 

 240 

Transmission Electron Microscopy (TEM)  241 

FW104-10B01 (characterized by RB-Tnseq and proteomics) and FW021-MT20 (observed 242 

strongest biofilm growth) were grown in NLDM and SGW under identical conditions as described 243 

above for fitness growth for TEM imaging. To prepare specimens for electron microscopy, 4 μL 244 

aliquots of each strain were applied to glow-discharged carbon-coated grids (Formvar-carbon, 200 245 

mesh copper, Electron Microscopy Sciences). After five minutes, grid samples were partially 246 

blotted to leave about 1 μL. Grids were then placed sample-side down on a drop of DI water for 247 

five seconds and removed. Water-treated grids were oriented sample-side up and again partially 248 

blotted to about 1 μL. For negative staining, 2 μL of a 1% uranyl acetate solution was then added 249 

to the remaining liquid on each grid. After ten seconds, grids were blotted to dryness. Completed 250 

grids were examined in a JEOL JEM-1200EX electron microscope operating at 80 kV and over a 251 
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magnification range of 5,000X to 30,000X. Images were recorded using a 2k x 2k pixel CCD 252 

camera (UltraScan, Gatan) controlled by the DigitalMicrograph software package. 253 

 254 

Results 255 

Variable response in biofilms formation among Rhodanobacter strains 256 

 Using high-throughput crystal violet assay we evaluated biofilm growth of 16 257 

Rhodanobacter strains, chosen for their unique geochemical origins, diverse phylogeny, and 258 

available genomes (Supplementary Table S1). We first assessed the impact of nutrients on biofilm 259 

formation by comparing growth in a minimal (SGW) and broad-nutrient (NLDM) media 260 

representing general in-situ conditions and occasional nutrient pulses, SGW contains substantially 261 

less total dissolved Organic Carbon (OC) (232 mg/L) than NLDM (1260 mg/L) (Supplementary 262 

Table S3). We then investigated the effect of pH and nitrate, given the notable variability at the 263 

ORR field site where these strains predominate (Table 1). There were no significant differences in 264 

biofilm growth under the same pH or nitrate levels in the two media types (Supplementary Figure 265 

S1) despite variable OC concentrations. Besides, Wilcoxon tests show no significant differences 266 

in individual strains’ biofilm growth between media types at the same pH or nitrate levels 267 

(Supplementary Table S4). Non-uniform response to environmental factors was observed across 268 

isolates from identical wells or species. Where strains from wells FW106 and FW510 (pH < 4) 269 

showed a significant negative correlation with nitrate levels in NLDM medium (P = 0.009 and P 270 

= 0.005, respectively), a pattern not replicated in SGW medium (P = 0.155 and P = 0.419, 271 

respectively) (Supplementary Figure S2, Supplementary Table S5). Additionally, strain-specific 272 

biofilm growth in response to environmental stresses is observed. Six strains had a significant (P 273 

< 0.05) positive correlation with pH (Supplementary Figure S3) and nine strains showed a 274 



significant negative correlation with nitrate. Only FW104-T7 displayed a positive correlation 275 

(Supplementary Figure S3) with nitrate. FW021-MT20 formed robust biofilms under varying OC 276 

conditions and across a broad pH and nitrate range, demonstrating exceptional resilience (Figure 277 

1). These findings highlight the complex, strain-specific responses of Rhodanobacter biofilm 278 

growth to environmental factors.  279 

 280 

Aluminum can trigger biofilm growth in select Rhodanobacter strains 281 

From a group of 16 Rhodanobacter isolates, we chose eight strains for metal testing based 282 

on their diverse origins, which included environments with pH levels ranging from 3.43 to 5.22, 283 

nitrate concentrations between 13 and 146 mM, aluminum levels from 0.2 to 4.2 mM, and 284 

manganese levels from 0.16 to 2.39 mM (Table 1). These selected strains also represented five 285 

distinct species, ensuring genetic diversity (Supplementary Table S1), and observed strain-specific 286 

patterns (Figure 2). Across 480 experimental setups (combining different strains, metals, and 287 

concentrations), 93 conditions significantly enhanced biofilm growth (log2FC > 0.5 compared to 288 

control conditions without metal stress). Strain FW510-T8 showed the most robust response with 289 

enhanced growth under 46 metal conditions. In contrast, FW104-R8 responded positively only to 290 

three specific aluminum concentrations. Among six tested metals, aluminum boosted biofilm 291 

growth in most conditions (25 conditions across six strains) and showed the most pronounced 292 

effects (OD550 as high as 1.0). However, high aluminum concentrations (> 10 mM) severely 293 

inhibited biofilm growth in several strains, illustrating complex, strain-dependent responses 294 

(Figure 2). Although other metals do have some effect, for the scope of this work we focused on 295 

the metal (aluminum) that caused the most pronounced effect. 296 



Strain FW104-10B01 demonstrated a pronounced ability to thrive under a wide range of 297 

aluminum concentrations, highlighting a particular resilience to aluminum stress (Figure 2). To 298 

determine the underlying molecular mechanisms influencing biofilm growth under aluminum 299 

stress, we have used a combination of BarSeq-based fitness analysis [47], point mutants, and 300 

proteomics. We used 1 mM aluminum for BarSeq-based fitness tests due to its significant biofilm-301 

inducing effect on this strain and compared the harvested biofilm with the planktonic fraction. 302 

Strain fitness values were calculated as the normalized log2 ratio of counts for each individual 303 

mutant between growth samples and a time-zero reference [47]. Gene fitness values were derived 304 

as a weighted average of strain fitness values (Supplementary File S1). Under aluminum stress, 305 

many flagellar genes (e.g., flh, fli, flg) in Rhodanobacter sp. FW104-10B01 showed significant 306 

(>1.5) positive fitness changes in the biofilm fraction, a response not observed without aluminum 307 

stress or in planktonic fraction. This suggests that flagellar loss and/or down-expression is a 308 

specific physiological response to aluminum stress in biofilms. Proteomic analysis of biofilm 309 

fraction confirmed this finding, flagella-related genes (e.g., fliA) were significantly downregulated 310 

in biofilms under aluminum exposure (Supplementary Table S6). Transmission electron 311 

microscopy (TEM) also showed notable morphological changes that included flagella/pili loss 312 

(Figure 3). Additionally, genes involved in secondary metabolite metabolism, like c-di-GMP and 313 

cAMP, were significantly altered by aluminum, with RB-TnSeq highlighting Crp (cAMP 314 

metabolism) and a GGDEF domain-containing phosphodiesterase (c-di-GMP metabolism) with 315 

positive fitness changes greater than 3.5 (Table 2). Proteomic data corroborated these findings, 316 

showing significant downregulation of Crp and pdeB (c-di-GMP) in biofilms, suggesting roles for 317 

cAMP and c-di-GMP for biofilm conditions under aluminum stress in Rhodanobacter as well as 318 
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highlighting the impact of aluminum on cellular morphology and biofilm dynamics 319 

(Supplementary Table S5). 320 

To validate the above results and confirm the role of specific genes in biofilm growth, we 321 

tested transposon mutants for selected genes exhibiting large fitness changes (log2 ≥ 2.5) from 322 

biofilm fractions. In NLDM, no individual mutants (knock-out) surpassed wild-type biofilm 323 

growth (Supplementary Figure S4), regardless of aluminum stress. However, in SGW, several 324 

mutants, including LRK54_RS11585 (Crp), LRK54_RS13565 (FlhA), LRK54_RS13580 (FliA), 325 

and LRK54_RS13485 (Fis family transcriptional regulator), demonstrated significantly higher 326 

biofilm growth compared to the wild type (Supplementary Figure S4). Furthermore, TEM imaging 327 

of individual transposon mutants (knock-out) in SGW without aluminum stress showed an absence 328 

of flagella but the presence of multiple pili, leading to increased cell self-association 329 

(Supplementary Figure S5). 330 

 331 

Genomic insights into biofilm growth and phylogenetic relationships in Rhodanobacter strains 332 

 To identify genetic features linked to the biofilm phenotype across the Rhodanobacter 333 

genus, we used comparative genomic and pangenomic analysis. We analyzed genomes of 16 field-334 

derived Rhodanobacter strains (six sequenced and assembled from this study and ten previously 335 

published [27, 28] ) from the ORR sediment and groundwater. Phylogenetic analysis, based on 49 336 

highly conserved COG domains [42], placed our 16 isolates into six distinct clusters (Figure 4A) 337 

within the Rhodanobacter genus. ANI and AAI metrics confirmed these isolates as belonging to 338 

six different species (same species cutoff for ANI: 95% and AAI: 96%) [52, 53], with distinct 339 

phylogenetic affiliations even among isolates from the same well (Figure 4B). The genomes 340 
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(Supplementary Table S1) generally showed similar GC content (from 67.11% to 67.9%), except 341 

for FW021-MT20 (64.52%), which also has a slightly larger genome size (4.33 Mbp).  342 

 Typical biofilm matrix proteins reported in literature (e.g. Pel, Psl, VPS, RbmA, Bap1, and 343 

RbmC) [54] were absent in the genomes of 16 Rhodanobacter strains tested in this research, 344 

including FW021-MT20, which demonstrated the most robust biofilm growth overall (Figure 1). 345 

However, FW021-MT20 does possess several other genes annotated as related to biofilm such as 346 

epsG (EPS biosynthesis enzymes) [55] which is absent in other Rhodanobacter genomes 347 

(Supplementary Table S2). Another notable distinction of FW021-MT20 is the complete absence 348 

of flagella and most chemotaxis genes (Supplementary Table S2) compared to other 349 

Rhodanobacter genomes.  350 

Pangenomic analysis of 64 Rhodanobacter genomes (23 of them are from the deep 351 

subsurface), including our 16 ORR genomes and all other 48 publicly available genomes, 352 

identified 22,671 gene clusters, categorized into core (n = 1,363), soft core (n = 253), shell (n = 353 

6,311), and cloud clusters (n = 14,744) (Figure 5). As expected, core and soft-core clusters 354 

primarily include genes essential for basic cellular functions and central metabolism, along with 355 

proteins for pilus assembly. Flagella and chemotaxis genes, typically vital for movement and 356 

environmental response, predominantly appear in shell clusters. This categorization is supported 357 

by the presence of nearly complete flagella and chemotaxis gene sets in 48 of 64 genomes, 358 

according to the KEGG database (Supplementary Table S7). Further analysis integrating genotype 359 

with phylogenetic, and the isolation sources based on the ANI index, revealed a distinct clustering 360 

of Rhodanobacter isolates from deeper subsurface environments, marked by complete flagella and 361 

chemotaxis gene sets (Supplementary Figure S6). Conversely, genomes without flagellar genes, 362 
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often isolated from soil or rhizosphere environments, showed significant phylogenetic divergence 363 

from other Rhodanobacter strains (ANI < 85%).  364 

 365 

Discussion 366 

We examined biofilm growth in 16 environmental Rhodanobacter strains isolated from 367 

field samples with distinct geochemistry from the ORR field site. We observed varied biofilm 368 

responses to environmental stresses - namely pH, nitrate and metals (Figure 1). Although 369 

availability of nutrients are generally known to impact biofilm growth [56], our results show 370 

insignificant effects of higher OC load on biofilms (Supplementary Figure S1). Eight 371 

Rhodanobacter strains produced more biofilm mass under low pH (Supplementary Figure S3), 372 

which align with the fact that strains FW106-PBR-R2A-3.15 and FW106-PBR-LB-2.19 were 373 

isolated from a low-pH (4.0) packed-bed reactor run with inocula derived from groundwater well 374 

FW106 (3.88-4.21), suggesting that these Rhodanobacter strains are adapted to survive and grow 375 

at low pH. Producing biofilms likely facilitates this adaptation, providing microniches with 376 

different pH and/or metal concentrations [15]. Similarly, many pathogenic bacteria enhance 377 

extracellular matrices when challenged with acidic environments such as the gut [57, 58]. Nine 378 

strains also showed higher biofilm growth under lower nitrate concentrations (Supplementary 379 

Figure S3), corroborating previous findings that nitrate can impede biofilm growth in some 380 

bacteria as in Pseudomonas aeruginosa, Burkholderia pseudomallei, and Escherichia coli [59–381 

62].  382 

Our study demonstrated that five nearly identical Rhodanobacter strains (ANI > 99.9, 383 

Supplementary Table S1, Figure 4B) exhibit varied responses to stress, despite their close 384 

phylogenetic relationship. Strain FW104-R8 isolated from well FW104 with pH 5.22, showed a 385 
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significant inverse relationship (P < 0.001) between biofilm formation and pH, whereas strains 386 

FW106-PBR-LB-1-21, FW106-PBR-LB-2-11 from wells FW106 (pH 4.01) and FW510-R10, 387 

FW510-T8 from FW510 (pH 3.55), were unperturbed by pH (Supplementary Table S8). In fact, 388 

these latter strains exhibited increased overall growth (as indicated by OD600 readings) at higher 389 

pH levels (data not shown), ruling out the notion that enhanced biofilm formation was simply a 390 

consequence of increased microbial growth. Phenotypic differences among near-identical strains 391 

can potentially be linked to niche adaptation [63], where strains isolated from higher pH 392 

environment form biofilm as a defense mechanism when exposed to acidic conditions, and 393 

conversely, strains from lower pH environments naturally adapt to the niche, eliminating the need 394 

for biofilm growth. Future work is needed to delineate the relationships between biofilm capacity 395 

and microbial distribution along physical and chemical gradients in shallow, subsurface 396 

environments, particularly using a multifactorial design to explore the interactions between pH, 397 

nitrate, and metal conditions on biofilm growth. 398 

We discovered that aluminum substantially enhances biofilm growth in Rhodanobacter 399 

(Figure 2). The concentration of aluminum at which certain Rhodanobacter strains exhibited 400 

notable biofilm enhancement (Figure 2, log2FC > 1) aligns with the naturally occurring aluminum 401 

concentrations found in the groundwater wells from which these strains were originally isolated 402 

(Table 1), suggesting an adaptive response to the environmental presence of aluminum and perhaps 403 

other metals. Aluminum generally interferes in biological processes by mimicking essential metals 404 

for arginine synthesis and calcium-mediated signaling [64, 65], both known to affect biofilm 405 

formation [66, 67] as demonstrated in Pseudomonas and Escherichia coli [68, 69]. However, the 406 

significance and mechanism of aluminum regulating biofilm growth remains largely unknown in 407 

environmental strains. Our study reveals that aluminum exposure leads to flagellar loss and 408 
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increased biofilm in Rhodanobacter sp. FW104-10B01, challenging the conventional view that 409 

flagellar genes are vital for biofilm formation [70–75], as flagellar is an important structure to 410 

reach substratum for attachment and initiate biofilm formation [76]. Instead, pili might play an 411 

important role in biofilm formation for Rhodanobacter strains, as a high density of relatively long 412 

pili was observed on the cell surface of FW021-MT20 and in flagellar mutants of FW104-10B01. 413 

Nevertheless, both flagella and pili disappear under extreme stress (such as aluminum), which 414 

reinforces the biofilm’s stability and defense mechanisms. Beyond flagellar and pili genes, we 415 

highlight the potential role of cAMP and c-di-GMP regulatory proteins in Rhodanobacter biofilm 416 

growth using both RB-TnSeq and proteomics data. c-di-GMP can act as a pivotal secondary 417 

messenger mediating the transition from planktonic to sessile life forms [77–79], and the cAMP-418 

activated regulator Crp is known to influence biofilm regulation in Pseudomonas aeruginosa and 419 

Escherichia coli [80–82]. Rhodanobacter mutants lacking Crp or a presumptive GGDEF domain-420 

containing phosphodiesterase showed positive fitness values for biofilm formation, particularly 421 

under aluminum stress (Table 2), and Crp mutants demonstrated a marked increase in biofilm 422 

production coinciding with the lack of flagella in stress-free conditions (Supplementary Figure 423 

S4). Moreover, the interaction between c-di-GMP and cAMP appears to modulate flagellar 424 

expression, with higher c-di-GMP levels inhibiting flagellar motion and promoting adhesin and 425 

EPS production [83] (Supplementary Figure S5). Moreover, Rhodanobacter FW104-10B01 426 

response to aluminum stress involved crp and pdeB down-expression and secondary messenger 427 

accumulation, appearing to promote a shift towards biofilm growth correlated with the 428 

downregulation of flagellar genes. Together, these findings enhance our understanding of the 429 

interaction among c-di-GMP, cAMP and flagellar pathways in Rhodanobacter under aluminum 430 
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stress, clarifying previously conflicting reports regarding the influence of metal stress on 431 

secondary messenger levels and associated biofilm growth [84, 85].  432 

Comparative genomic analyses across strains of the Rhodanobacter genus enabled the 433 

identification of genes linked to biofilm formation under environmentally relevant conditions. 434 

Although no typical biofilm matrix genes are found in the genomes, Rhodanobacter species might 435 

have evolved distinct biofilm formation mechanisms due to specific ecological niches or 436 

environmental pressures, differing from biofilm model organisms [86, 87], and like Pseudomonas, 437 

they may use varied and yet-to-be-characterized sets of proteins or polysaccharides for biofilm 438 

formation [88]. Future work involving proteomic and transcriptomic analyses will help identify 439 

and characterize the biofilm matrix components in Rhodanobacter. Rhodanobacter strain FW021-440 

MT20, characterized by robust biofilm formation under diverse conditions (Figure 1), completely 441 

lacks flagellar and most chemotaxis genes (Supplementary Table S2), suggesting that lack of 442 

flagella (either genetically or phenotypically) is potentially linked to increased biofilm production. 443 

FW021-MT20 also possesses unique genes related to the Type VI secretion system (T6SS), pivotal 444 

in bacterial virulence and interactions, including biofilm formation [89]. Specifically, previous 445 

studies have shown that certain T6SS genes, especially hcp genes, are essential for the ability of 446 

bacteria to form mature biofilms [90–92]. Many of the genomes (n=31) showed presence of hcp 447 

genes from our pangenomic analysis, and we identified a unique hcp sequence in strain FW021-448 

MT20 that exhibited less than 40% similarity to those of 28 other Rhodanobacter strains 449 

(Supplementary Figure S8). This suggests that hcp gene in FW021-MT20 potentially performs a 450 

different function compared to other strains. Recent studies also highlighted the role of T6SS in 451 

the transport of metal ions [93], which could be relevant to FW021-MT20’s responses to aluminum 452 

stress. Rhodanobacter glycinis T01E-68, a biofilm producing strain in rhizosphere environments 453 
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[23], has high genetic similarity with FW021-MT20 (high ANI values, both lack flagellar genes, 454 

and have identical hcp genes) (Supplementary Figures S6, S8). The identification of two 455 

genetically similar Rhodanobacter strains exhibiting potentially analogous behaviors in distinctly 456 

different environments underscores the critical role of gene conservation in microbial adaptation 457 

and ecological versatility, especially for those genes linked to biofilm growth. In nutrient-limited 458 

subsurface environments, we propose that these findings can be extended beyond Rhodanobacter 459 

to provide a broader understanding of microbial adaptation and survival.  460 

In summary, our comprehensive analysis of 16 Rhodanobacter strains revealed a 461 

previously unknown pathway of biofilm growth significantly influenced by environmental factors 462 

- low pH and aluminum stress. These conditions not only increase biofilm development but also 463 

lead to a reduction in flagella, as supported by RB-TnSeq, proteomic and TEM analyses. 464 

Additionally, our results indicate a suppression of the crp and pde genes under stress, suggesting 465 

that an accumulation of secondary messengers like cAMP and c-di-GMP may be involved in the 466 

transition from a planktonic to a sessile lifestyle and impact flagella expression. Furthermore, we 467 

show that strain FW021-MT20, exhibiting highest biofilm formation, lacks flagella and 468 

chemotaxis genes but possesses a specific secretion system and quorum sensing genes. Together, 469 

these results not only underscore resilience and adaptation in Rhodanobacter in metal-stressed 470 

environments but also provide fresh perspectives on mechanisms of biofilm growth in this genus.  471 
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 734 

Figure and Table Captions 735 

Figure 1: Heatmap results highlighting the biofilm growth capabilities of 16 Rhodanobacter 736 

isolates under varying pH conditions (ranging from pH 4 to pH 7) and nitrate conditions (ranging 737 

from 0 mM to 300 mM), carried out across two different media (SGW, NLDM). (A): Nitrate, 738 

SGW, (B): Nitrate, NLDM, (C): pH, SGW, (D): pH, NLDM. The OD550 values are calculated 739 

from the mean values observed in the corresponding isolates for each medium. The row is clustered 740 

using euclidean distance in between the values measured from each sample.  741 

Figure 2: Heatmap showing biofilm growth capacities of eight selected Rhodanobacter strains 742 

under various metal stress conditions (aluminum, cobalt, copper, manganese, nickel, zinc). Biofilm 743 

quantification was performed using crystal violet staining, with readings taken at OD550. The 744 

mean value of the triplicates for individual isolates under certain metal stress was calculated 745 

against the “positive control” (no stress condition) to get the log2FC values shown in the heatmap.  746 

Figure 3: TEM images of Rhodanobacter (A-D) FW104-10B01 and (E) FW021-MT20 cultured 747 

in synthetic groundwater media supplemented with 1 mM Aluminum Chloride (B-D), and in the 748 
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absence of any metal additions (A, E). Key features observed include (B) loss of pili and/or 749 

flagellar, (C) blebbing, cell morphology change and (D) particle adsorption for FW104-10B01 750 

strains under aluminum stress conditions, and the lack of flagella for FW021-MT20 strains under 751 

normal conditions. Scale bar: 1 µm. 752 

Figure 4: Phylogenetic relationship of the 16 Rhodanobacter strains analyzed in this study. (A) 753 

The 16 Rhodanobacter genomes (highlighted in red color) were compared with a set of related, 754 

publicly available genomes (in black). Tree scale: 0.1. The phylogenetic tree was made from 755 

Interactive Tree of Life (iTOL) v6 [94]. (B) A heatmap of ANI (green) and AAI (pink) values of 756 

the 16 Rhodanobacter genomes. The cluster was calculated using the hclust function in R.  757 

Figure 5: Pangenome of Rhodanobacter. The 16 Rhodanobacter genomes obtained in this study 758 

are shown in orange, and the other 48 publicly available genomes are shown in blue. Core genes 759 

are genes present in all 64 genomes, soft core genes are genes present in 61 to 63 genomes, cloud 760 

genes are genes present in 1 to 3 genomes, and the remaining genes are shell genes. Hierarchical 761 

clustering was performed on the ANI index calculated from fastANI. SCG, single-copy genes. 762 

Table 1: Geochemistry information of ORR wells where sixteen Rhodanobacter were isolated 763 

from. 764 

Table 2: Genes with large fitness changes (|log2| ≥1.5) with and without 1 mM Al stress. The 765 

Δfitness is the difference between the average gene fitness value (of biological triplicate samples) 766 

of the biofilm fraction to the planktonic fraction for each gene. 767 
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