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ARTICLE INFO ABSTRACT
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Microbes use signaling factors for intraspecies and interspecies communications. While many intraspecies
signaling factors have been found and characterized, discovery of factors for interspecies communication is
lagging behind. To facilitate the discovery of such factors, we explored the potential of a mixed microbial culture
(MMC) derived from wheatgrass, in which heterogeneity of this microbial community might elicit signaling
factors for interspecies communication. The stability of Wheatgrass MMC in terms of community structure and
metabolic output was first characterized by 16S ribosomal RNA amplicon sequencing and liquid chromatog-
raphy/mass spectrometry (LC/MS), respectively. In addition, detailed MS analyses led to the identification of 12-
hydroxystearic acid (12-HSA) as one of the major metabolites produced by Wheatgrass MMC. Stereochemical
analysis revealed that Wheatgrass MMC produces mostly the (R)-isomer, although a small amount of the (S)-
isomer was also observed. Furthermore, 12-HSA was found to modulate planktonic growth and biofilm formation
of various marine bacterial strains. The current study suggests that naturally derived MMCs could serve as a
simple and reproducible platform to discover potential signaling factors for interspecies communication. In
addition, the study indicates that hydroxylated long-chain fatty acids, such as 12-HSA, may constitute a new class
of interspecies signaling factors.

Microbial communication
Hydroxy fatty acid
Planktonic growth
Biofilm

1. Introduction fact, most known SFs are for intraspecies communication. Another

approach that could be used for SF discovery is co-cultivation. Many

Microbes use signaling factors (SFs) for intraspecies and interspecies
communications.’ Over the course of the past three decades, a series of
SFs have been discovered, which include autoinducers, such as N-acyl
homoserine lactones (AHL),” furanosyl borate esters called AL-2°
diffusible signal factors (DSF)," 3-hydroxypalmitic methyl esters,’
indole and its derivatives,® and cyclic peptides, such as autoinducing
peptides and diketopiperazines.”” While many SFs have been charac-
terized, the chemical lexicon of microbes as we know today is limited
because only a small number of microbes have been studied thus far.

One limiting factor in the discovery of microbial SFs is the cultivation
method. Most known SFs were discovered from axenic cultures.!%'3
While axenic culture is a tractable and reproducible system, its use could
limit our ability to discover interspecies SFs because microbes in axenic
cultures do not need to communicate with other microbial species. In
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bioactive small molecules have been found from artificial mixtures of
known microbes.'?” Yet, co-cultivation might not be an ideal system to
discover interspecies SFs, because it does not reflect natural microbial
interactions.

One untested, but potentially useful, system is mixed microbial cul-
ture (MMC). MMCs can be generated by cultivating microbial commu-
nities obtained from the environment, such as plants and soil samples.
Since microbes in each MMC are derived from the same environment,
they are expected to “speak” the common chemical language. Therefore,
MMCs could serve as a useful system to uncover potential interspecies
SFs. At present, however, little is known about the stability of MMCs in
terms of community structure and metabolic output. This is an impor-
tant problem because, if we are to use MMCs as a new platform to find
interspecies SFs, they must be stable and reproducible.
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As a first step to explore the utility of MMCs, the stability of an MMC
derived from wheatgrass (Wheatgrass MMC) was examined. Wheatgrass
MMC was used as a model system for several reasons. Plants, including
wheatgrass, are known to harbor diverse microbial communities.'® Yet,
plant-derived MMCs have not been extensively studied in terms of
metabolite production. While some SFs of plant pathogens, such as
indole derivatives and DSF, have been characterized,*'%%° exploration
of non-pathogenic plant symbionts remains largely understudied. Thus,
the purpose of this study was to characterize the stability of Wheatgrass
MMC in terms of community structure and metabolic output. Further-
more, our study examined the metabolites produced by Wheatgrass
MMC, which uncovered a potentially new class of interspecies SFs.

2. Results
2.1. Preparation of Wheatgrass MMC

Fig. 1A summarizes the procedure to prepare Wheatgrass MMC.
Wheatgrass was first rinsed in running water to remove loosely attached
microbes on the surface. Then, the microbial community associated with
wheatgrass was obtained by sonication in water. The resulting aqueous
suspension was used to inoculate Reasoner’s 2A (R2A) liquid medium,
which is a low-nutrient medium suitable for the cultivation of slow-
growing species in environmental samples. The resulting culture was
used to prepare frozen stock. To test the stability of Wheatgrass MMC
over time, cultures at three different time points were prepared as fol-
lows. R2A was inoculated with the frozen stock and incubated for one
week to obtain the first time point (Week 1). The Week 1 culture was
subcultured and grown for another week to obtain the second time point
(Week 2), which, in turn, was subcultured and grown for another week
to obtain the third time point (Week 3). Fig. 1B shows the image of
Wheatgrass MMC under the transmission electron microscope (TEM).

As a background control, the whole procedure was repeated without
wheatgrass to obtain Control MMC. This control was necessary because
the initial steps of our procedure, namely, rinsing of wheatgrass in
running water and placing wheatgrass in a tube prior to sonication, were
done outside of a biosafety cabinet. Thus, Control MMC, which
accounted for the microbes that could be introduced from indoor dusts,
was prepared to determine whether microbes in Wheatgrass MMC were
unique to wheatgrass.

2.2. Stability of microbial community in Wheatgrass MMC

The microbial communities in Control and Wheatgrass MMCs were
characterized by 16S ribosomal RNA (rRNA) amplicon sequencing.
Fig. 2 shows taxonomic distributions of Control and Wheatgrass MMCs
at the order level over three weeks (see Fig S1 for other taxonomic
levels). The comparison between the two MMCs revealed more taxa in
Wheatgrass MMC than in Control MMC. Furthermore, observed taxa in
the two MMCs did not overlap except for Burkholderiales, suggesting that
most taxa in Wheatgrass MMC were derived uniquely from wheatgrass.
It is also noted that Rhizobiales, which was the predominant order
(>90%) in Control MMC, was not observed in Wheatgrass MMC.

In both Wheatgrass and Control MMCs, community structures shifted
slightly during the three-week period. Wheatgrass MMC contained five
orders that exceeded 1% in relative abundance during the three-week
period. The most abundant order was Lactobacillales, which shifted
from 78.4% in Week 1 to 69.4% (Week 3), followed by Enterobacteriales
(from 4.4% in Week 1 to 15.4% in Week 3), Pseudomonadales (from
11.2% in Week 1 to 5.2% in Week 3), Xanthomonadales (from 2.5% in
Week 1 to 2.7% in Week 3), and Burkholderiales (from 0.6% in Week 1 to
6.4% in Week 3). The five orders persisted over the three-week period,
even though Wheatgrass MMC was subcultured twice.
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2.3. Stability of metabolic output of Wheatgrass MMC

To examine metabolic output, culture broth of Wheatgrass MMC was
extracted with ethyl acetate and subjected to liquid chromatography/
mass spectrometry (LC/MS). As a control, culture broth of Control MMC
was also analyzed. Total ion chromatograms from the blank injection
(for background measurement), Control MMC, and Wheatgrass MMC
were compared to identify peaks unique to Wheatgrass MMC (Fig 3).
The analysis revealed four peaks that were consistently observed only in
Wheatgrass MMC (peaks i-iv, highlighted in the yellow background, Fig
30).

Next, the stability of LC/MS profiles over time was examined.
Wheatgrass MMC samples at Weeks 1-3 were subjected to LC/MS, which
gave nearly identical chromatograms (Fig 4). Thus, the metabolic output
of Wheatgrass MMC appeared to be stable over the three-week period.

2.4. Identification of 12-hydroxystearic acid (12-HSA) in Wheatgrass
MMC

To gain structural information of the four unique peaks (i-iv), their
MS data were further analyzed. High resolution MS revealed that mo-
lecular formulas of peaks i, ii, iii, and iv were CigH33N, CigHssN,
Ca0Hs7N, and C;gH3603, respectively. Tandem MS (MS/MS) showed that
smaller fragment ions from peaks i-iii were identical (data not shown),
suggesting that they are a series of structurally related amines. However,
their exact chemical structures remain to be clarified. On the other hand,
the molecular formula of peak iv (C;gH3603) seemed to be consistent
with a hydroxylated stearic acid. Further analysis of peak iv by tandem
MS (MS/MS) in the negative ion mode revealed fragment ions at m/z
253.2533 ([C17H330]17), 169.1595 ([C11H2:10]17), and 113.0973
([C7H130]7) (Fig S2). These fragment ions matched with previously
reported characteristic fragments of 12-hydroxystearic acid (12-HSA)
(Fig 5 and Fig $3).%! The identity of peak iv was subsequently confirmed
as 12-HSA based on the comparisons of peak iv and a commercial 12-
HSA sample using LC/MS retention time (Fig S4) and MS/MS finger-
prints (Fig S5).

2.5. Stereochemical characterization of 12-HSA in Wheatgrass MMC

Although commercial 12-HSA, which is purified from castor oil, is
known to have the (R)-configuration,” the stereochemistry of 12-HSA
from microbial sources has never been characterized. Since the enan-
tiopurity of 12-HSA from Wheatgrass MMC was not known, we chose
not to use standard methods for stereochemical analysis, such as
Mosher’s method,?>?® that require pure derivatives. A possible alter-
native approach was the method that was originally developed for the
stereochemical analysis of 10-hydroxystearic acid (10-HSA),?* in which
the methyl ester of 10-HSA was derivatized with (S)-(4)-O-acetyl
mandelic acid and subjected to 'H NMR analysis. While this method can
determine the enantiomeric purity of 10-HSA based on the 'H signals
near 5.88 ppm (the methine proton of the mandelic acid moiety) and
3.67 ppm (the methyl ester),”” it was unclear whether the same
approach could be applicable to 12-HSA.

To examine the utility of this mandelate-based method, the (S)-
(+)-O-acetyl mandelic acid derivative (4) of racemic 12-HSA methyl
ester was prepared from commercial (R)-12-HSA (1) (Fig 6A). Although
'H NMR did not clearly differentiate the two stereoisomers in the
racemic 12-HSA derivative (Fig S7), 13C NMR showed signals that are
clearly different between the two stereoisomers, such as C-16 and C-17
(Fig 6b, the middle spectrum). The 3¢ NMR spectrum of (R)-12-HSA
derivative (Fig 6b, the top spectrum) was used for the stereochemical

@ Prior to this study, the stereochemistry of commercial 12-HSA was
confirmed as (R) based on the Mosher’s method using 2-methoxy-2-(1-naph-
thyl) propionic acid (MaNP) (Fig $6).>%%
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Fig. 1. Preparation of Wheatgrass MMC. (A) Schematic overview. To examine the stability of Wheatgrass MMC over time, cultures at three different time points
(Weeks 1, 2, 3) were prepared. (B) The image of Wheatgrass MMC under the transmission electron microscope (TEM).
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Fig. 2. Taxonomic distributions of Control and Wheatgrass MMCs at the order
level over three weeks. (A) Control MMC. (B) Wheatgrass MMC. The x-axis
represents time after the initial inoculation, and the y-axis represents relative
abundance of order taxon. Legend shows the orders observed in each culture;
the “Others” category represents the orders whose relative abundance never
exceeded 1% during the three-week period.

assignment of C-16 and C-17 signals. The 3C NMR spectrum of
Wheatgrass MMC 12-HSA derivative (Fig 6b, the bottom spectrum), on
the other hand, revealed (R)-12-HSA as the predominant (~90%) ste-
reoisomer, although a small amount (~10%) of the (S)-isomer was also
detected.

2.6. 12-HSA modulates planktonic growth and biofilm formation of
marine bacteria

The discovery of 12-HSA in a heterogeneous community like
Wheatgrass MMC opened a possibility that 12-HSA might be an inter-
species SF sensed by a broad range of bacterial species. As a first step to
characterize how widely 12-HSA might be recognized by different
bacterial species, the effects of 12-HSA were examined with a series of
marine bacterial strains, which were not observed in Wheatgrass MMC.
Since the supply of 12-HSA from Wheatgrass MMC was limited, this
study used commercial (R)-12-HSA, which was the major stereoisomer

of 12-HSA in Wheatgrass MMC.

First, Brevundimonas mediterranea (SDH6), which is an Alphaproteo-
bacterial strain previously shown to produce biofilm,?° was incubated
with 12-HSA and examined for biofilm formation and planktonic
growth. As a control, the strain was also treated with indole, which is a
well-known interspecies SF capable of modulating biofilm formation
positively or negatively depending on the bacterial strain.”’ Fig. 7
summarizes the effects of indole and 12-HSA on biofilm formation and
planktonic growth of B. mediterranea (SDH6) at 27 °C. Indole inhibited
both biofilm formation and planktonic growth of this strain (Fig 7A). On
the other hand, 12-HSA inhibited its biofilm formation but promoted
planktonic growth slightly (Fig 7B). When the experiments were
repeated at a lower temperature (19 °C), which could influence the
extent of biofilm formation,”” the inhibitory effect of indole on biofilm
formation was less pronounced, whereas 12-HSA retained its effects on
biofilm formation and planktonic growth regardless of the temperature
(Fig S8a).

To characterize how 12-HSA affects different strains of a same bac-
terial species, the assays were repeated with three strains (SD3, SD8,
SD9) of Alteromonas oceani, which is a Gammaproteobacterial species of
marine origin (Fig S8b-g).?° The results are summarized as tile plots in
Fig. 8. Overall, the effects of 12-HSA on the planktonic growth of SD3,
SD8, and SD9 were marginal. On the other hand, 12-HSA exhibited
differential effects on their biofilm formation in a manner dependent on
strain and temperature. Specifically, 12-HSA strongly promoted biofilm
formation of SD3 and SD9 at 19 °C and 27 °C, respectively, whereas it
hardly affected biofilm formation of SD8 at both temperatures. Collec-
tively, our results indicated that 12-HSA could differentially regulate
biofilm formation of diverse bacterial species.

3. Discussion

Our 16S amplicon sequencing analysis revealed core microbial
communities of both Control and Wheatgrass MMCs, which persisted
through repeated propagation. Given the fact that MMCs were sub-
cultured twice during the three-week period, the observed stability is
rather remarkable. The LC/MS analysis corroborated the 16S results. MS
peaks, which reflect metabolites present in the crude culture extracts,
were stable over the three-week period. The consistent LC/MS profile
indicated that Wheatgrass MMC could serve as a reproducible system to
look for potential SFs for microbial communication.

Our search for potential SFs in Wheatgrass MMC led to the identifi-
cation of 12-HSA. Similar hydroxystearic acids (C;gH3¢03) have also
been detected in MMCs derived from cabbage, bamboo, and ant mound
(Fig S9), although their full structures remain to be characterized.
Furthermore, there are many reports of structurally diverse hydroxy
fatty acids of microbial origin.”®?° Fatty acids are certainly not strangers
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Fig. 5. Characteristic MS/MS fragments of 12-hydroxystearic acid (12-HSA).?!

to microbial communication. They have been implicated in the gut
microbiome gut-brain axis.’" Diffusible signal factors (DSF), a family of
mainly cis-2-unsaturated long chain fatty acids, are known to modulate
microbial mass behaviors, such as growth, biofilm formation, and
virulence.'*"*? However, little is currently known about the roles of
hydroxylated long-chain fatty acids in microbial communication. While
12-HSA is known as an organogelator with applications in food and
cosmetic industries,* its role in microbial communication has not been
characterized. Perhaps, the most well-characterized hydroxy fatty acids
of bacterial origin are B-hydroxy acids, such as 3-hydroxypalmitic acid,
which originate from the lipid A moiety of lipopolysaccharide.®*>°
There is a report of the methyl ester of 3-hydroxypalmitic acid acting as

a quorum sensing SF in Ralstonia solanacearum.”” Yet, it remains to be
determined whether hydroxylated long chain fatty acids in general play
a broader role in microbial communication.

The discovery of 12-HSA in Wheatgrass MMC raised a question of its
stereochemistry. Although commercial 12-HSA is believed to have the
(R)-configuration, which we have verified with the Mosher’s method
(Fig. S6), the stereochemistry and optical purity of 12-HSA in Wheat-
grass MMC had to be characterized. To that end, we established a simple
protocol based on (S)-(+)-O-acetyl mandelate derivatization, followed
by '3C NMR. Our analysis revealed that 12-HSA in Wheatgrass MMC
consists mostly of the (R)-isomer but a small amount (~10%) of the (S)-
isomer also exists. While some insects are known to use mixtures of
stereoisomeric pheromones to transmit specific messages,38 it is
currently unknown whether microbial communities also use stereoiso-
meric SF mixtures for communications.

The current study also demonstrates that 12-HSA, which was found
in a terrestrial, plant-based bacterial community, affected the biofilm
formation of marine bacteria. As such, the finding opens a new possi-
bility that hydroxylated long chain fatty acids, such as 12-HSA, may
constitute an as-yet uncharacterized group of SFs for interspecies
communication. Importantly, the differential effects on the three
A. oceani strains suggest that the effects of 12-HSA are not mediated by a
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(b) 13C NMR spectra of (S)-(+)-O-acetylmandelic acid derivatives of (R)-12-HSA methyl ester (top), racemic 12-HSA methyl ester (middle), and Wheatgrass MMC 12-

HSA methyl ester (bottom).

non-specific mechanism, such as modulation of membrane fluidity.
Instead, the observed differential effects suggest the presence of a
distinct signaling system. Comparisons of the three A. oceani strains by
genomic, transcriptomic, and/or proteomic tools might provide mech-
anistic insights into the mode of action of 12-HSA, which remains to be
characterized. As such, further investigation is warranted to clarify the
roles of 12-HSA in interspecies communication.

4. Conclusion

The current study demonstrates that MMCs can serve as a simple and
reproducible platform for the discovery of potential interspecies SFs. In
fact, although this was our first study to explore the utility of MMCs, 12-
HSA was rapidly identified and characterized as a potential SF for
interspecies communication. As such, the use of MMCs could greatly
facilitate the discovery of as-yet uncharacterized interspecies signals.

5. Experimental section
5.1. Preparation of cryogenic glycerol stocks of Wheatgrass MMC

Fresh, organic wheatgrass was purchased from a local Whole Foods
Market and rinsed with tap water to dislodge any loosely held

contaminating bacteria. Blades of rinsed grass weighing ~0.5 g were
combined with 10 mL of reverse osmosis (RO) water in a 15 mL Falcon
tube and sonicated for 10 min to dislodge resident bacteria. A control
tube was also prepared with 10 mL of RO water and sonicated for 10
min. 1 mL aliquots of this water from the control sample and from the
wheatgrass were inoculated into separate 50 mL Falcon tubes containing
25 mL sterile Reasoner’s 2A (R2A) liquid media, capped loosely and left
to grow at room temperature (25 °C) without shaking for 7 days. 500 uL
of this culture was added to 500 pL of sterile 50% glycerol (aq.). The
resulting mixture was stored at —80 °C.

5.2. Tem

For each MMC, a bacterial suspension was prepared. 5 pL of bacterial
suspension was placed on a carbon-coated nickel grid. After 1 min, the
sample was blotted off by touching the edge of the grid to filter paper.
Once the grid was dry, images were taken with a Tecnai Spirit BioTwin
electron microscope (FEIL, Hillsboro, Oregon) operating at 120 kV,
equipped with AMT BioSprint29 digital camera.

5.3. Culturing and propagation

200 pL of thawed glycerol stock of MMC was inoculated into a sterile
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tube containing 10 mL of R2A media and allowed to grow for seven days
at room temperature (25 °C) without shaking. After the seven-day
growth period, 200 pL of culture was inoculated into 10 mL sterile

R2A media to propagate the culture.

5.4. 16S rRNA amplicon sequencing

DNA extracts of MMCs at Week 1, 2, and 3 were prepared with
Qiagen DNeasy PowerLyzer PowerSoil Kit. Purified DNA samples were
quantified with Nanodrop and submitted to Integrated Microbiome
Resource (IMR) at Dalhousie University in Halifax, Nova Scotia for 16S
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rRNA amplicon sequencing using a primer pair targeting bacterial V4-V5
(515F: GTGYCAGCMGCCGCGGTAA, 926R: CCGYCAATTYMTT-
TRAGTTT).>*“" The sequencing was conducted with Illumina MiSeq at
IMR. The resulting paired-end Illumina reads were analyzed with
Quantitative Insights into Microbial Ecology 2 (Qiime2) to characterize
the microbial communities in MMGs.*! Briefly, sequence quality control
and feature table construction were carried out with DADA2.** Taxo-
nomic analysis was conducted using a classifier that was trained on the
Greengenes 13_8 99% OTUs, where sequences had been trimmed to the
16S rRNA region amplified by the 515F/926R primer pair.

5.5. LC/Ms

The culture broths of Control and Wheatgrass MMCs were extracted
with ethyl acetate. Solvent was removed in vacuo. Crude extracts were
weighed and dissolved in 100 pL methanol: 500 pL acetonitrile. Average
sample concentrations were 0.5 mg/mL. 10 pL of sample was diluted
into 40 uL acetonitrile/water (1:1). Blank controls were prepared from
the methanol/acetonitrile (1:5) mixture and diluted with acetonitrile/
water (1:1) as described above. 5 uL sample was injected into Agilent
iFunnel 6550 Q-ToF coupled to Agilent 1290 Infinity LC system equip-
ped with Agilent Eclipse C18 column, 1.8 um, 2.1 x 50 mm. Method:
Solvent A, water with 0.1% formic acid, solvent B, acetonitrile with
0.1% formic acid; gradient of 2-98% acetonitrile in 18 min; flow rate of
0.4 mL/min; column temperature at 30 °C. MS/MS settings: MS scan
range 100-1200 m/z, where two most abundant precursors selected for
MS/MS (range 50-800); collision energy of 50 eV (positive mode) and
35 eV (negative mode). Source settings: gas temperature at 250 °C,
drying gas at 17 L/min, nebulizer at 30 psi, sheath gas temperature at
250 °C, and sheath gas flow at 12 L/min.

5.6. 12-HSA methyl ester

To a solution of commercial (R)-12-HSA (1) (50 mg, 0.17 mmol) in
toluene/methanol (4:1) (1 mL) was added 200 uL of 2 M TMS diazo-
methane in hexane (Sigma-Aldrich). The mixture was concentrated in
vacuo and the residue was purified by silica gel chromatography to
obtain the purified product (40 mg, 0.13 mmol, 75%). 'H NMR (500
MHz, CDCl3) 6§ 3.64 (3H, s), 3.55 (1H, m), 2.27 (2H, t, J = 7.6 Hz), 1.59
(2H, m), 1.50-1.20 ppm (27H, m), 0.86 (3H, t, J = 7.0 Hz). '3C NMR
(125 MHz, CDCl3) 6 174.61, 72.19, 51.69, 37.69, 37.67, 34.33, 32.07,
29.89, 29.79, 29.71, 29.62, 29.59, 29.45, 29.35, 25.86, 25.84, 25.16,
22.85, 14.33. HRMS (ESI; m/z) Caled for CjoH3gOsNa [M-+Na]™
337.2719; found 337.2715.

5.7. Racemic 12-HSA methyl ester

To a solution of commercial (R)-12-HSA methyl ester (31 mg, 0.1
mmol) in dry dichloromethane (1 mL) was added Dess-Martin period-
inane (42 mg, 0.1 mmol). The reaction mixture was stirred at room
temperature for 3 h. The mixture was concentrated in vacuo and the
residue was purified by silica gel chromatography to obtain the keto
product 2 (25 mg, 0.08 mmol, 80%). 1H NMR (500 MHz, CDCl3) 6 3.59
(3H, s), 2.31 (4H, m), 2.23 (2H, t, J = 7.5 Hz), 1.55 (2H, m), 1.48 (4H,
m), 1.15-1.28 ppm (18H, m), 0.80 (3H, t, J = 7.0 Hz). 13C NMR (125
MHz, CDCl3) 5 211.82,174.37,51.48, 42.85, 42.81, 34.11, 31.63, 29.40,
29.25, 29.23, 29.14, 28.95, 24.95, 23.86, 23.85, 22.52, 14.06. HRMS
(ESI; m/z) Caled for CioH3703 [M+H]" 313.2737; found 313.2737. 2
(18 mg, 0.06 mmol) was then dissolved in dry methanol (1 mL). NaBH4
(3 mg, 0.081 mmol) was added to the solution, and the mixture was
stirred at RT for 1 h. The mixture was concentrated in vacuo and the
residue was purified by silica gel chromatography to obtain 3 (16 mg,
0.05 mmol, 85%).
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5.8. (S)-(+)-O-acetylmandelic acid derivatives of 12-HSA methyl ester
“

To a solution of 12-HSA methyl ester (4 mg, 12.7 pmol) dry
dichloromethane (1 mL) was added (S)-(+)-O-acetylmandelic acid
(14.6 mg, 75 pmol), EDC (14.4 mg, 78 umol), DMAP (1.5 mg, 12.3 umol)
The reaction mixture was stirred at room temperature for 24 h. The
mixture was concentrated in vacuo and the residue was purified by silica
gel chromatography to obtain the (S)-(+)-O-acetylmandelic acid deriv-
ative (3 mg, 5.8 umol, 46%). The racemic mixture (4): 13C NMR (125
MHz, CDCl3) § 174.60, 174.59, 170.52, 168.95, 134.34, 129.31, 128.86,
127.82, 76.23, 74.96, 51.69, 34.35, 34.33, 34.08, 31.89, 31.77, 29.69,
29.66, 29.63, 29.61, 29.59, 29.56, 29.45, 29.37, 29.33, 29.23, 29.10,
25.37, 25.32, 25.17, 24.92, 24.85, 22.78, 22.64, 20.99, 14.31, 14.27.
The (R)-isomer: 'H NMR (500 MHz, CDCl3) 6 7.45 (2H, m), 7.35 (3H,
m), 5.85 (1H, s), 4.85 (1H, quint, J = 6.2 Hz), 3.65 (3H, s), 2.28 (2H, t, J
= 7.6 Hz), 2.18 (3H, s), 1.61 (2H, m), 1.50 (2H, m), 1.35 (2H, m),
1.30-1.20 (16H, m), 1.12 (2H, m), 1.01 (4H, m), 0.86 (2H, m), 0.80 (3H,
t, J = 7.4 Hz). '3C NMR (125 MHz, CDCls) 5 174.61, 170.52, 168.95,
134.33, 129.31, 128.86, 127.82, 76.23, 74.97, 51.69, 34.36, 34.34,
34.08, 31.77, 29.70, 29.66, 29.63, 29.46, 29.36, 29.11, 25.37, 25.18,
24.85, 22.64, 20.99, 14.27. HRMS (ESI; m/z) Caled for CogHy470g
[M-+H]" 491.3367; found 491.3371.

5.9. Assays for planktonic growth and biofilm formation

One isolate of B. mediterranea (SDH6) and three strains of A. oceani
(SD3, SD8 and SD9) were recovered as described previously.?® Indole
(Alfa Aesar A14427, Haverhill, MA) and 12-HSA (Alfa Aesar 44810,
Haverhill, MA) were purchased to have sufficient quantities for our as-
says. Since compounds were dissolved in dimethyl sulfoxide (DMSO),
DMSO was used as the vehicle control. Planktonic growth was quantified
by ODggp, whereas biofilm formation was characterized with crystal
violet staining, as described previously.*® Assays were performed at two
different temperatures (19 °C and 27 °C). In the assays at 19 °C, bacteria
were incubated with the compounds for 96 h, whereas the assays at
27 °C used a shorter incubation period (48 h). In the planktonic growth
assay of 12-HSA, the addition of the compound turned the culture broth
turbid. As such, ODgg readings of cultures treated with 12-HSA were
corrected by ODggg readings of 12-HSA in media without culture. For
each treatment condition, 12 data points were obtained.

5.10. Data availability

Sequence files are available from the NCBI Sequence Read Archive
(SRA) with accession number PRINA672656. Mass spectrometric data
sets are available from GNPS under accession number MSV000086394.
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