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Abstract

Rhamnolipids are surfactants produced by many Pseudomonad bacteria, including the species 

Pseudomonas aeruginosa. These rhamnolipids are known to aid and enable numerous phenotypic 

traits that improve survival of the bacteria that make them. These surfactants are also important 

for industrial products ranging from pharmaceuticals to cleaning supplies to cosmetics, to name 

a few. Rhamnolipids have structural diversity that leads to an array of congeners; however, little 

is known about the localization and/or distribution of these congeners in two-dimensional space. 

Differential distribution of congeners can reduce the uniformity of application in industrial settings 

and create heterogeneity within biological communities. We examined the distribution patterns of 

combinations of rhamnolipids in commercially available mixtures, cell-free spent media, and in 

colony biofilms using mass spectrometry. We found that even in the absence of cells, congeners 

exhibit different distribution patterns, leading to different rhamnolipid congener distributions on 

a surface. Congeners with shorter fatty acid chains were more centrally located while longer 

chains were more heterogeneous and distally located. We found that congeners with similar 

structures can distribute differently. Within developing colony biofilms we found rhamnolipid 

distribution patterns differed from cell-free environments, lacking simple trends noted in cell-free 

environments. Most strikingly, we found the distribution patterns of individual congeners in 

colony biofilms to be diverse. We note that congener distribution is far from homogeneous but 

composed of numerous local microenvironments of varied rhamnolipid congener composition.
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INTRODUCTION

Rhamnolipids are a class of glycolipid surfactants made by the bacterium Pseudomonas 
aeruginosa and other Pseudomonads 1. For P. aeruginosa, rhamnolipids impact surface 

colonization, dispersal, carbon acquisition, and virulence of this opportunistic pathogen that 

transitions from environmental sources to cause infections in susceptible individuals. The 

production of rhamnolipids is a population-dependent phenomenon where transcription of 

the genes rhlA and rhlB, required for rhamnolipid synthesis, is regulated by intercellular 

quorum sensing signaling 2.

Rhamnolipids are well known as surfactants that decrease surface tension and promote 

motility and spreading of P. aeruginosa and the Pseudomonads 3. Rhamnolipids can alter 

biofilm architecture by facilitating the formation of open channels 4. They have also been 

noted for an ability to attack host immune cells and carry antibiotic properties 5–7. Because 

of their amphipathic traits, rhamnolipids are important for improving the bioavailability 

of hydrophobic molecules, such as alkyl quinolones 8, 9, this heightens alkyl quinolone 

induced virulence. Pseudomonas quinolone signal (PQS), one alkyl quinolone produced by 

P. aeruginosa, upregulates the production of several virulence factors and is associated with 

localized cell death within biofilms 10–12.

Rhamnolipids are also industrially significant. The global surfactants market is growing and 

expected to reach a valuation of $28.8 billion in 2023 13. Because traditional surfactants 

can persist in the environment and exhibit ecotoxic effects 14, rhamnolipids offer a greener 

alternative to these synthetic surfactants due to their reduced environmental toxicity and 

increased biodegradability 15. These rhamnolipids are potentially important tools for the 

remediation of petroleum products in the environment 5 and their ability to bind rare earth 

elements could prove useful in scavenging these elements for technology manufacturing 16.

The basic structure of rhamnolipid is formed by the linkage of one or two rhamnose 

moieties with one or two β-hydroxy fatty acids (Fig S1). The RhlA enzyme produces various 

hydroxyalkanoyl-hydroxyalkanoates (HAA) from the β-hydroxy fatty acids. Then, RhlB 

couples the first rhamnose sugar to HAA to form mono-rhamnolipids. Many Pseudomonads, 

including P. aeruginosa, also make the RhlC enzyme, which can couple a second rhamnose 

to mono-rhamnolipid and yield di-rhamnolipid 17–21. The fatty acid chains used to make 

HAA can be saturated or unsaturated and are generally 8 to 14 carbons in length. Varying 

the number of rhamnose or fatty acid units as well as the fatty acid chain lengths and 

location and number of double bonds within the hydrophobic chains leads to an array of 

possible rhamnolipid congeners 22.

The majority of prior research on rhamnolipids has focused on: 1) appreciating and 

characterizing the bacterial behavior resulting from the presence or absence of rhamnolipid 

mixtures, or 2) detailing bacterial culture conditions that yield abundant rhamnolipid 
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production. Some of this work has distinguished the effects of mono- or di-rhamnolipid 

classes. For example, both mono- and di- rhamnolipid mixes have been reported to have 

greater antimicrobial activity in different environments against different microbes 23, 24 and 

with respect to environmental remediation, a mono-rhamnolipid dominant congener mix 

emulsified more crude oil than a di-rhamnolipid dominant mix 25. While this classification 

is structurally sound, there lacks evidence that mono-and di- rhamnolipids capture the 

diversity of physicochemical characteristics exhibited by Pseudomonas rhamnolipids. 

Indeed, research on specific rhamnolipid congeners has been limited by the ability to purify, 

synthesize, and identify individual congeners.

Rhamnolipid congeners function differently. For example, rhamnolipids with longer lipid 

chains (i.e. C14-C14) commonly produced by Burkholderia glumae or Burkholderia 
thailandensis exhibit different physicochemical properties in comparison to predominant 

rhamnolipids produced by P. aeruginosa (i.e. C10-C10) such as increased critical micelle 

concentration (CMC) and the capacity to reduce surface tension 26. Orientation of rhamnose 

moieties and fatty acid chains of surface adsorbed rhamnolipids differs by congener and 

is predicted to impact surface tension 27. In addition to micelles, some congeners can 

self-assemble into vesicles and lamellae 28.

A range of CMCs have been reported for different rhamnolipid mixtures 29–31. This is 

likely, in part, a result of the individual CMCs of congeners that compose each mixture. 

Pacheco et al. report that congeners with small structural differences can have quite different 

CMCs and impacts on surface tension while other, more structurally divergent congeners, 

can behave similarly 32. Currently, there are no parameters that have been characterized to 

enable accurate prediction of the CMC for a given rhamnolipid structure. It is known that 

rhamnolipid congeners vary in molecular surface area, ability to adsorb to the liquid air 

interface, and type of aggregates formed 32. However, such detail has only been reported for 

a handful of congeners. Modelling suggests that rhamnolipids can form multiple aggregate 

structures that vary from micelle to lipid bilayer to long tube-like structures in a manner that 

is both congener specific and concentration dependent 33.

While the specific properties of rhamnolipid congeners produced by Pseudomonads 

continues to be explored, the distribution of congeners that can result from surface-growing 

P. aeruginosa has not been explored. Understanding rhamnolipid congener heterogeneity in 

distribution is of interest in both industrial and biological settings. Therefore, we sought to 

map congener localization in cell-free and colony biofilm environments to understand how 

congeners naturally distribute.

In this work, we have probed the distribution of different rhamnolipid congeners added as 

a mixture to a single point in space. We examined the differential spreading of rhamnolipid 

from three commercial mixtures and from P. aeruginosa cell-free spent medium (CFSM) 

to explore the distribution of multiple rhamnolipid congeners in two-dimensional space. 

We accomplished this using matrix-assisted laser desorption/ionization mass spectrometry 

imaging (MALDI-MSI)34, 35. Use of high-resolution Fourier-transform ion cyclotron 

resonance mass spectrometry (FT-ICR MS) allowed us to differentiate congeners within 

mono- and di- rhamnolipid categories and estimate total carbons within the β-hydroxy fatty 
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acid chains of the rhamnolipids based on high-resolution accurate masses (±7 ppm). A 

library covering 58 rhamnolipid congeners was used to identify peaks corresponding to 

rhamnolipids 22. Using this approach, we were able to distinguish distinct spatial distribution 

patterns of rhamnolipid congeners in both abiotic and biotic experiments.

RESULTS AND DISCUSSION

Rhamnolipid congeners from P. aeruginosa cultures display distribution patterns that 
primarily vary with fatty acid chain length.

We characterized the distribution and separation of rhamnolipid congeners produced by P. 
aeruginosa. For all experiments, we elucidated patterns using nutrient agar-based assays 

that are routinely used as a test substrate to examine P. aeruginosa behavior 17, 18, 36–

39. However, to simplify the experiment and discriminate rhamnolipid properties from 

biological effects, we first examined distribution of rhamnolipids without P. aeruginosa 
cells using cell-free spent medium (CFSM) harvested from 48-hour planktonic P. aeruginosa 
cultures. While spreading of the 25 μL droplet appeared to occur within minutes, plate 

assays were left undisturbed for 18 h prior to subsequent preparation for matrix-assisted 

laser desorption/ionization mass spectrometry imaging (MALDI-MSI). Most rhamnolipids 

were observed as [M+Na]+, [M+K]+, and [M+H]+ adducts with high mass accuracy. We 

subsequently used the most intense [M+Na]+ adducts for comparisons across this study. The 

detected congeners in CFSM have both mono- and di-rhamnolipid and fatty acid chains 

with total carbons ranging from 10-24 (Table S1). Our results suggest most congeners 

had 2 fatty acid chains in combinations of C8, C10, or C12. While it is not possible to 

differentiate specific structures of equal mass by MSI (e.g. Rhamnose-Rhamnose-C8-C12 vs. 

Rhamnose-Rhamnose-C10-C10), prior characterization of rhamnolipids using LC/MS on this 

same P. aeruginosa strain has shown that fatty acid chain length of C20 are expected to be 

C10-C10 and not C8-C12 or C12-C8 40. We also identified 3 unsaturated congeners, with one 

degree of unsaturation, associated with total fatty acid chain length of C22 and C24 (e.g. 

C12-C10 and C12-C12).

To visualize differences in congener distribution patterns we measured intensity profiles 

along 3 cross-sections of each sample (Fig. 1). All rhamnolipids dispersed >10 mm 

radially from their initial central location of deposition. Previous studies have shown 

that rhamnolipids can be separated as mono- and di- rhamnolipids using thin-layer 

chromatography (e.g. 41). Given their physiochemical differences, we expected that 

the mono- and di- rhamnolipid congeners would exhibit divergent distribution patterns. 

However, there was no apparent spreading pattern associated with mono- versus di-

rhamnose congeners. Most mono- and di-rhamnolipid congeners of the same lipid chain 

length distributed equivalently (e.g. Rha-C20 and dRha-C20). We noted two general 

rhamnolipid distribution profiles: (1) congeners that were more concentrated centrally, near 

the original deposition site, or (2) more distally.

The majority of congeners were located centrally, this included all congeners with total 

fatty acid chains of 20 carbons or less. Of these centrally located rhamnolipids, dRha-C22 

(di-rhamnolipid-C22) and dRha-C18 had highly similar distribution patterns. Rhamnolipids 

that were located more distally all possessed carbon chains containing 22 or more total 
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carbons. We found that Rha-C22, dRha-C24 and dRha-C24:1 shared a similar distribution 

pattern with a pronounced presence outside of the central region. Select congener pairs with 

small differences in fatty acid chain length exhibited markedly distinct distribution patterns, 

such as Rha-C20 which was concentrated centrally while Rha-C22 was more concentrated 

distally. These congener distributions were consistent between replicates (Table S2).

To further identify and quantify similarity in distribution patterns we carried out a 

correlation analysis within each sample. This comparison normalizes the relative change 

between pairwise intensity patterns of congeners across the region of interest such that 

congeners with the same distribution patterns return the correlation coefficient (R2) as 1.0. 

The coefficient values decrease with the reduction in the similarity of spatial distribution 

patterns such that a completely unrelated distribution pattern has a coefficient value of 

0.0. We assembled these resultant correlation coefficients for each pairwise combination of 

congeners in the form of a matrix plot and used these data to quantify trends from MSI 

results of Fig. 1 (Fig. 2 and Table S2). For example, similar distributions were exhibited 

for the mono- and di-rhamnolipid pair of Rha-C20 and dRha-C20 (R2 = 0.76-.97) as well 

as saturated- and unsaturated pair of dRha-C22 and dRha-C22:1 (R2 = 0.90-.94). (We 

note that these correlation coefficient comparisons highlight overall similarity in patterns 

of distribution and not the absolute amount of each congener. Because P. aeruginosa 
disproportionately produces select rhamnolipid congeners, parity in overall congener mass 

would never be expected.) Liquid chromatography- tandem mass spectrometry (LC-MS/MS) 

estimation of P. aeruginosa supernatant suggests that Rha-C10-C10 and dRha-C10-C10 are the 

most abundant congeners in mono-rhamnolipid and di-rhamnolipid classes, respectively 42, 

43. We noted a general trend in correlation coefficients of saturated versus corresponding 

unsaturated form with other congeners (data not shown). In a pairwise comparison of three 

saturated congeners, Rha-C22, dRha-C22, and dRha-C24, with their respective unsaturated 

counterparts, we found correlation decreased consistently for Rha-C22 and dRha-C24 with 

unsaturation in CFSM samples (n=3). Though differences in the correlation values were 

observed across all samples, a similar pattern did not emerge in other environments. With 

Rha-C22 we see a shift from central to more distal localization occurs with desaturation, 

decreasing the correlation between localization patterns (R2 = 0.31-0.59), while desaturation 

of dRha-C22 maintains a similar, central localization to its unsaturated form (R2 = 

0.90-0.94) (Table S2). We thus note that additional work is clearly needed to discern if 

any association between desaturation of fatty acids within these congeners can be used to 

predict rhamnolipid distribution.

The largest (dRha-C24 and dRha-C24:1) and the smallest (Rha-C10) of congeners (that 

would be expected to have the greatest differences in their physiochemical properties) 

exhibited the most distinct distribution patterns (dRha-C24 R2= 0.04-0.66 dRha-C24:1 

R2= 0.02-0.46, Rha-C10 R2= 0.04-0.34). Congeners with mid-length fatty acid chains, 

particularly Rha-C20 and dRha-C20 had similar distributions (R2 = 0.897) irrespective 

of rhamnosylation. Previous work identifies a general trend of di-rhamnolipids to diffuse 

farther than HAAs, the rhamnolipid precursor, on a surface44. Looking at mono- and 

di-rhamnolipids we did not find a difference in these distances. Overall, we saw that 

congeners containing fatty acid chains of C22-24 total carbons were more likely to be 

distributed distally. Congeners with smaller fatty acid chains (≤C20) were centrally located. 
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The majority of mono- and di- congeners with equivalent fatty acid chains had similar 

distributions, either central or distal.

Rhamnolipid distribution from commercial mixtures reflects trends observed in cell-free 
spent media.

Next, we studied whether the trends observed result from other constituents that could be 

present in CFSM by examining the distribution of commercial rhamnolipid mixtures on 

our nutrient agar plate assays. Because three different commercial rhamnolipid mixtures 

were readily available, this simultaneously enabled us to consider if select congeners 

influence overall spreading of multiple congeners. We reasoned that in the absence of other 

secreted factors from CFSM or absence of all di-rhamnolipids, differences in spreading 

of the rhamnolipids present in the mixture would be highlighted. The extracts consisted 

of a mono-rhamnolipid dominant (95%), di- rhamnolipid dominant (95%), and a general 

rhamnolipid mix (90%). Congener concentration can impact secondary structures formed 

by rhamnolipids33, however this study did not investigate the impact of concentration due 

to the lack of individual standards. In this study, we tested a concentration representative 

of the yields reported using glucose41, 45. Our internal analysis of these mono-rhamnolipid 

and di-rhamnolipid dominant mixes revealed that they share several congeners belonging to 

either category. However, we could not quantify each individual congener and estimate their 

percent content using the methods applied in this study.

We found congeners of the general rhamnolipid mix to have similar dispersal patterns with 

high correlation coefficient (R2 > 0.8), all localized centrally. However, both mono- and 

di- mixes exhibited more diversity (Fig. 3 and Tables S3–S5). The mono-rhamnolipid and 

di-rhamnolipid dominant mixes showed an overall trend of decreased correlation among 

congeners in comparison to the general mix. It could be that either a difference in relative 

congener concentration or presence of secondary components could be responsible for 

altering the rhamnolipid distribution in these mixtures.

As in CFSM, we found Rha-C22, dRha-C24, and dRha-C24:1 to distribute in an outer 

ring pattern. As before, these distally distributed congeners are likely to contain C12 

or C14 chains, based on their total carbon numbers and previously reported abundance 

of rhamnolipid congeners 46. In the mono-dominant rhamnolipid mix dRha-C22 was 

distributed more distally yet, in contrast, the unsaturated dRha-C22:1 was more centrally 

located. As with CFSM, we found congeners with shorter carbon chains (C20 or less), to 

be centrally located (Fig. 3). We attribute the reduced intensity observed for dRha-C24 

because of its low signal (and likely low abundance) in both the mono-rhamnolipid 

and the di-rhamnolipid dominant mixes. In a comparison of saturated and unsaturated 

congeners as carried out in CFSM, shifts in localization in commercial mixes were less 

consistent and unsaturated forms were not consistently divergent from general localization 

patterns. Compared to commercial mixes, CFSM is a complex mixture of passively and 

actively secreted compounds produced by the bacterial cell that include proteins, small 

organic acids, extracellular DNA, and polysaccharides. Certainly these proteins and other 

molecules present in CFSM could be reasonably predicted to influence rhamnolipid 

congener distribution and this is an important area of future research.
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Congeners co-migrate in a complex distribution of colony biofilm rhamnolipids.

Because our overall goal is to understand the distribution of these molecules in the presence 

of P. aeruginosa communities, we probed rhamnolipid distributions in live cultures.

We observed that rhamnolipid distribution was more complex than that observed for CFSM 

or the commercial mixtures. P. aeruginosa colony biofilms exhibited multiple distinct 

regions of localization as seen from MALDI-MSI heatmaps (Fig. 4 and Table S6). Two 

identical circles are superimposed onto Figure 4 heat maps to highlight regions of intensity 

shifts in congener relative concentration. Unlike the abiotic experiments, we found that 

congeners with shorter fatty acid chains were not just centrally located. We found three 

unsaturated rhamnolipids, but unlike in experiments with CFSM, distributions were not 

consistently divergent from general localization patterns.

Looking at similarities with CSFM, biofilm saturated and unsaturated forms of dRha-C22 

shared similar distribution patterns (R2 ≥ 0.86), exhibiting a high level of co-localization. 

Yet unlike CSFM and commercial mixes, Rha-C20 and dRha-C20 congeners exhibited 

distinct patterns with Rha-C20 less prominent in the center of the colony biofilm while outer 

regions the two congeners were highly co-localized. We saw similar distribution patterns 

between mono-rhamnose congeners with C20, C22, and C22:1 carbon chains though regions 

of highest relative concentration for both Rha-C22 congeners are slightly more centralized. 

We see this same trend with the corresponding di-rhamnose congeners.

Sempels et al. reported that in the absence of rhamnolipids, a drop of Pseudomonas culture 

dries in a ring formed at the edge of the droplet. This coffee ring is produced by capillary 

action that pulls cells and media components to the edge as the droplet dries. In the presence 

of rhamnolipids, however, the distribution of cells and media components becomes more 

homogeneous and centrally located because of the Marangoni effect, or recirculation of 

surfactants due to a surface tension gradient produced when surfactants are pulled to the 

edge by capillary action 47. However, it is unclear how these forces impact individual 

congeners within a growing colony biofilm.

The microbial community, originating from clonal cells, develops several radial zones 

of shifting rhamnolipid congener compositions. As with previous samples, we could see 

no evidence suggesting that mono- and di-rhamnolipid classes shared similar distribution 

patterns. However, taking total congener variation into account we see that this community 

exists within a heterogeneous landscape of rhamnolipid congener composition and 

concentration gradients that creates many unique microenvironments.

CONCLUSIONS

Rhamnolipid congeners present in CFSM harvested from active P. aeruginosa cultures 

exhibited a diversity of distribution patterns. Overall, however, two dominant distribution 

patterns emerged. Congeners with longer fatty acid chains (C22-24) were more likely 

to be distally located, while shorter congeners with shorter chains (C20 or less) were 

centrally located. Distribution patterns were less diverse in commercial rhamnolipid 

mixtures of 90-95% purity, indicating that components of CFSM increased the complexity 
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of rhamnolipid distribution. Secreted factors, such as proteins, likely serve to diversify 

distribution patterns through interactions with rhamnolipids. The diversity in distribution 

of a general rhamnolipid mix was minor while both mono- and di- mixes exhibited 

distinct variation. In commercial mono- and di- rhamnolipid mixes, like CFSM, congeners 

containing fatty acid chains of C22-24 were more likely to be distally located, while 

those with shorter chains were centrally located. In 24-hour colony biofilms we found 

rhamnolipid congener distribution to occur in several distinct patterns. Unlike previous 

abiotic samples, congeners with shorter fatty acid chains were not necessarily centrally 

located. While most pairwise comparisons of various congeners did not show strong co-

localization in these colony biofilms, some congeners, such as saturated and unsaturated 

forms of dRha-C22, were found to be colocalized in all samples examined in this study. 

We found that classifying rhamnolipids into mono- and di- classes does not encompass 

the diversity of localization patterns that accompany colony biofilm growth. Congener 

composition may be important for industrial purposes desiring homogeneous rhamnolipid 

distribution. These diverse distribution patterns also raise new questions concerning local 

roles of individual congeners in microbial communities such as colony expansion, defense, 

increasing bioavailability of secreted factors, and promoting virulence. More holistically, 

rhamnolipid congener localization is far from homogeneous, creating microenvironments of 

varied rhamnolipid profiles. This impacts the localization and movement of other, associated 

compounds. It is also not clear how dynamic rhamnolipid distribution is over time as 

colony biofilms expand and age. Future work is needed to further understand the role of 

rhamnolipid congener distribution in biofilm communities.

EXPERIMENTAL SECTION

Preparation of rhamnolipid and spent media samples.

Rhamnolipid mixtures of mono-dominant and di-dominant congeners, as well as a general 

mix (Sigma) were suspended in Nanopure water at 0.5 mg/mL and 25 μL spotted onto 

plates. Spent media was prepared from 48-h cultures of wild type P. aeruginosa (PAO1C) 

grown in modified Fastidious anaerobe broth (FAB) supplemented with 30 mM glucose 

at 37°C with shaking. Cultures were centrifuged at 7,500 rpms for 10 min, filtered using 

a 0.22 μm filter, and 25 μL of resulting filtrate was spotted onto media plates. All plates 

were prepared using modified FAB supplemented with 12 mM glucose and 1.5% Noble 

agar. Nutrient agar, containing samples, was removed from petri dishes, affixed to aluminum 

plates using copper tape, and dehydrated overnight under forced air 48. Colony biofilms were 

grown on FAB nutrient agar plates, spotted with 1 μL of overnight culture grown in modified 

FAB containing 30 mM glucose, and incubated for 24 h at 37 °C.

Mass spectrometry imaging analysis.

Dehydrated agar films were uniformly coated with a solution of 2,5-dihydroxy benzoic 

acid (DHB) (40 mg/mL in 50% Methanol) using overhead matrix sprayer (M5 sprayer, 

HTX). The spray parameters were maintained as follows, nozzle height - 40 mm, nozzle 

temperature - 70 °C, lateral nozzle speed - 1000 mm, lateral spacing - 3 mm, matrix flow 

rate - 0.05 mL/min and nitrogen pressure - 1 bar. Entire sample surface was coated with 

DHB in 4 passes with each layer sprayed at 90°C to the previous one and 10 s delay time 
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between passes to allow drying. The plates were stored inside a nitrogen desiccator until 

analysis.

Mass spectrometry imaging was performed on Solarix FT-ICR mass spectrometer (Bruker, 

USA) equipped with matrix-assisted desorption/ionization (MALDI) source. To facilitate 

MSI, the samples were scanned using a flatbed document scanner at 1200 DPI. The MS 

parameters were set using ftmsControl (version 2.3.0, build 59, Bruker). The data acquisition 

was carried out in the positive ion mode with mass range 100-1600 m/z range, laser size 

set at “ultra-large”, and MS analyzer operated at 1M size (transient data points). Regions of 

interest for MSI were selected in FlexImaging (version 5.0, build 89, Bruker). The MSI data 

was processed in the SCILS lab (Version 2023a Pro). Extracted ion profiles were generated 

using ±16 ppm extraction window around each m/z. The profiles were normalized to the 

total ion counts (TIC) before the estimation of correlation values. Extracted ion intensities 

are represented using false fire color scaled to an intensity range of 0-100 % as dark to light 

color. Intensity profiles of CFSM were derived in ImageJ using the plot profiles function49. 

The correlation coefficient (R2) between spatial distribution patterns of congeners were 

estimated using the SCiLS software. All estimations are based on the same region of interest 

(ROI) as originally used to acquire the MS imaging data from the sample surface. The 

correlation values are generated from a scatter plot comparing the intensities of two analytes 

from each individual pixel of ROI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

CFSM cell-free spent medium

CMC critical micelle concentration

DHB 2,5-dihydroxy benzoic acid

FT-ICR MS Fourier-transform ion cyclotron resonance mass spectrometry

HAA hydroxyalkanoyl-hydroxyalkanoates

MALDI-MSI matrix-assisted laser desorption/ionization mass spectrometry 

imaging

PQS Pseudomonas quinolone signal

TIC total ion counts
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Figure 1. 
Radial distribution of rhamnolipid on agar varies with congener structure. The spatial MSI 

intensity profiles (a-l) from three cross sections of heat maps of congener distribution 

(insets) show diverse distribution patterns of rhamnolipid congeners of CFSM allowed to 

spread on 1.5% agar. Locations of cross-section signal intensity measurements correlate to 

blue, orange, and green lines, as depicted in image m, and indicate a diversity in both radial 

symmetry and small shifts in localization for the different congeners detected. Scale bar is 7 

mm.
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Figure 2. 
Correlation plot of CFSM rhamnolipid distribution on nutrient agar highlighting similarities 

in congener distribution. Correlation values derived from an average of three replicate 

samples.
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Figure 3. 
Congener distribution patterns observed in aqueous solutions of commercial rhamnolipid 

extracts applied to agar surfaces. Scale bars represent 5 mm.
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Figure 4. 
Rhamnolipid congener distribution patterns from 24-hour P. aeruginosa colony biofilms. A 

representative image of a 24-hour colony biofilm is shown lower left. Circles of 10 and 14 

mm diameter are superimposed for perspective. Scale bar is 4 mm.
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