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Abstract

Inhibition of multidrug-resistant bacteria by Civil War plant medicines
By Micah Dettweiler

A shortage of conventional medicine during the American Civil War (1861-1865) led
Confederate physicians to use preparations of native plants as medicines. Francis Porcher, a
southern botanist, compiled in 1863 a book of native medicinal plants, including plants used in
Native American traditional medicine. In this project, Porcher’s book was consulted. Samples
from three plant species which he used for the formulation of antiseptics, Liriodendron
tulipifera, Aralia spinosa, and Quercus alba, were collected in Lullwater Preserve, Atlanta,
Georgia. Chemical extracts of these plant samples were tested for the ability to inhibit growth,
biofilm production, and quorum sensing in three species of multidrug-resistant pathogenic
bacteria.

Bulk plant specimens were dried and ground to a powder. Chemical extraction for each was
performed via sonication in methanol, then each extract was either partitioned or fractionated by
column chromatograph to create 19 samples. Samples were dissolved in DMSO (10 mg/mL) and
tested at concentrations ranging from 2-256 pug/mL for growth inhibition and biofilm inhibition
of Staphylococcus aureus, Klebsiella pneumoniae, and Acinetobacter baumannii. Samples 617B
(hexane partition), 619 (bark extract), and 619F2 (tannin fraction) displayed the most growth
inhibition of S. aureus with MICg < 256 pg/mL, and extracts 619, 619F2, and 620 (gall extract)
displayed growth inhibition of K. pneumoniae and A. baumannii. Extracts 616 (leaf extract),
616F1 (non-tannin fraction), 618B (hexane partition), 619F2, 620, and 621 (bark extract)
displayed biofilm inhibition of S. aureus at sub-MICsp concentrations.

The extracts from the three plants showed activity in growth inhibition, biofilm inhibition, and
quorum quenching of drug-resistant bacteria. The data herein suggest that these plant extracts
represent promising natural product compositions for antibiotic drug development.
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Chapter 1: Introduction

This chapter gives background information relevant to this project. The modern problem of
antibiotic resistance necessitates a search for new antibiotics and new ways to treat infections.
During the American Civil War, plant medicines were used to treat infections; natural products
such as these may be sources of new antibiotics.

Antibiotic resistance

Antibiotic resistance in pathogenic microbes poses a significant threat to human health
(1); antibiotics are critical not only in treating bacterial diseases but also in enabling surgery and
other procedures with high risks of infection (2). Given the great genetic diversity and capacity
for evolution present in bacteria, a rise in antibiotic resistance is an inevitable response to
antibiotic use (3). In 1940, even before penicillin was widely used, penicillin resistance was
observed (4). Any single antibiotic, then, is not a permanent solution but another step in the
struggle to survive the bacteria we coexist with.

There are many mechanisms by which antibiotics operate and many mechanisms by
which resistance arises and functions. In the example of penicillin, a B-lactam compound disrupts
bacterial cell walls, leading to lysis (5). The first observed mechanism of resistance to penicillin
was production of B-lactamases; other recorded modes of resistance include intrinsic resistance
and penicillin tolerance (5). Most antibiotics follow this general model in that they inhibit an
essential bacterial process. Wherever these antibiotics are used, then, there is a strong selective
pressure exerted on a bacterial population for the development of resistance.

Several factors complicate the relationship between antibiotics and bacteria. For example,
the innate immune system plays a role in fighting infections with or without the use of

antibiotics. Further, commensal members of the microbiome may outcompete pathogenic



bacteria or may themselves become pathogenic under certain circumstances (6). Relevant to this
study, bacterial community effects such as biofilms and quorum sensing produce resistance and
virulence not necessarily observed in vitro (7, 8). Biofilms are extracellular mixtures of
polysaccharides and proteins that can physically protect bacteria populations from antibiotics;
biofilms are associated with chronic infections, especially in the case of medical implants (7).
Quorum sensing is a system by which toxin production or other pathogenic activity is initiated
when extracellular communication indicates achievement of a threshold population of bacteria.
Inhibition of quorum sensing, then, is therapeutic but not bactericidal (8). In the absence of new
antibiotics, multidrug-resistant infections may in many cases be treatable by administering
biofilm inhibitors or quorum quenchers to increase the vulnerability of bacteria to the immune
system or conventional antibiotics.
Historical perspective

The natural product compositions investigated in this study are plant extracts used during
the American Civil War, a period of history in which infections were treated without the use of
modern antibiotics. The accepted definition of antiseptic was “tonic useful to prevent external or
internal mortification” (9). During the war, a Union blockade (10) (Fig. 1.1) prevented the
Confederacy from importing sufficient amounts of conventional medicines such as quinine,

morphine, and chloroform (11).
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Figure 1.1. Contemporary cartoon of Union blockade (12)

Francis Porcher, a Confederate botanist, was commissioned to find and catalog plants
native to the southern US that could be used as medicines (9). Porcher compiled a book of his
findings, including 37 plant species to be used as antiseptics, treating gangrene and other
infections (9). From this research, Samuel Moore, the Confederate Surgeon General, published a
field guide of native plant medicines to be used by battlefield physicians (Fig. 1.2), including
methods of collection, preparation, and administration (13). Infection was a leading cause of
death for soldiers in the Civil War and was often treated with amputation (14). It may be hoped

that Porcher’s work with natural products saved many lives and limbs.



Standard Supply Table of the Indigenous Remedies for Field Service and Sick in General Hospital. .

* Quantitles for one
year, for commands
® ARTICLES. of 500 men in the
field, or 100 gick in
general hospital.
Botanical names. Common names. Medical properties. Dose. E ?::; et:or Q“‘:;;';.
1b. 0z.
Aconus calamus, Calamus, Aromatic stimulaut and stomachic, 10 to 20 grs. Pulv, 30
L i Ot - 1 fl. drachm, Fl. ext. 10
Arum tryphillum, Wake robiu, or in-
dian turnip, Expectorant ; stim. to gland, system, 1ungs d
and gkin; in emulsion, 10 grs. Puly. 1 0
Aristolochia serpentaria, | Virginia snake root, | Stimulant, tonic and diaphoreuc in lnfu
a 3| P gion, - 1 or 2 0zs. Rad. 2 8
Asarum canadense, Wild ginger, Aroma.t sumulant tonic aud dxaphoreuc.' 20to 30 grs. - & 10
W ¢ G o8 . 4 to 1 fl. drachm, | Fl. ext. 18
Asclepias tuberosa, Pleurisy root, or but-
. u-rﬂyy\veed, - | Diaphoretic; in decoction, = « |-1 teacupfal, - | Rad. 18
" e Do. do. Expectorant, - . 20 to 60 gra e. | Paly. 18
Capsicum, Pepper, External irritant, Pod, 4 0
= ) Stim. stomachic; in gargles, tto?2 drachms, - | Tinet. 2.0
Casgia marilandica, Americay senua, Cathartic; in infusion, 1 to 3 ounces, Fol. 18

Figure 1.2. Supply table of plant medicines issued by Confederate surgeon general S. P. Moore

(13).

Natural products

Natural products—compounds produced by living organisms—are used directly as
medicine by an estimated 4 billion people for whom traditional medicine is a primary healthcare
source (15). Approximately 25% of modern drugs are derived from natural products used in
traditional medicine (16). Plants in particular produce a large variety of secondary metabolites to
interact with their environments, and some of these serve to control local microbes by
encouraging or inhibiting bacterial growth and/or function.

Many of the plant species Porcher described as antiseptic have not been tested by modern
labs for antibiotic activity, especially adjuvant activity and activity against multidrug-resistant
bacteria. The aim of this study, then, is to identify sources of novel chemical entities (NCES)
with antibiotic activity. While the majority of drugs on the market today are synthetic, many are

still derived from natural products; a review of new drugs from 1980-2005 found that only one



new FDA-approved NCE, sorafenib, was created through combinatorial chemistry (17).
Searching natural products for NCEs may be a more effective tactic, especially when systems of
traditional medicine or historical pharmacopoeias are available to use as heuristics.

One benefit of natural product extracts as antibiotic agents over single-compound drugs is
that they, containing dozens to thousands of compounds, can have multiple mechanisms of
activity, making it more difficult for resistance to develop. For example, Quercus robur bark was
found to exert its quorum quenching activity via two distinct mechanisms (18).

Project goals

In this study, samples of three species from Porcher’s book were selected for
investigation based on convenience of collection: Quercus alba (Fagaceae), Aralia spinosa
(Araliaceae), and Liriodendron tulipifera (Magnoliaceae). The hypothesis is that, given the
historic use of these plants as antiseptics, their extracts may inhibit growth, biofilm production,
and/or quorum sensing in pathogenic bacteria. Multidrug-resistant bacteria were used in all
experiments to examine the potential use of these plant compounds to combat the effects of

antibiotic resistance.



Chapter 2: Literature Review

This chapter gives an overview of literature on the antibiotic-resistant bacteria and plants used in
this study.
Bacteria used

The bacteria studied in this project—S. aureus, A. baumannii, K. pneumoniae, and P.
aeruginosa—are frequently associated with infected wounds and may therefore be among the
species targeted by Civil War antiseptics. In our modern context, resistant strains of these
bacteria are the cause of difficult or impossible-to-treat infections in hospitals and in combat
wounds. Multidrug-resistant strains of each of the bacteria described below were used in this
study.

S. aureus is a gram-positive bacterium. It generally grows on the skin or in the respiratory
tract and as such can cause respiratory infections and a variety of skin conditions including boils,
atopic dermatitis, and scalded skin syndrome. When skin or mucous membranes break, local
populations of S. aureus can infect the bloodstream; S. aureus is in fact among the largest causes
of bacteremia in developed countries (19). Methicillin-resistant S. aureus (MRSA) was the strain
used in this study.

A. baumannii is a gram-negative bacterium generally encountered in nosocomial
infections, in wounds, in the blood, and in the respiratory system (20). Many of these infections
have been found in soldiers deployed in Irag and Afghanistan in recent decades (21). Multidrug-
resistant infections of A. baumannii can have mortality rates as high as 35% (20).

K. pneumoniae is a gram-negative nitrogen-fixing soil bacteria and has shown benefits as
an endophyte to agricultural productivity (22). In humans, it is normally found on the skin and in

the digestive system (23). K. pneumoniae is largely associated with deadly pneumoniae in



immuno-compromised individuals, but it also can infect the urinary tract and wound sites.
Carbapenem-resistant K. pneumoniae (the strain used in this study) is listed as one of the CDC’s
three most urgent antibiotic resistant threats (1).

P. aeruginosa is a versatile gram-negative bacterium found in soil and water and on skin.
P. aeruginosa is frequently found on cockroaches in hospitals and human habitations, leading to
speculation that insect agents may aid in the pervasiveness of this bacterium (24). P. aeruginosa
infections can develop in a variety of tissues and are generally accompanied by inflammation and
sepsis. These infections can be deadly if developed in vital organs and in immuno-compromised
individuals (25).
Plants studied

The three species used in this study—Q. alba, A. spinosa, and L. tulipifera—were all
recognized as medicinal (Table 2.1) and used by American pharmacists in the 19" century (26).
Interestingly, a 1947 survey of higher plants found no significant antibacterial activity in both A.

spinosa and L. tulipifera (27).



Species
Q. alba
Q. alba
A. spinosa
A. spinosa

A. spinosa

L. tulipifera

Plant part

bark

bark

leaves, stems, and bark (along
with Podophyllum peltatum
rhizomes)

root bark

bark, roots, berries

bark

Use
infusion for tuberculosis
liniment

salve for skin cancer

cathartic, diaphoretic, emetic,
treatment for rheumatism
treatment for boils, toothache,
snakebite

treatment for fevers, diarrhea,
rheumatism, and snakebites

received in dreams

Table 2.1 Traditional uses of Q. alba, A. spinosa, and L. tulipifera.
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Figure 2.1. Quercus alba vouchers deposited at Emory University Herbarium
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Figure 2.3. Liriodendron tulipifera voucher deposited at Emory University Herbarium



Species
Q. alba
Q. alba
Q. alba

Q. alba
Q. robur

Q. infectoria

Q. incana

Q. coccifera

Q. cerris

Q. dilatata

Q. leucotrichophora
Q. castaneifolia

Q. ilex

Q. virginiana

A. elata

A. nudicaulis

A. cachemirica

A. continentalis
L. tulipifera
L. tulipifera

L. tulipifera

Plant part
bark
leaves

leaves

pollen
bark

galls, seeds

leaves

fruit

leaves, stems, fruits
aerial parts

bark

fruit

leaves, bark

leaves

whole plant

rhizomes

aerial parts

roots

leaves

bark, root bark, stem,
leaves

leaves, heartwood

Activity observed
antioxidant
anthelmintic

promote growth of soil
gymnamobae
antifungal

antibacterial
antibacterial and biofilm
inhibition

antioxidant, antifungal,
antibacterial
antibacterial

biofilm inhibition
antibacterial
antibacterial
antibacterial
antifungal, antibacterial
biofilm and quorum
sensing inhibition
antioxidant, anti-
inflammatory
antibacterial
antibacterial, anti-
inflammatory, biofilm
inhibition

antibacterial
antioxidant

anti-cancer

antimicrobial

10

Reference
(34)
(35)
(36)

(37)
(18, 38)
(39-48)

(49)

(50)
(51)
(52)
(53)
(54)
(55-57)
(58, 59)

(60)

(61)

(62)

(63)
(64)
(64-71)

(71, 72)
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L. tulipifera leaves, twigs antifibrotic (73)
L. tulipifera bark, leaves antimalarial (74)
L. tulipifera x bark biofilm and quorum (75)
chinense sensing inhibition of

MRSA
L. chinense antibacterial (76)

Table 2.2 Activity reported in literature of Quercus spp., Aralia spp., and Liriodendron spp.

L. chinense and A. elata are both used in Chinese traditional medicine and as such, these
species and their relatives (including L. tulipifera and A. spinosa) have been the subject of
several studies for various medicinal characteristics (Table 2.2).

Plant chemistry
Quercus alba (Fig. 2.1)

Much of the research into oak chemistry (Q. alba and Q. robur specifically) is focused on
the use of oak wood as a material for barrels in wine-making (77). Q. alba wood contains 3-10%
non-cellulosic compounds, including carbohydrates, acids, and phenols (77). Porcher noted that
Q. alba has lower tannin and gallic acid content than other oak species (9). In wine-making,
aromatic oak phenols contribute to taste and ellagitannins produce astringency (77).
Ellagitannins have been found to inhibit fungal growth, allowing Q. alba heartwood to be decay-
resistant (78). Tannins are frequently bioactive, binding to and inhibiting a variety of enzymes
(78). Tannins, therefore, are relevant to human health both as anti-nutritive compounds
(preventing absorption of nutrients, especially proteins) and as antibacterials. Tannic acid, for
example, has been found to inhibit bacterial growth in food and water (79).

Oak galls are formed in response to attacks by gall wasps and typically have high tannin

levels (50-70% in Q. infectoria), as well as gallic acid and ellagic acid (80).
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Aralia spinosa (Fig. 2.2)

A. spinosa leaf and stem extracts contain tannins, alkaloids, and saponins (81). Alkaloids
are the active components of many natural products used as medicine, including antimalarials
such as quinine and antibiotics such as metronidazole (82). Some saponins are cytotoxic,
creating pores in cell membranes, which can lead to lysis in animal cells, but saponins are also
reported to stimulate the immune system (83).

Liriodendron tulipifera (Fig. 2.3)

L. tulipifera has been found to contain sesquiterpene lactones, alkaloids, and various
sugars (64). Sesquiterpene lactones are present in leaves and flower heads of a variety of plant
species and have been known to cause toxic reactions in animals, especially in the
gastrointestinal tract (84). The antiplasmodial activity of L. tulipifera has been traced to six

aporphine alkaloids present in the bark and two sesquiterpene lactones present in the leaves (74).
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Chapter 3: Materials and Methods

This chapter describes the methods of this study. Plant material was collected, extracted, and
fractionated, then tested in bioassays for inhibition in bacteria of growth, biofilm production, and
quorum sensing. Human cytotoxicity assays and HPLC-FTMS were also carried out.
Plant material

Samples of Liriodendron tulipifera L., Aralia spinosa L., and Quercus alba L. were
identified and collected according to established methods (85) in May 2015 from Lullwater
Preserve, Atlanta, Georgia (Fig 3.1). Leaves were gathered manually and a handsaw was used to

cut segments of roots and branches for bark collection.

Collection Locations
Specimens collected from March 20 - 31, 2015

Aralia spinosa T

/ / ¥sSanguinaria canadensis $Liriodendron tulipifera

/
Quercus alba

-
>
Las

/ .
Cornus florida

#Quercus alba

Googleearth
¢

Figure 3.1. Collection locations of plant samples.
Vouchers were deposited in the Emory University Herbarium in Atlanta. Samples were

dried and ground into powder (Table 3.1).



Plant

Liriodendron

tulipifera

Liriodendron

tulipifera

Aralia

spinosa

Quercus

alba

Quercus
alba
Liriodendron

tulipifera

Plant Part

leaves

root inner
bark

leaves

bark

branch galls

branch inner
bark

Drying
Procedure

drying cabinet

cut into

3x3cm pieces,
drying cabinet
drying cabinet

cut into

3x3cm pieces,
drying cabinet
drying cabinet

cut into
1x3cm pieces,

drying cabinet

Table 3.1. Preparation of Plant Materials

Grinding
Procedure
Wiley Mill
with 2mm
mesh
Wiley Mill
with 2mm
mesh
Wiley Mill
with 2mm
mesh
Wiley Mill
with 2mm
mesh
coffee
grinder
coffee
grinder

Extract
Number
616

617

618

619

620

621

14
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Extraction, partitioning, and fractionation

All ground material (Table 3.1) was sonicated in methanol (1g/10mL). After 20 minutes
the sample was filtered sequentially with Whatman filter paper 8 and 2 (coarse and fine), then
fresh methanol was added to the plant material for a second round of sonication. The two filtrates
for each extraction were combined and dried in vacuo. The resulting residue was resuspended in
water, freeze dried using an acetone-dry ice bath, and lyophilized. The dried extract was
collected and 20 mg of each extract was dissolved in DMSO (10 mg/mL) for biological testing.

Extracts 617 and 618 were suspended in water (1 g/10 mL) and were sequentially
partitioned in hexane, ethyl acetate, and butanol, yielding 4 partitions. Extracts 616 and 619 were
dissolved in 95% ethanol (1 g/2 mL and 1 g/3 mL, respectively), chromatographed on a
Sephadex LH-20 column (25 g, 32x2.5 cm), and sequentially eluted with 95% ethanol (300 mL),
70% acetone (300 mL), and 100% acetone (150 mL) to yield three fractions. All partitions and
fractions were dried in vacuo, resuspended in water, freeze-dried, and lyophilized before being

dissolved in DMSO (10mg/mL) for biological testing.

Bacterial strains and growth conditions

In this study, six strains of Staphylococcus aureus (UAMS1, NRS385, AH1747,
AH1677, AH430, AH1872), one strain of Staphylococcus epidermidis (NRS101), three strains of
Klebsiella pneumoniae (EU32, EU33, EU34), two strains of Acinetobacter baumannii (EU27,
EU35), and one strain of Pseudomonas aeruginosa (AH071) were used (Table 3.2). To create
liquid cultures for all assays, strains were grown overnight in tryptic soy broth (TSB) with

constant shaking (230 rpm). All strains were maintained on Tryptic Soy Agar (TSA) and TSB.



Strain
UAMS1

UAMS929

NRS385

AH430

AH1677

AH1747

AH1872

NRS101

AHT71

EU27

EU35

EU32

EU33

EU34

Species
Staphylococcus
aureus
Staphylococcus
aureus
Staphylococcus
aureus
Staphylococcus
aureus
Staphylococcus
aureus
Staphylococcus
aureus
Staphylococcus

aureus

Staphylococcus
epidermidis
Pseudomonas
aeruginosa
Acinetobacter
baumannii
Acinetobacter
baumannii
Klebsiella
pneumoniae
Klebsiella
pneumoniae
Klebsiella

pneumoniae

Strain ID
ATCC49230

USAS500

SA502a +
pDB59 cmR
AHB845 +
pDB59 cmR
MW2 +
pDB59 cmR
MN
EV(AH407) +
pDB59 cmR
ATCC35984

PAO1

OIFC143

H72721

NR-15410

NR-15411

NR-15412

Table 3.2. Multidrug-resistant strains utilized.

Characteristics
MRSA isolate from human
osteomyelitis

Biofilm-deficient mutant

MRSA, also resistant to ERY,

CLIN, TET, SXT, LEV, GM
agr type Il YFP reporter

agr type | YFP reporter

agr type Il YFP reporter

agr type IV YFP reporter

biofilm producer

isolate from human thigh
wound

isolate from human sputum

carbapenem resistance from
blakpc gene
carbapenem resistance from
blakec gene
carbapenem resistance from

blakec gene

16

Reference
(86)

(51)

(87)

(8)

(8)

(8)

(8)

(88)

(88)

(88)

(88)

(88)

(88)
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Growth inhibition assays

Assays were carried out under CLSI M100-S23 guidelines (89). Working culture was
created by standardizing liquid culture using a BioTek Cytation3 and inoculating into CAHMB
to a concentration of 0.0006 CFU. Working culture was added to extracts and controls in 96-well
microtiter plates (Grenier-Bio 655-185) so that each well contained 0.2 mL of liquid. Untreated
(no drug) controls and antibiotic controls (ampicillin, kanamycin, and vancomycin for
Staphylococcus spp. assays, gentamicin and tetracycline for other species, 0.5 to 64 pg/mL) were
included for each strain. Extracts and vehicle were tested at a concentration range of 2 to 256
pag/mL, using 2-fold serial dilution. Plates were incubated at 37°C, S. aureus, S. epidermidis, and
P. aeruginosa for 18 hours and A. baumannii and K. pneumoniae for 22 hours. Optical density
(ODe0o) was measured using a BioTek Cytation3 plate reader at initial and final timepoints, to

account for extract color. Growth inhibition was calculated using the formula:

(1 - (ﬂD—te_St» * 100 = % growth inhibition. MICso was defined as the lowest concentration
AODvehicle

at which an extract displayed > 50% inhibition.
Extracts active against multidrug-resistant A. baumanii (EU27) and K. pneumoniae (EU
32) were tested for growth inhibition of S. epidermidis and additional strains of A. baumanii and

K. pneumoniae.
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Biofilm inhibition assays

Biofilm assay methods did not work with A. baumanii and K. pneumoniae, so the
following methods refer only to S. aureus. To create working cultures for biofilm assays, liquid
culture was inoculated into media (30 g TSB powder, 30 g NaCl, and 5 g dextrose per 1000 ml
H>0) to a concentration of 0.0006 CFU. Then, human plasma (2% of working culture) was
added (90). Working culture was added to extracts and controls in 96-well microtiter plates
(Falcon 35-1172) so that each well contained 0.2 mL of liquid. Negative control wells contained
only working culture, positive control wells contained working culture and 220D-F2 (2 to 256
pg/mL), a known biofilm inhibitor (90). UAMS929, an S. aureus strain which cannot form a
biofilm, was used as another positive control in S. aureus assays. Extracts and vehicle were
tested at a concentration range of 2 to 256 pg/mL, using 2-fold serial dilution. All extracts were
tested at sub-MICsp concentrations (determined in growth inhibition assays). Plates were
incubated at 37°C for 22 hours. Optical density (ODsoo) was measured using a BioTek Cytation3
plate reader at initial and final timepoints, to account for extract color. Plates were rinsed twice
with 1X PBS (200 pL/well) and once with 100% ethanol (200 pL/well), then stained with crystal
violet (50 pL/well). Plates were stained for 15 minutes, then rinsed with water and left to air dry.
Dry plates were eluted with ethanol and dye was quantified at 595 nm with a BioTek Cytation 3

ODtest
ODvehicle

plate reader. Biofilm inhibition was calculated using the formula: (1 — ( )) * 100= %

biofilm inhibition. MBICso was defined as the lowest concentration at which an extract displayed

> 50% inhibition.
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Quorum quenching assays

Quorum sensing in S. aureus is accomplished through the agr gene (8) and was detected
in this experiment with reporter strains for agr gene types |, Il, 111, and IV. The agr reporter
strains used in this experiment required chloramphenicol to maintain the reporter plasmid, so
they were grown with 10 pg/mL chloramphenicol in TSA, in TSB, and in assay. Fluorescent
reporter strains for agr 1, agr 11, agr I11, and agr 1V were cultured with extracts (0.5 to 64
pg/mL) in 96-well plates (black sided, clear bottom, tissue culture treated Costar 3603). Plates
were incubated at 37°C with shaking (1200 rpm) in a Stuart SI505 incubator (Bibby Scientific,
Burlington, NJ) with a humidified chamber. Fluorescence (493 nm excitation, 535 nm emission)
and optical density (OD) (600 nm) readings were taken at beginning (0 hours), end (22 hours),
and 3 time points in between. Inhibition of quorum sensing was calculated using the growth
inhibition formula with the fluorescence readings.

Cytotoxicity assays

Human immortalized keratinocytes (HaCaT cell line) were maintained in Dulbecco’s
modified Eagle’s medium with L-glutamine and 4.5 g/L glucose (Corning, Corning, NY)
supplemented with 10% heat-inactivated fetal bovine serum (Seradigm, Randor, PA) and 1X
solution of 100 IU Penicillin and 100 pg/mL Streptomycin (Corning, Corning, NY) at 37°C, 5%
CO2 in 75 cm? flasks (Greiner Bio-One). Upon reaching suitable confluency (90-95%), cells
were detached from the flask bottom for cell splitting and plating using 0.25% trypsin, 0.1%
ethylenediaminetetraacetic acid (EDTA) in Hanks' balanced salt solution (HBSS) without Ca?*,
Mg?*, or NaHCOj3 (Corning, Corning, NY). Toxicity of extracts was evaluated with the LDH
cytotoxicity assay (G-Biosciences, St. Louis, MO). Briefly, the cell culture was standardized to 4
x 10* cells mL-1 using a hemocytometer and 200 pL added per well in a 96 well tissue culture

treated microtiter plate (Falcon 35-3075). Plates were incubated for 48 hours to allow for
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seeding, prior to media aspiration. Either media containing extracts or vehicle were serially
diluted 2-fold (2-256 pg/mL) and were processed 24 hours later following manufacturer’s
protocol for chemical induced cytotoxicity. Cytotoxicity was calculated using the growth
inhibition formula.
Chemical Analysis

HPLC methods were based on Mdmmel& (91). HPLC was run on an Agilent 1260
Infinity system running OpenLab CDS ChemStation (Agilent Technologies, Santa Clara, CA,
USA) with an Agilent ZORBAX Eclipse XDB-C18 (250 mm x 4.6 mm, 5 pm) column with
compatible guard column at a column temperature of 35°C. DI water with 1% formic acid and
methanol with 1% formic acid were designated as mobile phases A and B, respectively, and were
run at 1 mL/min following the gradient shown in Table 3.3. Samples 619F2 (oak bark extract
tannin fraction) and 620 (oak gall extract) were chosen as the most potent antibacterials of the
samples tested and were prepared for HPLC at 10 mg/mL in DI water. Injection volume of

samples was 10 uL.

Time(min) %A %8B

0.00 95 5
9.00 95 5
69.00 0 100
78.00 0 100
78.01 95 5
87.00 95 5

Table 3.3. HPLC solvent gradient. Mobile phase A is 1% formic acid in water and mobile phase

B is 1% formic acid in methanol.
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Initial HPLC results (Fig. 4.7) showed most compounds eluting in the first half of the
method, so the modified gradient shown in Table 3.4 was used for mass spectrometry. Liquid
chromatography-Fourier transform mass spectrometry (LC-FTMS) was performed for the
extracts using a Shimadzu SIL-ACHT and Dionex 3600SD HPLC pump. 10 pL injections of
each extract were run at ambient temperature with the same mobile phases previously described.

The Scifinder database was used to help identify the compounds present in 619F2 and 620.

Time %A %B
(min)

0.00 95 5
9.00 95 5
85.00 38 62
109.00 0 100
119.00 0 100
119.10 95 5
129.00 95 5

Table 3.4. HPLC-FTMS solvent gradient. A is 1% formic acid in water and B is 1% formic acid

in methanol.
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Chapter 4: Results

Results follow in the same order as methods. Data for percent yield, growth inhibition, biofilm
inhibition, quorum sensing inhibition, cytotoxicity, and HPLC-FTMS is included.
Extract yield

Extraction in methanol yielded six crude extracts. Extract yield was highest (27.1% of

dry mass) in sample 620 (Q. alba galls). Other crude extracts had yields ranging from 8-11%

(Fig. 4.1).
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Figure 4.1. Percent Yield of Methanolic Extracts

Masses of partitions and fractions of crude extracts varied from < 0.1% to 4% relative to
dry plant matter (Table 4.1). The non-tannin fraction of L. tulipifera leaves (616F1) was more
than 10 times as massive as the tannin fraction (Table 4.1), suggesting that tannin content is not
high in L. tulipifera leaves. The tannin and non-tannin fractions of Q. alba bark were similar in

mass.



Sample Percent
Yield
(%)
616F1  1.8072
616F2  0.1521
616F3  0.0151

617B 2.3514
617/C 0.8224
617D 2.5848
617E 2.3637
618B 0.6011
618C 2.6888
618D 3.8983
618E 3.0991

619F1  4.0942
619F2  3.4340
619F3  0.0117

Table 4.1. Percent Yield of Partitions and Fractions. Percentages relative to dry plant matter.
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Growth inhibition

All 19 extracts were tested for growth inhibition of S. aureus, A. baumannii, K.
pneumoniae, and P. aeruginosa (Table 4.2). Samples from L. tulipifera and Q. alba were shown
to be most active in inhibition of S. aureus growth. Q. alba samples 619, 619F2, and 620

displayed inhibition of A. baumannii and K. pneumoniae.

Species | S. S. A. K. P.
aureus  aureus  baumannii pneumoniae aeruginosa
Sample  Strain UAMS1 NRS385 EU27 EU32 AH71
616 MICsqo - 256 - - -
MICgo - - - - -
616F1 MICso 256 256 - - -
MICso - - - - -
616F2 MICsg - - - - -
MICso - - - - -
617 MICso 128 256 - - -
MICso - - - - -
617B MICsg 64 128 - - -
MICgo 256 256 - - -
617C MICsgo 128 128 - - 256
MICgo - - - - -
617D MICsg - - - - -
MICgo - - - - -
617E MICsg - 256 - - -
MICgo - - - - -
618 MICso - 256 - - -
MICgo - - - - -
618B MICsg 128 128 - - -
MICgo - - - - -
618C MICsgo - 128 - - -
MICgo - - - - -
618D MICsg - - - - -
MICgo - - - - -
618E MICsgo - - - - -
MICgo - - - - -
619 MICsqo 128 256 64 128 -

MICyo 256 256 = - -



619F1

619F2

619W

620

620W

621

Amp

Kan

Van

Gent

Tet

MICsgo
MICso
MICsqo
MICqo
MICsqo
MICqgo
MICsqo
MICqgo
MICsgo
MICso
MICsg
MICso
MICso
MICso
MICsqo
MICso
MICsqo
MICso
MICsqo
MICso
MICso
MICso

64
128

128

64

NT

256

128
128
NT
NT

NT
NT
256

8

8
NT
NT
NT
NT

NT
NT
NT
NT
0.5
0.5
4
8

256
NT
NT

NT
NT
NT
NT
NT
NT
0.5
0.5
NT
NT
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Table 4.2. Growth inhibition of 4 multidrug-resistant bacteria by Civil War samples. MIC values

are expressed as concentration (ug/mL). NT indicates ‘not tested’.

Extracts which displayed strong activity against S. aureus, A. baumannii, K. pneumoniae,

and P. aeruginosa (619, 619F2, and 620) were tested for growth inhibition of S. epidermidis and

different strains of K. pneumoniae. No samples were found to be active against the additional K.

pneumoniae strains tested (Table 4.3). Q. alba samples 619 and 619F2 were found to inhibit

growth of S. epidermidis.



Sample
619

619F2

620

Amp

Kan

Van

Gent

Tet

Species

Strain
MICsqo
MICqo
MICsg
MICqo
MICsg
MICqo
MICsg
MICqo
MICsqo
MICqo
MICsqo
MICqo
MICsqo
MICqo
MICsgo
MICqo

EU33

NT
NT
NT
NT
16
32
1
4

K. pneumoniae

EU34

4

EU36

NT
NT
NT
NT
64
64
2
4

epidermidis
NRS101

256

64

64
64

16
16
NT
NT
NT
NT

26

Table 4.3. Growth inhibition of additional strains by Q. alba samples 619, 619F2, and 620. MIC

values expressed as concentration (ug/mL). NT indicates ‘not tested’.
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Biofilm inhibition

Samples from all species tested inhibited S. aureus biofilms (Table 4.4). Figure 4.2 shows
biofilm inhibition across serial dilutions of the most active samples. Some samples, such as
616F1 and 618B, displayed little growth inhibition activity against S. aureus but strongly
inhibited biofilm formation.

Extract MBICso MBICqo

616 256 =
616F1 32 -
616F2 128 256
617 2 -
617B 8 =
617C - -
617D - -
617E - -
618 = =
618B 2 32
618C = =
618D 256 256
618E = =
619 - -
619F1 256 =
619F2 1 8
619W 32 32
620 4 16
620W 16 =
621 64 256
220D-F2 8 16

Table 4.4. Inhibition of UAMSL1 S. aureus biofilm formation by Civil War samples. MBIC

values expressed as concentrations (pg/mL) that inhibit 50% and 90% of biofilm.
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L. tulipifera leaf extract A. spinosa leaf extract
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Figure 4.2. Biofilm inhibition of S. aureus by Civil War samples. Extracts tested at sub-MICso

concentration. Percent biofilm inhibition calculated as inhibition compared to vehicle control.
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Quorum sensing inhibition

Transcription of S. aureus Agr types I, I, and 111 was inhibited by various Civil War
samples (Table 4.5). L. tulipifera samples 617B and 617C, A. spinosa sample 618C, and Q. alba
sample 619F1 exhibited the most activity in these assays, mostly against agr I11. No samples
demonstrated inhibition of agr IV transcription. Figures 4.3 and 4.4 show results from quorum
sensing inhibition screens and dilutions, respectively.

Sample AH430 AH1677 AH1747 AH1872
agr ll agrl agr lll agr |V
616 - - - -
616F1 - - 32 -
616F2 - - - -
617 - - - -
6178 - - - -
617C - 32 16 -
617D - - - -
617E - - - -
618 - - - -
618B - - - -
618C 8 - 32 -
618D - - - -
618E - - - -
619 - - - -
619F1 - - 16 -
619F2 64 - - -
619W - - - -
620 - - - -
621 - - 32 -
224CF2 2 64 8 64
Table 4.5. Inhibition of S. aureus quorum sensing by Civil War samples. Reported here are

FLICso values, concentrations at which 50% of fluorescence is inhibited.
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Figure 4.3. Quorum sensing inhibition by samples at 64 pg/mL. OD represents S. aureus growth

and FLD represents expression of the agr gene.
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Figure 4.4. Quorum sensing inhibition by active samples from 0.5 to 64 pg/mL. Only 224CF2,

the control, showed activity against agr IV (Fig. 4.3).
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Of the 19 extracts studied, 13 were recognized (via the experiments previously described)

to have potential antibiotic activity and were tested with human keratinocytes to determine

cytotoxicity. L. tulipifera root bark samples (617, 617B, and 617C) displayed high levels of

cytotoxicity (Table 4.6). Q. alba samples displayed no significant cytotoxicity at test

concentrations (2 to 256 pg/mL) Figure 4.6 shows cytotoxicity across serial dilutions of the most

toxic samples.

HaCaT
cells
616
616F1
617
617B
617C
618
618B
618C
619
619F1
619F2
620
621

IC50

256
256

Table 4.6. Growth inhibition of human keratinocytes by L. tulipifera, A. spinosa, and Q. alba

samples. MICso is the minimum concentration required to inhibit 50% of growth and was

calculated relative to the growth control.
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Figure 4.6. Cytotoxicity of Civil War samples. Percent keratinocyte survival is relative to

vehicle control.
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Chemical analysis

Q. alba samples 619F2 and 620 were selected for chemical analysis because of their
strong antibacterial activity both in growth inhibition and in adjuvant assays and because of their
lack of toxicity towards human cells. Initial HPLC indicated a wealth of compounds near the
beginning of the run (Fig. 4.7), so the gradient for HPLC-FTMS was adjusted to achieve greater
separation in that region. HPLC-FTMS revealed that 619F2 and 620 have few compounds in

common (Fig. 4.8).

619F2

620

Figure 4.7. HPLC of 619F2 and 620. Red line is % B (methanol).
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Figure 4.8. MS chromatograms of 619F2 and 620. Peaks in common are 6, 42, and 43.

Analysis of HPLC-FTMS revealed 24 peaks in 619F2 (Table 4.7) and 23 peaks in 620
(Table 4.8) at > 1 % area. All but 9 peaks were putatively matched with known Quercus spp.
compounds. The three compounds found in both 619F2 and 620 are castalagin/vescalagin, a-

amirone, and an unknown compound with molecular weight ~368.



Peak # Compound Formula CAS Number
1 Tribenzo [b,f,h][1,4]dioxecin, D- C26H30013 107693-13-0

myo-inositol deriv.
6 Castalagin/Vescalagin C41H26026 24312-00-3
7 Procyanidin C isomers CasH3018 37064-30-5
8 Stenophynin A CagH36027 105440-40-3
9 Tiliroside C30H26013 20316-62-5
10 Tiliroside C30H26013 20316-62-5
11 Tiliroside C30H26013 20316-62-5
14 Acutissimin isomers Cs6H38031 108906-66-7
16 Cinnamtannin isomers CeoHs0024 86631-38-1
17 Cinnamtannin isomers CeoHs0024 86631-38-1
19 Procyanidin C isomers CasH3801s 37064-30-5
21 Procyanidin B isomers C3zoH26012 29106-49-8
22 Benzoic acid, 3,4,5-trihydroxy-, (1 C27H22016 263839-26-5

R, 2 S)-1-carboxy-2-[[[(2 E)-3-(3,4-

dihydroxyphenyl)-1-oxo-2-

propenyl]oxy]methyl]-1,2-

ethanediyl ester (9CI)
24 Procyanidin B isomers C3zoH26012 29106-49-8
25 Procyanidin B isomers C3zoH26012 29106-49-8
26 Procyanidin C isomers CasH38013 37064-30-5
27 Procyanidin B O-gallate isomers C37H30016 73086-04-1
28 Procyanidin B O-gallate isomers C37H30016 73086-04-1
29 Procyanidin C isomers CasH38O01s 37064-30-5
30 Unknown
31 Castalin (nona-O-methyl,triacetate)  Ca2H4021 19153-71-0
33 Isocryptomerin Ca1H20010 20931-58-2
42 a-Amirone CaoH1g0 638-96-0
43 Unknown

Table 4.7. MS table for 619F2. Peak number corresponds with peak numbers in Fig 4.8.



Peak

o oA W DN H

13
15
18
20
23
32
34
35
36
37
38
39

40
41
42
43
44

Compound

Castalin/Vescalin
Castalin/Vescalin

Grandinin
Castalagin/Vescalagin
Castalagin/Vescalagin
Pedunculagin
Castalin/Vescalin
Castacrenin isomers
Castacrenin isomers
Castacrenin isomers
Unknown

Quisqualin B

Unknown
Quercotriterpenoside isomers
Unknown

Unknown

Unknown
Olean-12-ene-23,28-dioic acid,
2,3,19,24-tetrahydroxy-,28-D-
glucopyranosyl ester
Unknown

Unknown

a-Amirone

Unknown

Menaquinone 7

Formula

C27H20015
C27H2001s
Ca6H34030
Ca1H26026
Ca1H26026
C34H24022
C27H20013
C27H18017
C27H18017
C27H18017

Ca0H26025

C43He2015

C36Hs56013

CaoH40

Cs6Hes02

CAS Number

19086-75-0
19086-75-0
115166-32-0
24312-00-3
24312-00-3
7045-42-3
19086-75-0
173450-72-1
173450-72-1
173450-72-1

192209-61-3

1638430-06-3

503178-94-7

638-96-0

2124-56-4

Table 4.8. MS table for 620. Peak number corresponds with peak numbers in Fig 4.8.
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Chapter 5: Discussion

This chapter discusses the implications of results for each of the three species tested. Extracts
616F1, 618B, 618C, 619F2, and 620 are recommended for future study on the basis of their
antibiotic activity.

Implications of results

Samples of L. tulipifera, A. spinosa, and Q. alba displayed inhibitory activity against
bacteria that cause skin and tissue infections, substantiating their use as antiseptics during the
American Civil War. These medicinal plants may be useful in modern medicine as treatments for
antibiotic-resistant bacteria. Of particular interest are 618B and 620 as S. aureus biofilm
inhibitors and 619, 619F2, and 620 as growth inhibitors of carbapenem-resistant Klebsiella
pneumoniae.

While a 1947 survey of antibacterial properties of plants found no activity in A. spinosa
and L. tulipifera (27), the positive results in this experiment are explainable. The previous study
used water extracts whereas this experiment used methanol extracts (27); L. tulipifera bark was
historically prepared for treatment by dissolving in ethanol (9), which produces an extraction
profile similar to methanol (92). Other possible sources of variation include collection date and
location, assay method, and extract concentration tested. Additionally, given the variability in
how different laboratories may perform one type of extraction, results can vary between related
studies. This has occurred many times in the literature. For example, out of two studies of the
inhibition of mycobacteria by Aralia nudicaulis root (a traditional Native American cure), one

reported moderate antibacterial effects while the other reported little activity (61, 93).
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Quercus alba

Porcher, in his report, recommended the entire genus Quercus as a source of antiseptics
(9). This activity is confirmed not only by the results of the experiments reported herein, but also
by multiple other studies showing antibiotic effects by Quercus spp. extracts (40, 50-55). A
European herbal remedy referred to as Quercus cortex (originating from Q. robur, Q. petrea, and
Q. pubescens bark) has shown weak antibacterial and quorum sensing effects (94). Acorn extract
from a variety of oaks has shown inhibition of both gram-positive and gram-negative bacteria
(95).

However, the activity of various Quercus spp. extracts is far from uniform. For example,
the Q. alba gall extract (620) in this study inhibited growth of drug-resistant K. pneumoniae
whereas a study of Q. infectoria galls found no significant inhibition of drug-resistant K.
pneumoniae (40).

Antibacterial activity in oak extracts is frequently attributed to tannins (45), compounds
that typically interfere with biological processes by binding to proteins (79). In Quercus, tannin
content is typically highest in galls, with a reported 70% tannin content in Q. infectoria galls
(45). In this experiment, higher activity in 620 (gall crude extract) over 619 (bark crude extract)
and 619F2 (bark tannin fraction) over 619F1 (bark non-tannin fraction) suggests that Q. alba’s
growth inhibitory activity is due to tannins. However, quorum sensing inhibition by 619F1
suggests that non-tannin compounds contribute to the antibacterial activity of crude oak extract,
the medicine used in the Civil War.

HPLC-FTMS analysis of 619F2 and 620 confirmed the existence of a variety of tannins
in both samples (Tables 4.7 and 4.8). Of particular interest are isomers castalagin and vescalagin,

ellagitannins found in both 619F2 and 620, as well as related ellagitannins pedunculagin and
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grandinin. Ellagitannins have been reported to have antibiotic activity against antibiotic-resistant
S. aureus (96). While only three MS peaks were found in common between 619F2 and 620,
some compounds in one are related to compounds in the other, e.g. castalin in 620 and nona-O-
methyl,triacetate-castalin in 619F2.

Tannins have been shown to inhibit growth in a wide range of bacteria, fungi, and
viruses. Suggested mechanisms of action include inactivation of microbial enzymes, inhibition of
membrane transport, and sequestering essential metal ions in complexes (79). Tannins may also
act as biofilm inhibitors by binding to matrix proteins (97). However, tannins have also been
found to bind with digestive enzymes and nutrients such as proteins and starches, and as such are
generally considered as anti-nutritive; a variety of animals have shown gastrointestinal distress
and decreased growth when fed on high-tannin diets (79). Because of this nondiscriminatory
binding, external applications of Q. alba extracts may be preferable to internal applications;
Porcher recommended that powdered oak bark be applied in a wash for gangrene and a poultice
for wounds (9).

Leaves of several Quercus species (Q. cerris, Q. ilex, Q. virginiana, Q. incana) have
shown antibacterial properties, including biofilm and quorum sensing inhibition (49, 51, 55, 58).
One future research direction could be to compare the antibacterial properties of Q. alba leaves

with the activity identified in bark and gall extracts.
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Aralia spinosa

While A. spinosa has several reported uses in traditional medicine (30-32), it has not
frequently been studied for medicinal properties. The most notable results of this experiment for
A. spinosa are significant biofilm inhibition by 618B (leaf hexane partition) and quorum sensing
inhibition by 618C (leaf ethyl acetate partition). The presence of these adjuvant properties rather
than simple growth inhibition activity in A. spinosa leaves may explain the 1947 report of no
significant antibiotic activity in A. spinosa (27).

Other Aralia species have exhibited antibacterial activity in roots (61, 63) and aerial parts
(flowers, leaves, and stems) (62), including biofilm inhibition by A. cachemirica (62). In his
book, Porcher also ascribed antiseptic activity to A. racemosa (9).

Liriodendron tulipifera

L. tulipifera has been widely studied and its various parts have exhibited a variety of
medicinal effects including antibacterial (71, 72), anti-malarial (74), and anti-cancer (68, 69)
activity. The other Liriodendron species, L. chinense, is used in Chinese traditional medicine and
has been shown to have antibacterial effects (76). Additionally, extract from a hybrid of L.
tulipifera and L. chinense has been shown to exhibit inhibition of biofilm production and quorum
sensing (75).

In the experiments reported herein, L. tulipifera extracts have demonstrated activity in the
inhibition of growth, biofilm production, and quorum sensing. However, the root bark extract
(617), which is generally more potent than the leaf extract (616) and branch bark extract (621),
displayed significant cytotoxicity. It may therefore be ill-suited for medicinal use, or at least
dose-limited. A study of L. tulipifera for antiplasmodial activity also found high cytotoxicity in

active fractions but it has been suggested that, given the use of L. tulipifera in traditional
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medicine, toxicity may not be problematic in vivo at therapeutic doses (74). Porcher’s book
recommends root bark as the medicinal part of L. tulipifera to be harvested (9); perhaps
preparation techniques or dosage made the potency/toxicity trade-off worthwhile in the Civil
War context. Interestingly, Porcher also suggested L. tulipifera bark as a substitute for Cinchona
bark in malaria treatment, an application supported by recent research (74).

Perhaps the most notable L. tulipifera sample with low toxicity is 616F1 (leaf non-tannin
fraction), which displayed little growth inhibition but significant biofilm and quorum sensing
inhibition— an adjuvant effect similar to the A. spinosa samples tested.

Future directions

Further study would focus on bioassay-guided fractionation, a recursive process of
fractionation and bioassay to identify individual active compounds and synergistic relationships.
Of the samples tested, 616F1, 618B, 618C, 619F2, and 620 exhibit the most promise for
antibiotic NCEs and are good candidates for this process. Specifically, the HPLC methods
developed for 619F2 and 620 could be used to produce further fractions.

In vivo testing of the antibacterial properties of samples active in vitro is the next step in
applying this research. Given the potential of some of these samples as adjuvants rather than
direct antibiotics, they may be tested as adjuvants of existing antibiotics for the potentiation of
antibiotic activity.

Finally, given the activity seen in the extracts tested in this study, it may be worthwhile to
investigate the antibacterial properties of other plants recorded as antiseptics in Porcher’s book
(9) that is the source of this research. In total, 37 plant species were described as antiseptic (9),
and it is only the 3 species that happened to be available in bulk at the time and location of

collection that were tested in this experiment.
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Conclusions

The use of Q. alba, A. spinosa, and L. tulipifera extracts as antiseptics in the Civil War
was supported in this study. These traditional medicines were also shown to have a potential
modern application as inhibitors of drug-resistant bacteria. Q. alba bark (619) and gall (620)
extracts exhibited activity as growth inhibitors and, at sub-MICso levels, as adjuvants inhibiting
biofilm formation and quorum sensing in S. aureus. HPLC-MS showed that the most active Q.
alba samples, 619F2 and 620, were composed largely of tannins, both hydrolyzable and
condensed; this may cause Q. alba extracts to be less viable in internal treatments. A. spinosa
leaf extracts (618), were found to have adjuvant activity; 618B is a strong inhibitor of biofilm
formation and 618C inhibited quorum sensing in S. aureus. L. tulipifera root bark extracts (617)
exhibited cytotoxicity, but leaf (616) and branch bark (621) extracts displayed moderate growth,
biofilm, and quorum sensing inhibition of S. aureus. The next major step towards applying these
results is in vivo testing; if antimicrobial activity is robust, further fractionation may then be used
to find specific active compounds. As antibiotic-resistant strains of bacteria multiply around the
world, it is increasingly important to consider all possible sources of new, and perhaps old,

treatments.
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