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Abstract

Natural products have been a primary source of medicines throughout the history of human
existence. It is estimated that close to 70% of small molecule pharmaceuticals on the market are
derived from natural products. With increasing antibiotic resistance, natural products remain an
important source for the discovery of novel antimicrobial compounds. The plant rosemary
(Rosmarinus officinalis), has been widely and commonly used as a food preservative due to its
antimicrobial potential. To evaluate the antimicrobial profile of this plant, we used bioassay-
guided fractionation and bioinformatics approaches. Through bioassay-guided fractionation, we
tested /n vitro activities of a R. officinalis extract and fractions thereof, as well as pure compounds
micromeric acid (1), oleanolic acid (2), and ursolic acid (3) against methicillin-resistant
Staphylococcus aureus (MRSA). Compounds 1 and 3 showed complete inhibition of MRSA (with
MIC values of 32 pg/mL and 8 pg/mL, respectively) while compound 2 displayed only partial
inhibition (MIC > 64 ug/mL). In addition, we utilized orthogonal partial least square-discriminant
analysis (OPLS-DA) and selectivity ratio (SR) analysis to correlate the isolated compounds 1-3
with the observed antimicrobial activity, as well as to identify antimicrobials present in trace
quantities. For mass spectrometry (MS) data collected in the negative ionization mode, compound
1 was the most positively correlated with activity, while for MS data collected in the positive ion
mode, compounds 2-3 had the highest positive correlation. Using the bioinformatics approaches,
we highlighted additional antimicrobials associated with the antimicrobial activity of A,
officinalis, including genkwanin (4), rosmadial (5a) and/or 16-hydroxyrosmadial (5b), rosmanol
(6), and hesperetin (7). Compounds 1-3 resulting from the bioassay-guided fractionation were
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identified by MS-MS fragmentation patterns and 1H NMR spectra. Among the compounds
highlighted by the biochemical analysis, compound 6 was identified by comparison with its
commercial standard by employed ultra-performance liquid chromatography-high resolution mass
spectrometry (UHPLC-HRMS), while 4, 5a-b and 7 were putatively identified based on MS data
and in comparison, with the literature. This is the first reported antimicrobial activity of
micromeric acid (1) against MRSA.
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1. Introduction

The use of natural products, including medicinal plants, remains widely popular today with
approximately 80% of the world’s population relying on herbal products and related
supplements as part of their health care regimen [1]. Rosmarinus officinalis L., or rosemary,
synonymously known as Salvia rosmarinus Spenn., is an aromatic shrubby herb that is a
member of Lamiaceae, native to the Mediterranean region [2]. R. officinalis extract has been
reported to demonstrate antimicrobial activity against the bacterial pathogen methicillin-
resistant Staphylococcus aureus (MRSA), although the chemical compounds responsible for
that activity were not identified [3]. According to the 2019 CDC report, MRSA is one of the
most common antibiotic-resistant bacterial pathogens and is estimated to cause more than
323,000 cases and 10,600 deaths annually in the United States alone [4].

In this study, our goal was to use two different approaches, bioassay-guided fractionation
and bioinformatics, to evaluate the antimicrobial profile of R. officinalis against MRSA
USA300 LAC strain AH1263 [5], with the long-term objective being the utilization of this
combination approach to efficiently improve the antimicrobial screening processes in natural
products.

Bioassay or bioactivity-guided fractionation has been the gold standard in natural products,
in which the extracts are subjected to chemical fractionations and bioassays to simplify the
complexity and pinpoint certain compounds with significant biological effects [6]. It was
reported in 2012 that bioassay-guided fraction was used in more than 1,500 published
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articles in /S/ Web of Science, with hundreds more citations applying various forms of the
same method [6]. While the bioassay-guided fractionation method can be employed to
effectively isolate the most abundant antimicrobials, it also comes with several limitations in
that the botanical materials contain thousands of individual compounds and the methodology
tends to overlook some of the bioactive constituents that are present in low amounts [7].

Here we sought to demonstrate the use of bioinformatics approaches to correlate the
chemical constituents with the bioactivity of R. officinalis and identify the additional
antimicrobials that are not identified through bioassayguided fractionation. Both orthogonal
partial least square-discriminant analysis (OPLS-DA) and selectivity ratio (SR) analysis
were utilized toward this goal. OPLS-DA is an extension of partial least square-discriminant
analysis (PLS-DA) and utilizes orthogonal signal correction filter to remove variabilities that
are not appropriate to the dataset, which in turn allows the analysis to be targeted and robust
against noise [7]. SR plots compare the correlation and covariance to the residual variance
and provide a numerical scale to differentiate between constituents that correlate with
biological activity and those that do not [8].

Experimental

2.1. General experimental procedures

LC-HRMS analysis was completed using a Thermo-Fisher Q-Exactive Plus Orbitrap mass
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) connected to an Acquity
UPLC system (Waters, Milford, MA, USA) with a reverse phase UPLC column (BEH C18,
1.7 um, 2.1 x 50 mm, Waters Corporation, Milford, MA, USA). All fractions were analyzed
at 0.1 mg mL~1 in MeOH with 5 pL injections. The gradient was comprised of solvent A
(H20 with 0.1% formic acid) and solvent B (acetonitrile with 0.1% formic acid). The
gradient began with 90:10 (A:B) from 0-0.5 min, and increased linearly to 0:100 (A:B) over
19.5 min, then it was held at 100% B for 0.5 min, before returning to starting conditions
over 0.5 min with an isocratic hold from 21.0-22.0 min. Analysis was performed in positive
and negative switching mode over the m/zrange of 150-1500 with: capillary voltage at -0.7
V, capillary temperature at 310°C, S-lens RF level at 80.00, spray voltage at 3.7 kV, sheath
gas flow at 50.15, and auxiliary gas flow at 15.16. The three most intense ions were
fragmented with a higher-energy collisional dissociation (HCD) of 65.0. Flash
chromatography was conducted with a CombiFlash RF system (Teledyne-Isco) with a
photo-diode array (PDA) detector. The HPLC separations were performed with a preparative
Gemini (5 um; 250 x 21.20 mm) column, at a flow rate of 21.2 mL/min, with a Varian
Prostar HPLC system (Agilent, Santa Clara, CA, USA) equipped with a Prostar 210 pumps
and a Prostar 335 photodiode array detector (PDA), with the collection and analysis of data
using Galaxie Chromatography Workstation software. The NMR data was collected using a
JOEL ECS-400 spectrometer, which was equipped with a JOEL normal geometry broadband
Royal probe, and a 24-slot autosampler, and operated at 400 MHz for 1H (JOEL USA, Inc.)
All analytes including oleanolic acid, ursolic acid, and rosmanol standards were acquired
through Sigma-Aldrich (St. Louis, MO, USA) and were spectroscopic or microbiological
grade. All solvents were purchased from Fisher Scientific (Waltham, MA, USA), in Optima
or HPLC or ACS-grade dependent upon the experiment.
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2.2. Plant material

Rosmarinus officinalis L. was collected on July 25, 2019 from the Dunleath Community
Garden in Guilford County, North Carolina (N 36°4°53.616”, W 79°47°6.18™). The voucher
specimen was deposited at the herbarium at the University of North Carolina at Chapel Hill
(Accession number NCU670047, Catalog number NCU00433752). Stems and leaves were
dried at room temperature until crisp before extraction. The plant name was verified on
http://www.theplantlist.org/ on August 101, 2020.

2.3. Extraction

R. officinalis stems and leaves (30.60 g of dried mass) were ground using a Wiley Mill
Standard Model No. 3 (Arthur Thomas Company) and extracted in MeOH (160 g/L) at room
temperature for 24 hours. The supernatant MeOH layer in the extract was decanted using a
borosilicate glass side-arm flask and funnel. The supernatant was dried down using a
Rotovap (Heidolph, Schwabach, Germany). The MeOH was recycled to repeat the process
for a total of three times. The MeOH extract was dried under nitrogen, yielding 3.2 g.

2.4. Chromatographic separation

The fractionation scheme is provided in Figure S1. A portion of the methanol extract (900
mg) was dissolved in CHCl3, adsorbed onto Celite 545 (Acros Organics) and was separated
with normal-phase flash chromatography (40 g silica gel column) with a 55.0-minute
hexane/CHCI3/MeOH gradient at a 40 mL/min flow rate (Figure S4). This generated a total
of 8 fractions. Fraction RO-5 (115 mg) went through a second stage of normal-phase flash
chromatography (Figure S5), after dissolving in chloroform, absorbing onto Celite 545
(Acros Organics), with a 35.0-minute hexane/CHCIl3/MeOH gradient and was separated
using a 15.5 g silica gel column at a flow rate of 30 mL/min. This fractionation yielded 6
simplified fractions, in which the bioactive fraction RO-5-4 (approximately 10 mg) was
purified further via preparative HPLC using a gradient system 80:20 to 90:10 of
CH3CN:H,0 with 0.1% formic acid over 30 minutes (Figure S6). This yielded 4 fractions:
RO-5-4-1 (3.88 mg eluted at 4.0 min), RO-5-4-2 (2.27 mg eluted at 12.5 min), RO-5-4-3
(3.15 mg eluted at 15.9 min), and RO-5-4-4 (5.4 mg eluted at 0.5 min).

2.5. Antimicrobial assays

Antimicrobial activity was evaluated according to Clinical Laboratory Standards Institute
(CLSI) guidelines [9] against a clinically relevant strain of methicillin resistant S. aureus
(MRSA USA300 LAC strain AH1263) [5]. Cultures were grown from a single colony
isolate in Miieller-Hinton broth (MHB) and diluted to 1.0 x 10° CFU/mL based on
absorbance at 600 nm (ODggp).

Samples were screened in triplicates at final concentrations of 10 and 100 pg/mL. Samples
were dissolved in DMSO and diluted with MHB to prepare final concentrations containing
2% DMSO in each well of 96-well cell culture plate (Corning Incorporated, Corning, NY,
USA). Minimal inhibitory concentrations (MICs) were identified by testing micromeric acid
(1), oleanolic acid (2), and ursolic acid (3) in 96-well cell culture plate (Corning
Incorporated, Corning, NY, USA) at concentration ranging from 0.00-64.0 pg/mL in MHB.
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MIC was defined as the lowest concentration at which no statistically significant difference
between the wells that did not contain bacteria and the treated samples were found. In both
screening and MIC assays, levofloxacin (98% purity, Sigma-Aldrich) was used as a positive
control at 10 pg/mL while 2% DMSO served as a negative control. The samples were
incubated while shaken at 37°C for approximately 18 — 24 hours and ODgqg values were
measured using a Synergy H1 microplate reader (Biotek, Winooski, VT, USA). Percent
inhibition and MIC values were calculated based on the CLSI standard protocols [9].

Bioinformatics analysis

Raw data were converted to .mzML format with Proteowizard (http://
proteowizard.sourceforge.net/). MZmine 2.53 software ((http://mzmine.github.io/) was
employed for data processing. In both ionization modes, the exact mass detector was used
for mass detection with a noise level set at 5x103. The ADAP chromatogram builder [10]
was set to a minimum group size scan of 5, a minimum group intensity threshold of 5x103, a
minimum highest intensity of 1x10% and a /7/z tolerance of 0.003 Da. The wavelet algorithm
ADAP was used for deconvolution: the intensity window was used as signal to noise (S/N)
estimator, the S/N threshold was set at 10, the minimum feature height at 1x10°, the
coefficient area threshold at 110, a peak duration range of 0.0 to 1.0 min, and a retention
time wavelet range of 0.0 to 0.1 min. The peak lists were de-isotoped with the isotope peaks
grouper with a m/ztolerance of 0.015 Da, a retention time (RT) tolerance of 0.01 min, a
maximum charge of 3 and the most intense isotope was the representative one. Each series
of triplicates was aligned independently with the Join aligner method, with a RT tolerance of
0.1 min, a m/zrange of 0.002, a weight for RT of 1 and for m/z of 2. The obtained aligned
peak lists were filtered with the feature list row filter module to keep only rows that have
features detected in each replicate. After filtering, these peak lists were all aligned together
as well as with the blank analyses (n=7) with the same parameters. Rows with features
detected in more than 4 blank analyses were removed. For further analysis, the peak areas,
mv/zvalues, and retention times for detected individual ions in triplicate injections were
exported from the data matrix to Excel (Microsoft, Redmond, WA, USA). A peak area of 0
was assigned to the samples that did not contain a particular marker ion, to maintain a
consistent number of variables throughout the dataset. The dataset is available on the GNPS
server (MassIVE MSV000086110, https://doi.org/doi:10.25345/C5XB4V )(temporary
private access during submission process, password “rosemary”). It includes raw and mzML
files, as well as the resulting tables exported from MZmine.

The averages of triplicate injections were used after verifying that replicates clustered in the
dendrogram analysis (Figure S7 and S8). The resulting data matrix from Excel (Microsoft,
Redmond, WA, USA) was merged with bioactivity data set in the form of percent inhibition
against MRSA (at 100 pg/mL concentration) to form a final analytical matrix.
Biochemometric analysis was performed using Sirius version 11.5 (Pattern Recognition
Systems AS, Bergen, Norway). An internally cross-validated PLS (partial least squares)
model was constructed using 100 iterations, at a significance level of 0.010. Selectivity
ratios from the final PLS model were calculated using algorithms internal to Sirius.
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Features of interest were annotated by combining the determination of the molecular
formula and data from the literature. In the module for predicting the molecular formulae of
MZmine, the m/ztolerance was set at 0.002 Da, the isotopic score at a minimum of 60% and
the element count heuristics were taken into account. The CAMERA identification module
was used with the parameters described in https://mzmine.github.io/
ADAP_user_manual.pdf. In addition, the identification module for adduct search was used
with a RT tolerance set at 0.02 min, a m/ztolerance at 0.0015 Da and a maximum relative
adduct peak height at 10,000%. To complete the list of adducts included in MZmine,
common adducts described in https://fiehnlab.ucdavis.edu/staff/kind/metabolomics/ms-
adduct-calculator/ were imported in the module.

3. Results and discussion

3.1

Bioassay-guided fractionation approach

Bioassay-guided fractionation was completed in three stages (Figure S1) to simplify the R.
officinalis extract. With each stage, bioactive constituents were concentrated further,
resulting in the elevated percent inhibition values (Figure 2), most significantly going from
first stage to second stage fractions. The most bioactive second stage fraction (RO-5-4) was
chromatographically separated and resulted in four subfractions, in which three (RO-5-4-1
through RO-5-4-3) of them demonstrated significant inhibitions ranging from 75-100%
against MRSA strain (Figures 2, S1). MS-MS (Figure S2) and IH NMR (Figure S3)
analyses were acquired. RO-5-4-1 was confirmed to be compound 1 by 'H NMR in
comparison to the literature (Figures S3A, S3B) [11]. RO-5-4-2 and RO-5-4-3 were found
to contain compounds 2 and 3, respectively, in comparison to the fragmentation patterns
(Figure S2) and H NMR spectra (Figure S3) of the standards [12,13]. In particular, RO-5-
4-2 had two methyl singlets (64 0.89 and 6 0.92), where RO-5-4-3 had the corresponding
methyl doublets (64 0.85, and 8 0.93). While RO-5-4 fraction had MIC value of 32 pg/mL,
compounds 1 and 3 showed antimicrobial activities against MRSA with MIC values of 32
pg/mL (70 uM) and 8 pg/mL (18 uM) respectively. Compound 2 only demonstrated partial
inhibition of MRSA (MIC > 64 pg/mL (140 uM)). This is the first reported antimicrobial
activity of 1 against MRSA. Compounds 2 and 3 have previously been reported to have
activity against S. aureus strain ATCC 25923, with MIC values of 3.75 mg/mL and 0.01
mg/mL, respectively [14]. Hence, the bioassay-guided fractionation enabled identification of
two antimicrobial constituents (1 and 3) present in the most active second stage fraction,
RO-5-4 (Figure S2), and also resulted in the isolation of compound 2 with very weak
activity.

3.2. Bioinformatics approach

We UHPLC-HRMS to evaluate differences in chemical compositions of the first stage
fraction with the most potent antimicrobial activity (RO-5) and its subfractions (RO-5-1
through RO-5-6) (Figure S1) at 100 ug/mL concentrations. Only these fractions of R.
officinalis were included since the second stage fractions were previously found to be the
most effective for the bioinformatics process [15].
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To perform bioinformatics, the chemical information came from MS analysis in the form of
mass over charge-retention time (/7/z-RT) pairs and antimicrobial assays provided the
required percent inhibition values (Figure 2). Both OPLS-DA (Figures 3, 5) and SR plot
(Figures 4, 6) analyses were performed on the MS data sets collected in the positive
ionization and negative ionization modes.

OPLS-DA is a supervised methodology that was employed here to integrate mass
spectrometry datasets, which provide information on the chemical constituents, and
bioactivity assays, which give percent inhibition values against MRSA. This analysis can be
described in two plots, “scores” (Figure 3A) in which each fraction represents a single data
point and “loadings” (Figure 3B) in which each individual features (/7/z-RT pairs) found in
the analyzed fractions are plotted as single data points [7]. The plots involve mapping the
dataset onto a series of latent variables in a two-dimensional space [7]. Although more than
two principal components (PC) exist, it is typical to plot data using the two PCs (often PC1
and PC2) that introduce the most variability across the analyzed fractions [7]. The location
of the detected chemical constituent on the loadings plot explains the locations of the
fractions on the corresponding scores plot, which in turn assists in the identification of
bioactive compounds which correlate to the observed antimicrobial activities [7].

In both positive and negative ionization modes, PC1 explains the differences between the
fractions and detected ions more than PC2 due to the higher percentage: Figure 3 (PC1 =
95.87%, PC2 = 2.38%) and Figure 4 (PC1 = 77.17%, PC2 = 13.58%). Since OPLS-DA is
guided by the MRSA growth inhibition values, the fraction with most potent antimicrobial
activity, RO-5-4, clusters by itself in the quadrant I, the fraction with the least potent
antimicrobial activity, RO-5-6 clusters by itself in the quadrant I, while other partially
inhibitory fractions cluster together in the centers of the scores plots (Figures 3A, 4A).
Similarly, in the loading plots (Figures 3B, 4B), we observed that the features correlating to
the antimicrobial activity of RO-5-4 cluster in the quadrant I.

We identified nine features in positive ionization mode analysis (Figure 3C) and twelve
features in negative ionization mode analysis (Figure 4C), which correlate to antimicrobial
activity of RO-5-4. As compounds 2 and 3 are very similar structurally, they have been
observed as co-eluting in our chromatographic conditions and they couldn’t be
differentiated. Compounds 1 and 2-3, and their in-source features (adducts and neutral
losses) were identified to be the features of importance. In the positive ionization mode, the
[M+H-H,0]" neutral loss of 2—3 was the most positively correlating feature in positive
ionization mode (Figure 3C) and in the negative ionization mode, the deprotonated
molecular ion [M—-H]"~ of 1 was the highest correlating feature in negative ionization mode
to the observed bioactivity of RO-5-4 (Figure 4C). This further validates the results from the
bioassay-guided fractionation approach since compounds 1-3 were isolated from RO-5-4
(Figure S1) and exhibited antimicrobial activity when tested in isolation. More features
corresponding to the compounds (4-6) were highlighted which will be discussed more in the
SR analysis section (Figures 3C, 5C). Detailed annotations of the features can be seen in
Table 1 for both positive and negative ionization modes.
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Bioinformatics analysis can also be conducted using selectivity ratio (SR) analysis, which
quantitatively measures the level of correlation between the observed biological effect and
each of the features (m/zRT pairs) in the dataset [8]. For this dataset, the higher (more
positive) SR values represent positive correlations with antimicrobial activity. In the SR
analysis for the positive ionization MS data set, the positive SR ranged from 0.56 to 2.88
(Figure 5A). The two features with the highest SR (SR = 2.88), [M+H-H,0]* and [M-
C16H2603]*, were annotated as features of compounds 2 or 3 (Figure 5A), further validating
the OPLS-DA analysis (Figure 3) which indicated that these compounds are highly
correlated to the antimicrobial activity. In the negative ionization mode SR analysis, the
positive SR ranged from 1.26 to 11.60 (Figure 5B). The features with the highest SR values
were annotated as features of compounds 1 and 2-3 (Figure 5B), again validating the OPLS-
DA analysis (Figure 4).

In addition to the compounds already identified by the bioassay-guided fractionation
approach, other compounds were highlighted by the biochemometric approach. In both
ionization modes, the precursor ions, [M+H]* and [M—H]~, of compound 4 were highlighted
with positive SR values (Figure 5). Furthermore, the SR plots showed features that could be
related to compound 5a; however, the presence of a feature at the same retention time in the
negative ionization mode annotated as the [M—H]~ deprotonated molecular ion of 5b could
indicate that all related features to compound 5a came from compound 5b, which would lose
one oxygen during the ionization process (Figures 5). In addition to these features, the
negative ionization mode SR plot highlighted the [M-H]~ deprotonated molecular ions of
compounds 6 and 7. The annotation of compound 6 was validated by comparison with a
commercial standard by UHPLC-HRMS. These data are strengthened with literature
comparison, as compounds 6 has been previously shown to MICs ranging from 15.6-62.5
pg/mL against MRSA strains [16] and compound 7 has been shown to have MIC of 500
g/mL against MRSA [17] while compound 4 has previously been reported to have
antimicrobial activity against Bacillus cereus and Escherichia coli strains although not
against MRSA [18]. To our knowledge, no previous studies were conducted on the
antimicrobial activities of compound 5a or 5b against MRSA. Detailed annotations
including SR values can be seen in Table 1.

Previous reports have often attributed the antimicrobial activity of R. officinalisto volatile
constituents that the plant contains [19]. While the analyses conducted here did not detect
these constituents in the R. officinalis extract, it is possible that they could have been present
below the limit of detection for UHPLC-HRMS and may have contributed to the observed
antimicrobial activity of the extracts. Future experiments to explore this possibility, possibly
employing gas chromatography-mass spectrometry as an analytical technique, would we
warrant.

The bioinformatics approach enabled not only the identification of the highly positive
correlations of 1-3 but also of compound 6, which was not detected by the bioassay-guided
fractionation approach. Furthermore, it allowed the putative annotations of compounds 4, 5a
or 5b, and 7 using their m/zand RT values and in comparison, with the literature. Therefore,
the combination of bioassay-guided fractionation and bioinformatics can lead to the isolation
of abundant compounds, correlations of these compounds with bioactivity, and the
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highlighting of potential antimicrobials present in low quantities. This captures a more
complete assessment of the antimicrobial profile of a given natural product than using either
technique alone. Further studies would be required to confirm the identity of the annotated
compounds and to evaluate their bioactivities individually and in combination via synergistic
antimicrobial assays [20].

Supplementary Material
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Highlights
. First report of the antimicrobial activity of micromeric acid (1) against MRSA
. Positive correlations of isolated compounds to the bioactivity
. Putative identifications of additional compounds using bioinformatics
. Advantage of using both bioassay-guided fractionation and bioinformatics
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Figure 1.

Structures of isolated compounds: micromeric acid (1), oleanolic acid (2) and ursolic acid
(3) and structures of putatively identified compounds: genkwanin (4), rosmadial (5a), 16-
hydroxyrosmadial (5b), rosmanol (6), and hesperetin (7) from Rosmarinus officinalis.
Configuration of compounds 1-3 was assigned via 1H NMR. The annotation of compound 6
was validated by comparison with a commercial standard by UHPLC-HRMS, while others
were tentatively identified through m/zand RT values and in comparison with the literature.
Molecular weights of the compounds (in g/mol) are denoted below each structure.
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Figure 2.
Percent inhibition of methicillin resistant Staphylococcus aureus (MRSA) strain AH1263

growth by Rosmarinus officinalis methanol extract (RO) and fractions therefrom. The
fractionation scheme can be seen in Figure S1. The initial extract (RO) exhibited partial
inhibition at high concentration (100 pg/mL) but no inhibition at low concentration (10 pg/
mL). Fractionation of the initial extract (RO) yielded eight fractions (RO-1 through RO-8),
of which one fraction (RO-5) possessed strong antimicrobial activity. Fraction RO-5 was
subsequently fractionated into six sub-fractions (RO-5-1 through RO-5-6), of which RO-5-
4 was active. Fraction RO-5-4 was separated into four sub-fractions, RO-5-4-1 through
RO-5-4-4, all of which exhibited significantly high inhibitions of MRSA growth at 100
pg/mL. Mean percent inhibition was calculated from triplicate assays wells and error bars
represent standard error of the triplicates. The known antimicrobial agent levofloxacin
served as positive control, and vehicle (2% DMSO) served as negative control.
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Figure 3.

OPLS-DA plots of Rosmarinus officinalis fractions (first stage RO-5 fraction and its
subfractions, RO-5-1 through RO-5-6) in positive (PI) MS mode. The separation pattern of
the data points is supervised by the percent inhibition values against MRSA. 3A. OPLS-DA
scores plot of the fractions. Each fraction is plotted as an individual data point and color-
coded. RO-5-4 having the highest inhibition against MRSA is visualized in the quadrant I,
while RO-5-6 with no inhibition against MRSA is in the quadrant Il. Other fractions with
moderate bioactivities cluster closely to one another near the center of the plot. 3B. OPLS-
DA loadings plot of the fractions. The detected features, which exist in the same quadrant as
RO-5-4, are clustered in the quadrant | and their presence is highly correlated to the
bioactivity of the fraction. 3C. OPLS-DA loadings plot, zoomed in on the features
correlating to the bioactivity. The features are color-coded based on the compounds.
Features corresponding to micromeric acid (1) and oleanolic acid (2) or ursolic acid (3) were
identified to be positively correlating to the bioactivity of RO-5-4. [M+H+H,0]" of
oleanolic acid (2) or ursolic acid (3) was identified to be the most positively correlated ion to
the bioactivity of RO-5-4. Additional tentative annotations of the features can be seen in
Table 1.
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C OPLS-DA Loadings Plot (NI MS mode, Zoomed In)
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OPLS-DA plots of Rosmarinus officinalis fractions (first stage RO-5 fraction and its
subfractions, RO-5-1 through RO-5-6) in negative (NI) MS mode. The separation pattern of
the data points is supervised by the percent inhibition values against MRSA. 5A. OPLS-DA
scores plot of the fractions. Each fraction is plotted as an individual data point and color-
coded. RO-5-4 having the highest inhibition against MRSA is visualized in the quadrant I,
while RO-5-6 with no inhibition against MRSA is in the quadrant Il. Other fractions with
moderate bioactivities cluster closely to one another near the center of the plot. 5B. OPLS-
DA loadings plot of the fractions. The detected features, which exist in the same quadrant as
RO-5-4, are clustered in the quadrant | and their presence is highly correlated to the
bioactivity of the fraction. 5C. OPLS-DA loadings plot, zoomed in on the features
correlating to the bioactivity. The features are color-coded based on the compounds. Similar
to thepositive mode, micromeric acid (1), oleanolic acid (2) or ursolic acid (3), and their
adducts were identified to be positively correlating to the bioactivity of RO-5-4. The
precursor ion [M-H]~ of micromeric acid (1) was identified as the most positively correlated
ion to the bioactivity of RO-5-4. Additional tentative annotations of the features can be seen

in Table 1.
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Figure 5.

Selectivity ratio (SR) plot for multivariate statistical analysis for ions detected in first stage

RO-5 fraction and its subfractions, RO-5-1 through RO-5-6. The data was collected using

UPLC-HRMS. Percent inhibition measurements against MRSA after 18—24 hours were used

as a dependent variable. The x-axis shows the features (identified by a unique /m/zand
retention time) detected in the metabolomics dataset. Features are shown in the order of

increasing /m/z value and color-coded based on compounds. Variable selectivity ratio is
shown on the y-axis and higher ratio indicates stronger correlation with the percent

inhibition. 5A. SR plot analysis in positive (Pl1) MS mode. 5B. SR plot analysis in negative

(NI) MS mode. In both figures, micromeric acid in red (1), oleanolic acid (2) or ursolic acid

(3) in blue, and their related features had high SR ratios, confirming their positive

correlation to the bioactivity of RO-5-4 fraction. Unknown adducts are labelled along with

their features (/m/zRT). Additional tentative annotations of the features can be seen in Table
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