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ABSTRACT

Plants have a long history of use for their medicinal proper-

ties. The complexity of botanical extracts presents unique

challenges and necessitates the application of innovative ap-

proaches to correctly identify and quantify bioactive com-

pounds. For this study, we used untargeted metabolomics to

explore the antimicrobial activity of Rumex crispus (yellow

dock), a member of the Polygonaceae family used as an herb-

al remedy for bacterial infections. Ultra-performance liquid

chromatography coupled with high resolution mass-spec-

trometry (UPLC‑MS) was used to identify and quantify the

known antimicrobial compound emodin. In addition, we used

biochemometric approaches to integrate data measuring

antimicrobial activity from R. crispus root starting material

and fractions against methicillin-resistant Staphylococcus aur-

eus (MRSA) with UPLC‑MS data. Our results support the hy-

pothesis that multiple constituents, including the anthraqui-

none emodin, contribute to the antimicrobial activity of

R. crispus against MRSA.

More Than Just a Weed: An Exploration of the Antimicrobial Activity
of Rumex crispus using a Multivariate Data Analysis Approach#

# Dedicated to Professor Dr. A. Douglas Kinghorn on the occasion of his

75th birthday.
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Introduction
Botanicals are a major source of medicinally relevant compounds.
Medicines from plant-based sources (botanicals) make an impor-
tant contribution to the healthcare industry [1]. However, the
complexity of botanical extracts makes separation, purification,
and identification of their active constituents challenging. The
purpose of this study was to employ analytical strategies that ad-
dress this complexity to evaluate the antimicrobial activity of the
botanical medicine yellow dock (Rumex crispus). R. crispus is a
member of the Polygonaceae family, originally native to Europe
and Asia, but now also found in the Americas [2]. It is a common
Pelzer CV et al. More Than Just… Planta Med 2022; 88: 753–761 |© 2021. Thieme. All rights re
weed that grows in grassy areas, on roadsides, and near sand
dunes [2]. The Rumex genus contains roughly 200 species [3].
R. crispus has extensive history of being used as an herbal remedy,
and is thought to have beneficial properties for people suffering
from chronic skin problems in many traditional medical practices
[3]. The root of this plant has been used as a poultice or dried
powder to treat sores, ulcers, wounds, and various other skin dis-
753served.
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▶ Fig. 1 Structures of polyhydroxyanthraquinones detected in the R. crispus extract and fractions. Compound 5 is emodin (1,3,8-trihydroxy-6-
methylanthraquinone), compound 6 is 1,3,5-trihydroxy-6-hydroxymethylanthraquinone, and compound 11 is omega-hydroxyemodin (1,3,8-tri-
hydroxy-6-hydroxymethlyanthraquinone). The structures of 5 and 11 were confirmed by matching accurate mass, retention time, and fragmenta-
tion patterns with standards (Supplemental Fig. 2S and 4S). The structural assignment of 6 is putative only, based on matching accurate mass of the
compound with the samemolecular formula that has previously been reported to be a constituent of R. crispus. The features corresponding to 5 and
6 were associated with the antimicrobial activity of R. crispus.
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orders [3]. This traditional use is supported by reported in vitro
antimicrobial activity of R. crispus extracts [4, 5].

Anthraquinones are a chemical class of compounds found in
R. crispus [6]. Of the anthraquinones from R. crispus, emodin
(1,3,8-trihydroxy-6-methylanthraquinone) (▶ Fig. 1) [7] is the
most widely studied, and has also found in multiple other plant
species [8]. The antimicrobial properties of R. crispus and its con-
stituents are relevant given that it has shown activity against
methicillin-resistant Staphylococcus aureus (MRSA) [9], a drug-re-
sistant bacterium that has been identified as a pathogen of inter-
national concern by the World Health Organization [10]. In partic-
ular, community-associated infections of MRSA have recently
emerged as a rising concern [11]. Given that traditional R. crispus
preparations used to treat skin infections are complex mixtures,
we hypothesized that the antimicrobial activity of this botanical
could be due to the combined activity of multiple compounds.
To test this hypothesis, we employed bioassay guided fractiona-
tion in combination with biochemometrics to identify compounds
associated with the antimicrobial activity of R. crispus against
MRSA.
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Results and Discussion
Chloramphenicol [12] and emodin [13] served as controls in this
study, and their minimum inhibitory concentrations (MICs) were
evaluated and used for comparison between this study and pub-
lished literature [12]. The tested concentration chloramphenicol
ranged from 0 to 200 µg/mL (0 to 619 µM) and it displayed an
MIC of 12.5 µg/mL (38.7 µM) (Supplementary Fig. 1SA). Due to
limited solubility, 200 µg/mL (740 µM) was the highest emodin
concentration tested, but growth inhibition was > 95% at this con-
centration, thus 200 µg/mL (740 µM) was defined as the MIC of
this compound (Supplementary Fig. 1SB).

Antimicrobial activity of a series of fractions (1–10) from a
complex R. crispus extract starting material (SM) at two concen-
trations (10 and 100 µg/mL) was assessed against MRSA
(▶ Fig. 2a). Percent inhibition of MRSA using R. crispus SM and
fractions was calculated and samples with values > 50% at
100 µg/mL were defined as active, which include fractions 3–7
(▶ Fig. 2a). Fraction 3 demonstrated the most potent antimicro-
bial activity, with a percent inhibition of 92% at 100 µg/mL Frac-
tions 4–7 also inhibited MRSA growth (▶ Fig. 2a) in a dose depen-
754 Pelzer CV et
dent fashion, but their activity was not as potent as that of frac-
tion 3.

The purpose of this study was to test the hypothesis that multi-
ple compounds contribute to the antimicrobial activity of R. cris-
pus. Given that emodin is a known constituent of R. crispus with
antimicrobial activity, our first step was to determine how much
of the observed activity (▶ Fig. 2a) could be attributed to this
compound. UPLC‑MS/MS was used to identify and quantify emo-
din in the fractions (Supplementary Fig. 2S, Table 1S). The pre-
dicted antimicrobial activity (▶ Fig. 2b) was then calculated for
each fraction using Equation 1. This method of predicting activity
based on the concentration of a known antimicrobial compound
is similar to that reported by Caesar et. al. [14]. Notably, in the
referenced study [14], the known antimicrobial constituent was
intentionally spiked into each of the fractions. Spiking was not
necessary in the current study because emodin was detected in
multiple fractions (fractions 3–10 and starting material, Supple-
mentary Table 1S).

The data comparing predicted and observed activity
(▶ Fig. 2b) can be interpreted as follows. Fractions with lower ob-
served % inhibition values than predicted values indicate potential
synergistic or additive effects between emodin and other constit-
uents of R. crispus. Although fraction 3 demonstrated similar ob-
served and predicted activity and had the highest quantity of
emodin, the predicted activity of fractions 4, 5, 6 and 7 was lower
than the observed activity for these fractions. Thus, it is possible
that other constituents in addition to emodin contribute to the
antimicrobial activity of these fractions.

Biochemometric analysis was employed to integrate biological
and chemical datasets [15]. Supervised analysis of metabolomics
data was carried out using orthogonal partial least squares dis-
criminant analysis (OPLS‑DA). The purpose of this analysis was to
determine which features (defined by their mass to charge ratio
(m/z) and retention time (RT)) detected in the R. crispus extract
were most strongly associated with antimicrobial activity against
MRSA, and to propose possible constituents that might be re-
sponsible for the greater-than-predicted antimicrobial activity of
fractions 4–7. Bacterial growth inhibition as measured by the % in-
hibition was used to guide the analysis, serving as the dependent
variable. It is notable that this approach of correlating activity with
the distribution of compounds across fractions works best when
compounds are present in multiple fractions. Such a scenario is
al. More Than Just… Planta Med 2022; 88: 753–761 | © 2021. Thieme. All rights reserved.



▶ Fig. 2 a Antimicrobial activity of R. crispus roots fractions 1–10 and extract/starting material (SM) at concentrations 100 µg/mL and 10 µg/mL
(expressed as mass of extract or fraction per assay well volume) with DMSO as vehicle. Data are also included for vehicle (V, 2% DMSO) and purified
emodin (E, 100 µg/mL) and chloramphenicol (C, 100 µg/mL). Full dose-response curves for emodin and chloramphenicol are available as Supple-
mental Fig. 1S. Fractions 3–7 are the most active against MRSA LAC USA300 with percent inhibition > 50%. b Comparison of predicted and ob-
served antimicrobial activity of R. crispus fractions 1–10 and starting material (SM) at an assay concentration of 100 µg/mL based on the content of
emodin in each. Activity was evaluated against MRSA LAC USA300. Fraction 3 has similar observed and predicted values, however active fractions
4–7 have greater observed than predicted activity.

▶ Fig. 3 Orthogonal partial least squares discriminant analysis (OPLS‑DA) scores plot (a) and loadings plot (b) of R. crispus fractions 1–10 and SM
tested for antimicrobial activity against Staphylococcus aureus at 100 µg/mL. MRSA growth inhibition was measured in triplicate using percent
inhibition. The fractions, extract and pure compounds were analyzed with UPLC-HRMS (via an Acquity UPLC and Q-Exactive orbitrap mass spec-
trometer) in triplicate. An independent chemical analysis by UPLC‑MS was conducted for each solution measured in the antimicrobial assay. Data-
points shown in green also demonstrated selectivity ratio values (SR) greater than 0.1 and are highlighted in ▶ Fig. 4.
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common when the separation is accomplished at the preparative
scale with flash chromatography, as was the case with this study.

The loadings plot (▶ Fig. 3b) depicts the features with their po-
sition in the plot demonstrating to what extent they explain the
difference among samples. Fraction 3, which demonstrated the
most pronounced antimicrobial activity of those tested, is shown
in the far right of the scores plot (▶ Fig. 3a), separated from the
other fractions. The features represented in the right-most region
of the loadings plot (▶ Fig. 3b) are therefore, expected to be most
strongly associated with antimicrobial activity.

Another way of displaying the correlation between biological
activity and chemical composition is through a selectivity ratio
Pelzer CV et al. More Than Just… Planta Med 2022; 88: 753–761 |© 2021. Thieme. All rights re
plot (▶ Fig. 4). The selectivity ratio can be used as a ranking tool
to determine which features of a given mixture are associated
most strongly associated with biological activity [15–18]. The se-
lectivity ratio is defined as the quotient of the explained variance
and the unexplained variance in the dataset [19]. Features that are
correlated with measured activity will have higher selectivity ra-
tios. A total of ten features were identified as having selectivity ra-
tios above the empirically determine cut-off value of 0.10. Imple-
mentation of the selectivity ratio plot is advantageous because it
minimizes the impact of the heteroscedastic noise and facilitates
the detection of relevant features that give only weak signals in
the mass spectral data [15,16]. Thus, the use of the selectivity ra-
755served.



▶ Fig. 4 Selectivity ratio plot of R. crispus roots fractions 1–10 and starting material (SM) at 100 µg/mL. This plot shows the multivariate statistical
analysis of the untargeted metabolomics dataset and identifies features that correlate with MRSA growth inhibition. Percent growth inhibition of
bacterial growth of each fraction or extract were used as the dependent variable. The x-axis represents the feature (identified bym/z and retention
time) detected. Features are shown in order of increasing mass. Peaks are numbered to correspond with putative annotations (▶ Table 1). Higher
selectivity ratio indicates stronger correlation with growth inhibition.
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tio plot (▶ Fig. 4) enabled identification of features from the
R. crispus extract that correlated to the inhibition of MRSA growth
that were not readily apparent in the loadings plot (▶ Fig. 3b).

The features with selectivity ratios above 0.10 were annotated
(▶ Table 1) based on comparison with standards and assignment
of molecular formulae found within the literature. The annota-
tions considered the previous structures described for the genus,
species, and family of R. crispus. The confidence of annotation was
designated by the scoring system described in [20]. Consistent
with the data shown in ▶ Fig. 3, feature 5 displayed the most pos-
itive selectivity ratio value and corresponded to the [M – H]− ion of
emodin (m/z 269.0457, RT 5.23min) (▶ Fig. 4). Excellent agree-
ment was observed between the standard and the putative emo-
din identified in R. crispus (Supplementary Fig. 2S). Thus, emodin
and its associated ions were assigned MSI level of confidence of 1
(▶ Table 1). After feature 5, the highest selectivity ratio values
(▶ Fig. 4) were observed for features 6 and 10, both of which were
present at the highest abundance in Fraction 3 (▶ Table 1). Fea-
ture 10 was assigned to the proton bound dimer of emodin ([2 M
– H]−,m/z 539.0984 at 5.22min). Identification of the features re-
lated to emodin (5 and 10) was confirmed by comparing theirm/z
in negative polarity, retention time, MS/MS fragmentation pat-
tern, and isotope distribution.

Initially, we proposed based on molecular formula (C15H10O6)
that feature 6 (m/z-RT 285.0405, 5.64) could be omega-hydroxy-
emodin (1,3,8-trihydroxy-6-hydroxymethylanthraquinone), which
is a previously reported to have antimicrobial activity [21]. How-
ever, although omega-hydroxy-emodin was identified in the
R. crispus extract and in fraction 6 (Supporting Fig. 4S), the ob-
served retention time for feature 6 (5.64min) in fraction 3 did
not match with that of an omega-hydroxy-emodin standard
(3.66min). Thus, feature 6 appears to be an isomer of omega-hy-
droxy-emodin, and is tentatively (MSI level 2) assigned the iden-
tity of 1,3,5-trihydroxy-6-hydroxymethylanthraquionone, a con-
stituent that has previously been reported in R. crispus [6] (▶ Ta-
756 Pelzer CV et
ble 1). Comparison of the structures of emodin (5), 1,3,5-trihy-
droxy-6-hydroxymethylanthraquionone (6) and omega-hydroxy-
emodin (11) are shown in ▶ Fig. 1. Further experiments would be
required to isolate the compound corresponding to feature 6 and
confirm its structure. Omega-hydroxy-emodin (11) appeared not
to be associated with the observed antimicrobial activity of the
R. crispus extract, given that its corresponding feature was not as-
signed a selectivity ratio value of > 0.1.

Seven other features identified by the selectivity ratio plot as
correlating with biological activity of R. crispus were most abun-
dant in fraction 4. Among them, two compounds matching the
calculated molecular formulae have been previously described
for the genus Rumex (1 [3, 22], 3 [23]) while four were described
for the family Polygonaceae (2 [24], 7 [25], 8 [26], 9 [27]). Among
these annotated features, several have been shown to have rele-
vant biological effects. Compound 2 (scopoletin) has been re-
ported as antimicrobial and antifungal [28], compound 3 (iso-
ferulic acid) has demonstrated weak antimicrobial activity against
E. coli [29], and compound 8 (laccaic acid D methyl ester) has
been shown to inhibit Mycobacterium tuberculosis [30]. The re-
ported antimicrobial effects of these compounds support the hy-
pothesis that they may play a role in antimicrobial activity of
Rumex crispus. However, most of the reported literature for the
putative active compound does not directly report on activity
against MRSA, and a study of the activity of scopoletin against
one strain of MRSA showed it to be inactive [31]. Further experi-
ments would be necessary to isolate the putatively identified fea-
tures (▶ Table 1), confirm the tentative structural assignments,
and evaluate antimicrobial activity of the purified compounds
against the MRSA strain investigated here (USA300 LAC). It is pos-
sible that these compounds are active only in mixtures; thus, it
would be of value to test their activity both alone and in combina-
tion with emodin.

Collectively, the results of these studies, consistent with litera-
ture [4], confirm previous work suggesting a role of emodin in the
al. More Than Just… Planta Med 2022; 88: 753–761 | © 2021. Thieme. All rights reserved.
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activity of R. crispus against MRSA. We also predicted that the
antimicrobial activity of this botanical could not be attributed to
emodin alone. Informatics analysis of the antimicrobial data sup-
port this prediction and suggest that an array of small molecules
from R. crispus work collectively to exert antimicrobial effects
against MRSA. These findings are consistent with the traditional
use of Rumex crispus topically as a complex mixture and suggest
that such a mixture may be more effective against MRSA than a
single compound alone. However, the studies presented herein
are in vitro only, and they should not be extrapolated directly to
draw conclusions about the efficacy of R. crispus for use in hu-
mans. Importantly, there may be toxicity concerns with the oral
consumption of emodin and related compounds in botanical
preparations [7]. In light of this, the European Union currently
requires processing procedures to remove emodin for botanical
preparations known to contain high levels of this compound prior
to human consumption [32]. Whether or not toxicity concerns are
relevant to topical use of emodin containing botanicals such as
R. crispus could be a topic of future investigation.
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Materials and Methods

Plant Material

Fresh roots of R. crispus were collected on June 20, 2019 from the
University of North Carolina at Greensboro Garden in Greensboro,
North Carolina (N 36.07°, W 79.81°) and identity was confirmed
by Nadja B. Cech. A voucher specimen of R. crispus roots was de-
posited at the herbarium of the University of North Carolina at
Chapel Hill (NCU671166).

Extraction

Fresh R. crispus roots were dried in a single wall transite oven (Blue
M Electric Company) at 37 °C for 24 hours. The dry mass of the
resulting starting material (64.00 g) was ground using a Wiley Mill
Standard Model No. 3 (Arthur Thomas Company) and submerged
in methanol (MeOH) (Fisher Scientific, ACS grade) at 160 g/L for
24 hours. The resulting extract was decanted and dried in a round
bottom flask (Fisher) using a rotary evaporator (G3 Heidolph, Hei-
dolph Instruments). Plant material was resubmerged for 24 hours
with the MeOH recycled from the rotary evaporator. The extrac-
tion process was repeated once more. During the last extraction,
the MeOH was decanted as before without drying down. Doubly
deionized water (H2O) was added to MeOH (9 :1 MeOH:H2O)
and then sonicated to dissolve the three pooled extractions of
the plant material in the same round bottom flask. The resulting
mixture was partitioned with hexane (1 :1 MeOH :H2O: hexane).
The obtained aqueous MeOH layer was partitioned further with
ACS grade ethyl acetate (EtOAc) (Fisher Scientific) empirically
(4 : 1 EtOAc :MeOH/H2O). To remove hydrosoluble tannins, the
EtOAc layer was washed with a 1% sodium chloride (NaCl) solu-
tion. The NaCl solution was made using ddH2O and NaCl pellets
(Fisher Scientific). The resulting EtOAc layer was dried under nitro-
gen, yielding 2.47 g dried extract (3.86% yield), before chromato-
graphic separation. The extraction scheme can be visualized in
Fig. 5S (Supporting Information).
758 Pelzer CV et
Flash Chromatography

Flash chromatographic separations were completed using a Com-
biFlash RF system (Teledyne-Isco) coupled to a PDA detector and
an evaporative light scattering detector (ELSD). The first-stage
separation of the EtOAc extract (2.47 g) was conducted using nor-
mal-stage flash chromatography (Fig. 5S, Supporting Informa-
tion) on a 40 g silica gel column. The ELSD was set to 55 and pres-
sure of 1.5 bar. The nitrogen gauge was set at 20 psi. A 40mL/min
flow rate was used and a total column volume (CV) of 89.2 over a
hexane/CHCl3/MeOH gradient. The gradient consisted of ACS
grade chloroform (CHCl3) (Fisher Scientific) as solvent A1, MeOH
as solvent B1, and hexane as solvent B2. The flash chromato-
graphic system runs a dual solvent system and changes solvent
within the duration of the run. At the beginning of the run, an iso-
cratic step with 100% of B2, was held for 5 CVs. The gradient (A1:
B2) began at 5 CVs as B2 decreased to 0% for 22 CVs. B2 was
switched to B1 for 5 CVs. The gradient (A1:B1) increased to
0 :100 for 32 CVs and B1 was held isocratically at 100% for the last
25.2 CVs.

UPLC‑MS Analysis

UPLC‑MS analysis was conducted in negative mode using a Q-Ex-
active Plus mass spectrometer (Thermo Fisher Scientific) con-
nected to an Acquity UPLC system (Waters Corporation). When
collecting UPLC‑MS data, 3 µL of 1mg/mL samples suspended in
MeOH were injected into the column. Using a flow rate of
0.3mL/min, samples eluted from the column (BEH C18 1.7 µm,
2.1 50mm,Waters Corporation) using the following gradient with
solvent A consisting of water with 0.1% formic acid and solvent B
consisting of acetonitrile with 0.1% formic acid: 90 :10 (A :B) from
0–0.5min, increasing to 0 :100 (A :B) from 0.5–8.0min. The gra-
dient was isocratically held at 100% B for 0.5min, before returning
to starting conditions over 0.5min and held from 9.0–10.0min.
Mass analysis was completed in negative ionization mode over a
scan range of 150–1500 with the following settings: spray voltage
at 3.20 kV, capillary temperature at 256 °C, sheath gas flow at 47,
auxiliary gas flow at 11, spare gas flow at 2, and an S-lens RF level
of 50. MS/MS data were collected using the same procedure with
the exception of using the LTQ XL Orbitrap Mass Spectrometer
with the following settings: spray voltage at 4.00 kV, capillary
temperature at 325°C, capillary voltage at 20 V, sheath gas flow
at 30, auxiliary gas flow at 15, sweep gas flow at 1, and tubes lens
at 100 V.

Quantification of emodin and
prediction of antimicrobial activity

A calibration curve of emodin was constructed to quantify the
amount of emodin in the extract and its subfractions. Emodin
standards were prepared at a range of 1.00 × 10−3 to 1.00 ×
102 µg/mL in optima grade methanol (Fisher-Scientific and ana-
lyzed by UPLC-HRMS as described below. The regression coeffi-
cient (R2) value of the calibration curve of emodin is reported as
0.9961. Emodin concentration was calculated from the best fit
line obtained by linear regression analysis of this calibration curve
(Fig. 3S, Supporting Information). The limit of detection for the
analysis (LOD) was defined as the lowest concentration in the cal-
al. More Than Just… Planta Med 2022; 88: 753–761 | © 2021. Thieme. All rights reserved.
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ibration curve for which the residual (difference between experi-
mental and calculated concentration) was less than 25%.

The predicted antimicrobial activity of emodin was calculated
from Equation 1 based on its concentration in each extract and
fraction and the dose-response relationship for growth inhibition
of Staphylococcus aureus (▶ Fig. 2b). In Equation 1, y is the pre-
dicted biological response emodin will have at a given concentra-
tion, min is the bottom of the dose-response curve (− 0.2205),
max is the top of the curve (0.9280), the hillslope is a numerical
value that characterizes the steepness of the slope at the mid-
point (− 0.603), and x is the concentration of emodin in each ex-
tract and fraction (Supplementary Table 1S). This approach is
similar to that employed by Caesar et al. to predict antimicrobial
activity of botanical extracts [14].

y ¼ minþ max�min

1þ ð x
IC50

Þ�hillslope

Untargeted Metabolomics Analysis

UPLC-HRMS data were collected in negative mode and the raw
data from these analyses are publicly available via MassIVE
(https://doi.org/doi:10.25345/C5K829). The data were analyzed,
aligned, and filtered utilizing MZmine 2.53 (http://mzmine.
sourceforge.net/) [16,33]. ThermoRAW MS data from first-stage
fractions were converted to. mzXML using ProteoWizard [34] and
uploaded for peak picking into MZmine. During mass detection,
the ions retained were those above a noise level of 4 × 104. Chro-
matogram builder was employed with a minimum group size of
5 scans, a group intensity threshold of 4 × 104, a minimum height
of 1 × 106 and m/z tolerance of 0.003 Da. ADAP algorithm was
used for deconvolution with the following parameters: signal to
noise threshold at 10, min feature height at 1 × 106., coefficient
to area threshold at 100, peak duration from 0 to 1min, retention
time wavelet range from 0 to 0.10min. Isotopes were grouped
with a m/z tolerance of 0.0015 Da and a RT tolerance of
0.05min. Triplicate analyses were aligned using the join aligner
tool with the same m/z and RT than for isotope grouping, the
weight for m/z was set at 2 and for RT at 1. Isotope patterns were
compared with the same m/z tolerance, a minimum height of
4 × 104 and a minimum score of 50%. Triplicate analyses were fil-
tered to keep peaks detected in all triplicate. Blank analyses
(n = 15) were aligned with the same parameters and filtered to
keep the peaks detected in at least 7 blanks. All triplicatesʼ series
and blanks were subsequently aligned, and peaks detected in the
blanks were deleted. The final peak lists contained 541 peaks. The
resulting data matrix, consisting of m/z, retention time, and peak
area, was exported as a .csv file to Excel (Microsoft). Filtered
chemical data was merged with MRSA inhibition data from sam-
ples tested at 100 µg/mL to form the final data set for OPLS‑DA
and selectivity ratio analysis.

Multivariate analyses were performed with Sirius 11.5 statisti-
cal software (Pattern Recognition Systems) [16]. An internally
cross-validated PLS model was produced using 100 iterations and
a significance level of 0.05. Statistical algorithms internal to the
Sirius software utilized model predictions to produce selectivity
ratios identifying putative antimicrobial constituents. Peaks with
an SR value of 0 (no correlation detected) were filtered out to give
Pelzer CV et al. More Than Just… Planta Med 2022; 88: 753–761 |© 2021. Thieme. All rights re
a total of 52 highlighted features of which those with a minimum
SR value of 0.10 were annotated (10 features) in ▶ Table 1. These
features were annotated based on UPLC‑MS data and previously
published data for R. crispus. The annotations were presented ac-
cording to the level of confidence score proposed in the metabo-
lomics standard initiative (MSI) [20] and ranged between 1 and 4
(with 1 being higher confidence of identification).

Antimicrobial Assay

To evaluate antimicrobial activity, broth dilution assays were con-
ducted by assessing growth inhibition of a clinically relevant strain
ofmethicillin-resistant S. aureus (MRSAUSA300 LAC strain AH1263)
using Clinical Laboratory Standards Institutes (CLSI) methods [35].
This strain was obtained from Dr. Alexander Horswill at the Uni-
versity of Colorado Anschutz Medical Campus. Cultures were
grown from a single colony isolate of MRSA in Müeller-Hinton
broth (MHB) and diluted to 1.0 × 105 CFU/mL based on absor-
bance at 600 nm (OD600).

R. crispus roots extract and fractions were tested in triplicate at
final concentrations of 10 and 100 µg/mL. Samples were dissolved
in microbiological grade dimethyl sulfoxide (DMSO) (Fisher Scien-
tific) and diluted with Mueller Hinton Broth (MHB, Sigma-Aldrich)
to prepare final concentrations in broth with less than 2% DMSO.
The known antibiotic chloramphenicol (98% purity, Sigma-Aldrich)
was used as a positive control at the same concentrations as
tested extracts and fractions. The vehicle control was 2% DMSO
in MHB. Blank wells consisted of samples at concentrations of 10
and 100 µg/mL without bacteria to enable subtraction of absor-
bance due to the samples. Wells were inoculated with MRSA,
USA300 LAC strain AH1263 [36] and incubated for 24 hours at
37 °C. OD600 was evaluated after incubation.

MICs were calculated for emodin (analytical standard, ≥ 97%
purity, Sigma-Aldrich) and chloramphenicol (positive control,
98% purity, Sigma-Aldrich). After a 24-hour incubation at 37 °C,
OD600 values were measured of the emodin and chloramphenicol
with a concentration range of 0–200 µg/mL. For the purpose of
this study, the MIC is defined here as the concentration at which
bacterial growth is < 95% that of the vehicle control. The inhib-
itory concentration at which bacterial growth is inhibited by
50%, known as the IC50 or EC50, was also calculated to properly
predict activity of emodin based on the concentration of emodin
in each sample. These values were determined using GraphPad
prism software (Version 8.4.3).

Supporting Information

The dose response curves, calibration curve, MS/MS data and an
extraction flowchart are available in the Supporting Information.
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