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Abstract

v

Evidence supports the theory that bacterial com-
munities colonizing Echinacea purpurea contrib-
ute to the innate immune enhancing activity of
this botanical. Previously, we reported that only
about half of the variation in in vitro monocyte
stimulating activity exhibited by E. purpurea ex-
tracts could be accounted for by total bacterial
load within the plant material. In the current
study, we test the hypothesis that the type of bac-
teria, in addition to bacterial load, is necessary to
fully account for extract activity. Bacterial com-
munity composition within commercial and
freshly harvested (wild and cultivated) E. purpu-
rea aerial samples was determined using high-
throughput 16S rRNA gene pyrosequencing.
Bacterial isolates representing 38 different taxa
identified to be present within E. purpurea were
acquired, and the activity exhibited by the ex-
tracts of these isolates varied by over 8000-fold.
Members of the Proteobacteria exhibited the

highest potency for in vitro macrophage activa-
tion and were the most predominant taxa. Fur-
thermore, the mean activity exhibited by the
Echinacea extracts could be solely accounted for
by the activities and prevalence of Proteobacteria
members comprising the plant-associated bacte-
rial community. The efficacy of E. purpurea mate-
rial for use against respiratory infections may be
determined by the Proteobacterial community
composition of this plant, since ingestion of bac-
teria (probiotics) is reported to have a protective
effect against this health condition.

Abbreviations

v

LAL: limulus amebocyte lysate
LPS: lipopolysaccharides

Supporting information available online at
http://www.thieme-connect.de/products

Introduction

v

Echinacea purpurea (L.) Moench (Asteraceae) is a
popular immune enhancing botanical in Europe
and North America and is used in the prevention
and treatment of upper respiratory tract infec-
tions [1]. Research demonstrates that Echinacea
exhibits both anti-inflammatory and immunosti-
mulatory therapeutic actions. Alkylamides [2]
represent anti-inflammatory components within
Echinacea and therefore could offer symptomatic
relief for colds and flu similar to nonsteroidal
anti-inflammatory drugs. A growing body of liter-
ature indicates that variation in the amount and
type of bacteria colonizing E. purpurea is respon-

* These authors contributed equally to this research.
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sible for the differences in the immunostimula-
tory potential of Echinacea plant material. Inges-
tion of Echinacea containing high levels of immu-
nostimulatory bacterial components may activate
the innate immune system and exert therapeutic
actions against respiratory infections similar to
those observed in clinical studies using probiotic
bacteria (reviewed in [3]).

We have reported that 97 % of the monocyte/mac-
rophage activation potential exhibited by extracts
of Echinacea arose from the presence of the bacte-
rial components, LPS, and Braun-type lipopro-
teins [4]. High levels of these two bacterial com-
ponents were found to be present within com-
mercially obtained bulk plant material of E. pur-
purea and Echinacea angustifolia DC. sourced
from six major growers/commercial suppliers in
North America. A substantial variation in activity
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Table 1 The amount of in vitro macrophage stimulatory activity exhibited by E. purpurea that is from plant-associated bacteria. E. purpurea aerial material was
obtained from fresh, wild, and cultivated plants and from dried material from six commercial growers. “Percent of activity due to” Total bacteria or Proteobacteria
represents the percent of macrophage stimulatory activity exhibited by an E. purpurea extract that can be accounted for by the sum of the activities contributed by

the specified bacterial taxa contained in that plant material.
Load (x 10°)

Total bacteria Proteobacteria

Freshly harvested

Plant 1 (wild) 7.8 6.0
Plant 2 (wild) 7.3 5.7
Plant 3 (wild) 8.6 6.7
Plant 4 (wild) 12.7 10.5
Plant 1 (cultivated) 4.9 24
Plant 2 (cultivated) 8.7 5.1
Plant 3 (cultivated) 6.2 4.7
Plant 4 (cultivated) 10.1 7.1
Commercial material

Company A - -
Company B 19.2 10.4
Company C 6.4 4.0
Company D 25.0 9.7
Company E 62.6 40.0
Company F 230.5 127.9
Mean (SE) 31.5(17.1) 18.5(9.5)

Activity Percent of activity due to:
(EC35)? Total bacteria Proteobacteria
2057 104 104
1283 91 90

617 132 131

602 96 95
3358 72 67

495 29 28
2120 89 88

980 83 81
1638 = =
3511 361 349

431 26 26

633 104 91

184 97 96

49 83 82

1283 (298) 105 (22.8) 102 (22.0)

3 ECys value represents the concentration (ug/mL) of plant material required to induce TNF-alpha production in RAW 264.7 cells to levels 25% of those achieved by ultrapure LPS

(100 ng/mL)

(up to 200-fold) was observed in the extracts from these com-
mercial materials, and the activity was negated by treatment
with lipoprotein lipase (removes ester-linked fatty acids from
the glycerol of Braun-type lipoproteins) and polymyxin B (an in-
hibitor of LPS) [5]. Other researchers have recently reported that
the macrophage simulating activity (TNF-alpha production from
RAW 264.7 cells) and the LPS content of 75% ethanol extracts of E.
purpurea are derived from endophytic bacteria [6]. Extracts of E.
purpurea plants grown under sterile conditions (from seeds steri-
lized after removal of the epidermis) did not activate macro-
phages and contained very low levels of LPS as compared to a
control plant that was only surface sterilized (surface bacteria re-
moved but endophytic bacteria preserved). Together, the above
studies suggest components derived from endophytic bacteria
within Echinacea contribute substantially to the in vitro activa-
tion of macrophages by extracts of this plant.

In our prior research, total bacterial load within samples of E. pur-
purea tissue ranged between 106 and 108 bacterial cells/g of dry
material. Although bacterial load was strongly correlated with
in vitro monocyte activation, only about 54% of the variation in
immune enhancing activity exhibited by the Echinacea extracts
could be accounted for by bacterial load [7]. Therefore, the objec-
tive of the current study was to evaluate the hypothesis that var-
iations in the type of bacteria, together with bacterial load, can
more completely account for the activity of the plant material.
To accomplish this objective, we identified and isolated bacteria
associated with the tissue of E. purpurea and evaluated the ex-
tracts of these isolates for their ability to activate macrophages
in vitro. Activity of each plant extract was then compared to the
sum of the activities contributed by the amount of each bacterial
taxa contained in the plant material.

Results

v

Total bacterial load varied 36-fold (6.4x10° to 2.3x108;
O© Table 1) for samples from commercial material as compared
with only 2.6-fold (4.9 x10° to 1.3 x107; © Table 1) for samples
from freshly harvested material. Similarly, activity (EC,5 values)
varied 72-fold (49 to 3511 pg plant material/mL) and 6.8-fold
(495 to 3358 g plant material/mL) for extracts from commercial
and freshly harvested material, respectively (© Table 1).

In vitro macrophage stimulatory activity (TNF-alpha production
from RAW 264.7 cells) exhibited by E. purpurea aerial samples
was significantly correlated with the estimated total load of bac-
terial cells (R*=0.60, p=0.002; © Fig. 1a). Content of LPS as de-
termined by the LAL assay was significantly correlated with
in vitro macrophage stimulatory activity (R2=0.49, p=0.005;
C Fig. 1b). Results from the present study corroborate our pre-
vious data [7] that total bacteria load present within E. purpurea
(commercially sourced roots and aerial material) was also corre-
lated with the potency of monocyte activation (nuclear factor
kappa B activation in THP-1 monocytes).

Bacterial community composition within E. purpurea samples
was determined using high-throughput 16S rRNA gene pyro-
sequencing. Of the 14 samples analyzed, 1 did not yield enough
intact DNA to allow for sequencing; therefore, 13 samples were
used in the pyrosequencing analysis. Community composition
varied between the different sources of Echinacea material,
although the majority of bacteria identified were consistently
Proteobacteria, making up 55.9, 64.4, and 79.5% of the sequences
recovered from commercial, wild, and cultivated samples, re-
spectively. Differences between sample types became more ap-
parent at the subphylum level (© Fig. 2). Gammaproteobacteria
was the most abundant subphyla in commercial samples (45.4%
of bacterial sequences recovered), but only made up 23.3 and
17.6% of bacteria identified in wild and cultivated Echinacea tis-
sue, respectively. In contrast, Alphaproteobacteria was the most
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Fig.1 Correlations of in vitro macrophage stimulatory activity exhibited
by extracts from E. purpurea with bacterial load and LPS content within
aerial plant material. Plant material was obtained from wild E. purpurea
(white circles), cultivated E. purpurea (gray circles), and dried material from
commercial growers (black circles). Plant material was extracted with 4%
SDS and extracts evaluated for activity (TNF-alpha production) in RAW
264.7 macrophages (ECys values of extracts are in ug of plant material/mL).
LPS content (EU/g of dried plant material) was determined through the
Pyrochrome®-LAL assay with Glucashield®. Total bacterial load was esti-
mated using a PCR-based quantification method [7]. Pairwise linear re-
gressions are between macrophage stimulatory extract activity and total
bacterial load of plant material (a), and macrophage stimulatory activity
and LPS levels in extracts (b). Regression analyses were performed on logqg
transformed data using Microsoft Excel 2007 and 2011.

abundant subphylum in wild (39% of total) and cultivated
(22.9%) tissues but only accounted for 3.6% of the community in
commercial samples. Betaproteobacteria also composed a larger
proportion of the communities in wild (14.4%) and cultivated
(21.3%) samples compared to commercial Echinacea material
(6.6%). Differences between sample types were also noted in oth-
er abundant phyla. Cultivated Echinacea contained the greatest
relative abundance of Bacteroidetes (27.9% compared to 14.6%
and 12.3% in wild and commercial samples), while Firmicutes
were over 14 times more abundant in commercial than in fresh
samples (© Fig. 2).

Initially, 120 bacterial isolates were obtained by plating homo-
genized fresh plant tissue. However, many of these isolates were
redundant and the 120 isolates represented only 27 distinct taxa
based on 16 S rRNA gene sequencing. Comparing isolate taxono-
my to whole community sequencing of commercial samples, sev-
eral taxa were detected by community sequencing that did not
have a closely related isolate from the fresh plant material. We
obtained isolates for each of those taxa from culture depositories
so that a total of 38 different bacterial isolates (27 E. purpurea iso-
lates, 11 depository isolates; © Table 2) were assayed for activity
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Fig.2 Mean bacterial community structure in E. purpurea aerial material.
Plant material was obtained from wild communities (four samples), culti-
vation (four samples), and commercial growers (six samples). “Other Taxa”
constitute between 0.3% and 1.5% of the community and include Deino-
coccus-Thermus, Deltaproteobacteria, Candidate division TM7, Planctomy-
cetes, Acidobacteria, Cyanobacteria, Fusobacteria, Candidate division
OP10, Gemmatimonadetes, Chlamydiae, Verrucomicrobia, Fibrobacteres,
Candidatus Thiobios, and Chloroflexi. (Color figure available online only.)

(TNF-alpha production from RAW 264.7 cells) in 4% SDS extracts.
Activity of the different isolates varied by over 8000-fold, with
gram-negative isolates belonging to the phylum Proteobacteria
being the most potent stimulators of in vitro macrophage activa-
tion (lowest ECy5 values; © Table 2). Isolates classified as mem-
bers of the Actinobacteria or Bacteroidetes exhibited moderate
potency, while members of the Firmicutes (exclusively gram-
positive) exhibited low potency (© Table 2).

Based on our data there are two factors that determine the
in vitro activity exhibited by extracts of E. purpurea plant materi-
al. The first is the total bacterial load present within the plant ma-
terial (© Fig. 1a; [7]). The second is the activity exhibited by each
specific type of bacteria present within the plant material
(© Table 2). Combining these two factors yields the percent of ac-
tivity exhibited by each plant extract that can be accounted for by
its specific bacterial community. While there was variation across
samples, taken together the sum of activities contributed by the
prevalence and types of bacteria within E. purpurea aerial mate-
rial accounted for the mean activity exhibited by the extracts
(CTable 1). Furthermore, the mean activity exhibited by the
E. purpurea extracts could be fully accounted for solely by mem-
bers of the Proteobacteria (© Table 1). The percent of extract
activity contributed by Proteobacteria in each sample was due to
either a single subphylum (alpha, gamma) or a combination of
subphyla (alpha, beta, and gamma; Table 1S, Supporting Infor-
mation). Only taxa that accounted for >2% of the sequences in
the whole community of at least one sample were used in the cal-
culations, but expanding the number of taxa to include those that
accounted for >0.5% of the sequences did not change the results
(data not shown). Twenty-eight taxa had sequences accounting
for >2% of the bacterial community in the commercial
E. purpurea samples, two-thirds of which were classified as
gram-negative (Table 2S, Supporting Information). Together
these taxa accounted for 69-87% of the bacterial load. For the
wild and cultivated E. purpurea, 27 bacterial taxa (25 gram-neg-
atives) had sequences accounting for > 2% of the community in at
least 1 sample, and together these taxa comprised 78-89% of the
bacterial load (Table 3 S, Supporting Information).
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Table 2 Variation in in vitro macrophage stimulatory activity of extracts from
bacterial isolates obtained from fresh E. purpurea aerial material or from culture
collections. Isolates are named based on the finest resolution of identification
obtained from partial 16S rRNA gene sequencing and the affiliated bacterial
phylum noted along with whether that taxon is gram-positive or gram-nega-
tive. Isolates from culture collections represent taxa identified within E. purpu-
rea samples by whole community 16S rRNA gene sequencing but not directly
isolated from that material.

Bacterial Isolate Activity  Bacterial Phylum

(ECy5)?
Rhizobium 216  Proteobacteria (gram-negative)
Acidovorax delafieldii ® 295  Proteobacteria (gram-negative)
Roseomonas 646  Proteobacteria (gram-negative)
Erwinia 831  Proteobacteria (gram-negative)
Agrobacterium 832  Proteobacteria (gram-negative)
Citrobacter amalonaticus 842  Proteobacteria (gram-negative)
Pseudoxanthomonas 1240  Proteobacteria (gram-negative)
Enterobacter 1790  Proteobacteria (gram-negative)
Pseudomonas 2150  Proteobacteria (gram-negative)
Stappia stellulata 2260  Proteobacteria (gram-negative)
Stenotrophomonas 3130 Proteobacteria (gram-negative)
Sphingopyxis 3230 Proteobacteria (gram-negative)
Sphingobium 4590  Proteobacteria (gram-negative)
Flavobacterium 6590  Bacteroidetes (gram-negative)
Variovorax 6760  Proteobacteria (gram-negative)
Aeromicrobium 8650  Actinobacteria (gram-positive)
Blastococcus 9010  Actinobacteria (gram-positive)
Sphingomonas 9620  Proteobacteria (gram-negative)
Novosphingobium 15800 Proteobacteria (gram-negative)
Nocardioides 16800  Actinobacteria (gram-positive)
Bosea 17700  Proteobacteria (gram-negative)
Chryseobacterium 18200  Bacteroidetes (gram-negative)
Frigoribacterium 19100  Actinobacteria (gram-positive)
Rathayibacter 21000  Actinobacteria (gram-positive)
Hymenobacter deserti 21600  Bacteroidetes (gram-negative)
Kineococcus 37800  Actinobacteria (gram-positive)
Carnobacterium gallinarum ® 62600  Firmicutes (gram-positive)
Paenibacillus 81386 firmicutes (gram-positive)
Pedobacter heparinus 99900  Bacteroidetes (gram-negative)
Microbacterium 166000  Actinobacteria (gram-positive)
Mucilaginibacter soli 265000  Bacteroidetes (gram-negative)
Pedobacter xinjiangensis® 289000  Bacteroidetes (gram-negative)
Lysinibacillus 292000  Firmicutes (gram-positive)
Bacillus 775242  Firmicutes (gram-positive)

Exiguobacterium aurantiacum® 1270000  Firmicutes (gram-positive)

Carnobacterium divergens® 1770000 Firmicutes (gram-positive)
Arthrobacter inactive Actinobacteria (gram-positive)
Curtobacterium flaccum- inactive Actinobacteria (gram-positive)
faciens®

3 ECys value represents the number of bacteria (added/well) capable of inducing TNF-
alpha production in RAW 264.7 cells to 25% activation. Percent activation is the level
of TNF-alpha production expressed as a percent relative to levels achieved by ultrapure
LPS tested at 100 ng/mL. Inactive is defined as extracts that when tested at the high-
est concentration induced TNF-alpha production to levels less than 4% (control values
for untreated cells ranged between 0.3% and 0.8 %);  Bacterial isolates obtained from
culture collections.

Discussion

v

Our earlier research indicated that bacteria associated with
E. purpurea are the source of components (Braun-type lipopro-
teins and LPS) responsible for 97% of the in vitro macrophage ac-
tivation exhibited by extracts of this botanical [4]. However, fur-
ther research [7] demonstrated that although the total bacterial

Original Papers

load within E. purpurea material is significantly correlated with
in vitro monocyte stimulating activity, only 54% of the variation
in activity could be accounted for by the amount of bacteria.
Therefore, we hypothesized that the type of bacteria, in addition
to bacterial load, is necessary to fully account for the degree of
in vitro macrophage activation exhibited by E. purpurea plant
material. In the current study, we obtained bacterial isolates rep-
resenting 38 different taxa that were identified to be present
within E. purpurea and found the activity exhibited by extracts
of these isolates varied by over 8000-fold. Supporting our hy-
pothesis, we further demonstrated that the sum of activities cal-
culated from the prevalence of each isolate within the E. purpurea
aerial material accounted for the in vitro activity exhibited by the
extracts of these samples.

The substantial variation in activity observed among extracts of
different bacterial isolates indicates that the type of bacteria
present in E. purpurea is an important factor contributing to the
overall in vitro macrophage activation potential of this botanical.
Since members of the Proteobacteria exhibited the highest po-
tency for macrophage activation and were the most predominant
taxa, it is likely that bacteria of this phyla are responsible for the
majority of the activity exhibited by E. purpurea aerial plant ma-
terial. However, the specific types of Proteobacteria within E. pur-
purea is also an important factor, since the activity exhibited by
extracts of bacteria in this phylum still varied by almost two or-
ders of magnitude. The significant correlation between LPS con-
tent and activity found here and in prior studies [7] is further evi-
dence supporting the importance of Proteobacteria, as members
of this phylum are gram-negative and therefore contain LPS as a
major cellular component. The mean in vitro activity exhibited by
the E. purpurea extracts can be accounted for by the activities and
prevalence of Proteobacteria alone, substantiating that compo-
nents from Proteobacteria are responsible for the in vitro macro-
phage activation exhibited by extracts of E. purpurea aerial mate-
rial. A similar finding was recently reported by Montenegro et al.
[8] who found Proteobacteria of the genus Rahnella was the most
abundant taxa in the root material from Angelica sinensis (Oliv.)
Diels (Apiaceae), and its prevalence was correlated with in vitro
macrophage activation by extracts of this plant.

To determine the amount of plant extract activity that can be ac-
counted for by the bacteria colonizing E. purpurea, we calculated
the total activity contributed by each bacterial taxa detected
within the plant material, an approach that has potential limita-
tions. Some bacterial isolates could only be identified to the ge-
nus level rather than species, an outcome of both short (typically
400-500 bp) read lengths and incomplete taxonomy databases.
If there are substantial differences in activity between species of
the same genus (or even between strains of the same species),
this would not have been accounted for in our calculations. It is
also possible that bacterial isolates grown in culture could exhibit
different levels of activity compared to the same bacterium grow-
ing within the plant material. Assay protocols used to estimate
bacterial load and activity (ECy5 values) could also have led to er-
rors in the final calculations. These variables might explain why
the percentage of plant extract activity accounted for by the total
bacteria colonizing E. purpurea varied substantially. However, de-
spite these potential limitations, > 80% of the E. purpurea extract
activity was accounted for in 10 of the 13 samples tested, and the
mean of all samples (105%) suggests that bacterial isolates can
fully account for the plant activity.

To mimic commercial processing, the fresh E. purpurea aerial ma-
terial was not washed prior to analysis and therefore could have
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contained both epiphytic (surface associated) and endophytic
bacteria. For the cultivated and wild populations of E. purpurea,
postharvest growth or introduction of contaminating bacteria or
fungi was not an issue, since plants were immediately frozen
after harvest. Commercial plant material was obtained from
growers/suppliers, so it is possible that postharvest bacterial con-
tamination contributed to the total bacterial load detected. How-
ever, we have previously demonstrated that various postharvest
drying procedures do not significantly influence extract activity
[5]. Extracts of plant material from cultivated and wild popula-
tions of E. purpurea (harvested under controlled conditions) ex-
hibited activity and LPS levels within the same range as that ob-
served for commercial samples, so any post-contamination of
commercial samples was likely minimal.

Greater variability was observed in the total bacterial load and
macrophage stimulating activity exhibited by commercial sam-
ples compared to those that were freshly harvested. Substantial
differences were also observed in the bacteria identified from
commercial compared to freshly harvested tissue. At the phylum
level, both Firmicutes and Actinobactera were more abundant in
commercial than wild or cultivated samples. At the genus level,
Pseudomonas (gram-negative) was the most abundant genera
identified in commercial samples, but made up <3% of the com-
munity in all but one of the wild and cultivated samples. The
diverse sources (from locations throughout North America) as
well as other potential characteristics (plant age at harvest and
time in storage) of the commercially obtained Echinacea material
may explain the differences observed between these samples and
the freshly harvested plant samples.

The bacteria identified in our samples include several that have
been identified by previous culture-based studies of Echinacea-
associated bacteria. For example, the two most abundant genera
identified in commercial samples (Pseudomonas and Pantoea)
have also been identified among isolates from aerial Echinacea
tissue [9, 10]. The most abundant genus identified in wild Echina-
cea plants, Methylobacterium, was also identified in these two
studies [9, 10]. However, some highly abundant bacteria identi-
fied in the current study (e.g., Hymenobacter in the cultivated
samples) were not detected in culture-based studies [9-11].
Although culture bias may explain some of the community differ-
ences observed between our research and previous studies, ex-
periments on produce-associated bacteria suggest the most prev-
alent bacteria in a sample (as identified through community se-
quencing) can often be isolated by culture-based methods [12].
Given the variability in abundance of dominant bacterial groups
identified between samples in the current study and the geo-
graphic differences in the sampling location (North America in
the current study and Italy [9, 10]), it is likely that many of the dif-
ferences in Echinacea-associated bacteria identified between our
research and previous studies are genuine.

Macrophage activation (TNF-alpha production by RAW 264.7
cells) was used in the current study to evaluate extracts of E. pur-
purea and bacterial isolates since activity detected from in vitro
activation of innate immune cells appears to be predictive of
in vivo efficacy. For example, protection against influenza viral
infection in mice was observed after oral administration of a Lac-
tobacillus plantarum strain inducing high cytokine production
in vitro, whereas no protection was observed for stains exhibiting
inhibition or low cytokine production [13]. Similarly, we have re-
ported that a botanical extract enriched for the bacterial compo-
nent Braun-type lipoproteins exhibited potent activation of mac-
rophages in vitro and that oral ingestion of this extract in mice
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exhibited a protective effect against influenza (H1N1) viral infec-
tion [14]. In human clinical trials using probiotics for the preven-
tion of respiratory infections, evidence indicates strains of Lacto-
bacillus and Bifidobacterium can reduce the duration of illness in
children and adults (reviewed in [3]). Based on the above studies,
we hypothesize that ingestion of the bacteria colonizing Echina-
cea plant material may mediate similar therapeutic effects
against respiratory infections. In the current study, we provide
evidence that the most predominant taxa colonizing Echinacea
plant material are members of the Proteobacteria that are potent
in vitro activators of macrophage function. A normal dose of Echi-
nacea plant material contains a typical bacterial load that is com-
parable to a therapeutic dose of probiotic bacteria [7].

Clinical trials evaluating the potential health benefits of E. pur-
purea dietary supplements for preventing and/or treating the
common cold have produced inconsistent results [15]. A major
problem contributing to the inconsistent outcomes of Echinacea
clinical trials is that these studies have used many different prod-
ucts. These products have varied with respect to plant species
|E. purpurea, E. angustifolia, and E. pallida (Nutt.) Nutt.], plant
part (aerial, flower, root, and whole), and raw material (sourced
from different climatic areas). As previously shown in commer-
cially diverse bulk Echinacea material, the level of in vitro mono-
cyte/macrophage activation due to bacterial components (LPS
and Braun-type lipoproteins) varied by up to 200-fold [5], and
the total bacterial load varied by 52-fold [7]. Thus, it is possible
that the level of activity due to bacterial components varied sub-
stantially among the products that have been used in prior Echi-
nacea clinical trials and may have contributed to the inconsistent
outcomes of those trials.

Materials and Methods

v

Echinacea purpurea plant material

Bulk aerial material for E. purpurea was obtained from the follow-
ing six commercial suppliers: Frontier Natural Products Co-op
(lot number 769.3052), Gaia Herbs (lot number 00033507),
Glenbrook Farms Herbs & Such (lot number not available), Moun-
tain Rose Herbs (lot number 12066), Richters (lot number
21580), and Trout Lake Farm LLC (lot number EPH-S2051-E3P).
E. purpurea is regularly cultivated on campus at The University of
Mississippi and this served as a source to obtain four individual
mature/flowering plants for analysis of freshly harvested materi-
al. An additional four plants were collected from wild popula-
tions at two sites within Mark Twain National Forest, Missouri,
USA, by trained botanists (V. Maddox and R. Moraes). For all cul-
tivated and wild plants, fresh aerial material was harvested in
July 2012 and immediately freeze-dried to prevent postharvest
growth or the introduction of bacteria. Dried plant material was
ground and stored at - 20 °C until use.

Voucher specimens for commercially sourced and cultivated
E. purpurea plant samples were deposited in the NCNPR reposi-
tory at The University of Mississippi. Voucher specimens (num-
bers 5582 and 5583) for E. purpurea plants collected from wild
communities were deposited at Mississippi State University.

Bacterial isolates from fresh plant material

and culture depositories

Two E. purpurea plants were collected from the east side of the
National Center for Natural Products Research Center on the Uni-
versity of Mississippi campus. Approximately 5 g of root and aeri-
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al tissue was collected from each plant and rinsed twice with
sterile water. Each 5 g root or aerial tissue sample was added to
sterile 100 mL PBS and homogenized. The homogenizer was
cleaned between samples by running it twice with RO water,
rinsed with 70% ethanol to sterilize, and rinsed one final time
with sterile water. Homogenates were serially diluted in sterile
PBS and 100 puL from each dilution spread on petri dishes con-
taining the following media: tryptic soy agar, nutrient agar, and
R2A agar. Two plates were spread per dilution and media type.
Plates were incubated at 25°C and checked for new colonies
every 24 h until no new growth was determined. Colonies with
a variety of morphologies were selected and streaked for isola-
tion. Isolates were maintained on the media from which they
were initially cultured. Additional bacterial genera identified in
sequence analysis of Echinacea samples were obtained from the
American Type Culture Collection and the US Department of
Agriculture-Agricultural Research Service’s Northern Regional
Research Laboratory (USDA-ARS NRRL) Culture Collection (© Ta-
ble 3).

Identification of bacterial isolates

DNA from colonies of each isolate was amplified using primers
for the 16S rRNA gene, Bac8F (5'-AGAGTTTGATCCTGGCTCAG-3'),
and Univ1492R (5'-GGTTACCTTGTTACGACTT-3’"). Reactions con-
tained 50 mM KCl, 10 mM Tris-HCl (pH8.3 at 25°C), 1.5 mM
Mg?*, 0.4uM each primer, 200 M each dNTP, and 1.25U Taq
polymerase in a final volume of 50 uL. Template was added by
touching an isolated colony of each isolate with a sterile tooth-
pick and dipping the toothpick in the reaction mix. Amplifica-
tions were performed using the following cycle: initial denatura-
tion at 95°C for 6 min, followed by 30 cycles of 95°C for 1 min,
45°C for 1 min, 72°C for 2 min, and a final extension at 72 °C for
7 min. Isolates that did not amplify using colony PCR were cul-
tured on their respective media, and DNA was extracted using
UltraClean Microbial DNA isolation kits (MoBio) following the
manufacturer’s instructions. Amplifications from DNA extracts
were performed as described above, except using 2 pL of extract
as template and a shorter initial denaturation of 2 min at 95°C.
Amplification products (approximately 600 bp in length) were
sequenced through a commercial facility (Functional Bioscien-
ces). Resulting DNA sequences were trimmed and identified to
the genus level by comparing against sequences in GenBank us-
ing BLAST.

Extraction of Echinacea purpurea aerial material and bac-
terial isolates for analysis of activity and content of LPS
Crude biochemical extracts were prepared from the E. purpurea
plant samples by extraction with 98 °C water containing 4% SDS
as previously described [7]. Bacterial isolates were cultured in
broth to an optical density of 0.5 or greater and then 60 pL were
removed for extraction. The entire 60 L were used for extraction
to include both bacterial cells and secreted bacterial components
in the culture medium. SDS was added to each 60 pL sample to a
final concentration of 4% and the sample extracted at 98 °C for
1 h. Following removal of SDS using SDS-out reagent (Pierce) in
the presence of 1% octylglucoside, crude bacterial extracts were
assessed for macrophage activity.
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Table 3 Bacterial isolates obtained from the American Type Culture Collec-
tion and US Department of Agriculture-Agricultural Research Service’s North-
ern Regional Research Laboratory (USDA-ARS NRRL) Culture Collection.
Selected isolates were from genera identified in commercial Echinacea samples
by sequence analysis but not obtained from culturing fresh Echinacea tissue.

Species Source Catalog #
Acidovorax delafieldii USDA-ARS NRRL B-4387
Carnobacterium divergens USDA-ARS NRRL B-23835
Carnobacterium gallinarum USDA-ARS NRRL B-14832
Citrobacter amalonaticus USDA-ARS NRRL B-41228
Curtobacterium flaccumfaciens USDA-ARS NRRL B-729
Exiguobacterium aurantiacum ATCC 35652
Hymenobacter deserti USDA-ARS NRRL B-51267
Mucilaginibacter soli USDA-ARS NRRL B-59458
Pedobacter heparinus USDA-ARS NRRL B-14731
Pedobacter xinjiangensis USDA-ARS NRRL B-51338
Stappia stellulata ATCC 15215

Determination of TNF-alpha production

from macorphages and the LAL assay

Macrophage activation was determined by measuring TNF-alpha
production from RAW 264.7 cells incubated with extracts of
plants and bacterial isolates for 18-24 h as previously described
[14]. The level of TNF-alpha in the culture supernatants was de-
termined using ELISA (R&D Systems) following the manufac-
turer’s protocol. Macrophage activation for plant material is re-
ported as an ECys value that represents the concentration
(ug/mL) of plant material required to induce TNF-alpha pro-
duction to 25% of levels achieved by ultrapure E. coli LPS
0111:B4 strain (InvivoGen) tested at 100 ng/mL. Activity of each
bacterial isolate is also reported as an ECy5 value and represents
the number of bacteria (added/well) that induce TNF-alpha pro-
duction to 25% of levels achieved by ultrapure LPS.

LPS content in the plant 4% SDS crude extracts was determined
using the Pyrochrome® LAL assay with Glucashield® (1 - 3)-B-
D-Glucan Inhibiting Buffer (Associates of Cape Cod, Inc.).
Glucashield® reagent blocks the contribution of (1 — 3)-B-D-glu-
cans in the LAL reaction. The use of this reagent is crucial during
the analysis of plant extracts since trace levels of glucans present
from cellulosic material and from fungal/bacterial origin can in-
terfere with accurate detection of LPS. Data is reported as endo-
toxin units (EU/g of dried plant material).

Estimation of plant total bacterial load

Total bacterial load was determined through a PCR-based method
as described previously [7]. DNA was extracted from 200 mg of
commercial E. purpurea samples using PowerSoil DNA isolation
kits (MoBio). DNA from cultivated and wild E. purpurea was ex-
tracted from 50 mg of tissue using PowerPlant Pro DNA isolation
kits (MoBio). Prior to extraction, commercial samples were hy-
drated with 800 pL sterile water, and cultivated and wild samples
were rehydrated with 150 piL sterile water. Following extraction,
samples were cleaned using PowerClean DNA Cleanup Kits
(MoBio) to remove PCR inhibitors. A portion of the bacterial 16S
rRNA gene was amplified using primers 799f (5'-AACMGGATTA-
GATACCCKG-3') and 1492r (5'-GGTTACCTTGTTACGACTT-3') that
exclude the coamplification of chloroplast DNA [16]. These pri-
mers yield a 735 bp bacterial product and a 1090 bp mitochon-
drial product when used to amplify DNA extracted from plant
material [16]. DNA amplifications were conducted as previously
described [7]. Bacterial loads were calculated by comparing the
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intensity of the 735 bp bacterial band from commercial and fresh
E. purpurea extracts to a standard curve of DNA extracted and
amplified from known quantities of bacteria as described previ-
ously [7].

Determination of bacterial community structure
Analysis of the bacterial community associated with E. purpurea
was conducted on the same 16S rRNA PCR products used to de-
termine total bacterial load. Bacterial DNA was isolated from the
mitochondrial coamplification product by running PCR products
on a 1.4% agarose, cutting out the 735 bp bacterial band, and ex-
tracting DNA using the Ultraclean GelSpin DNA Extraction Kits
(MoBio). Bacterial tag-encoded FLX amplicon 454 pyrosequenc-
ing (bTEFAP) [17] was conducted on the 16S rRNA 735 bp prod-
uct of each sample through a dedicated sequencing facility (MR
DNA). Bacterial primers 939f and 1392r [18,19] were used in the
sequencing reaction. A single-step PCR using a HotStarTaq Plus
Master Mix Kit (Qiagen) was used under the following condi-
tions: 94°C for 3 min, followed by 28 cycles of 94°C for 30 sec,
53°C for 40 sec, and 72 °C for 1 min, with a final elongation step
at 72°C for 5 min. Following PCR, all amplicon products from dif-
ferent samples were mixed in equal concentrations and purified
using Agencourt AMPure XP beads (Agencourt Bioscience Corpo-
ration). Samples were sequenced using Roche 454 FLX titanium
instruments and reagents following the manufacturer’s guide-
lines.

Raw pyrosequence data was transferred into FASTA files for each
sample, along with sequencing quality files. Files were accessed
using the bioinformatics software Mothur [20] where they were
processed and analyzed following the procedures recommended
by Schloss et al. [21]. Briefly, sequences were denoised and
trimmed to remove barcodes and primers. Chimeric sequences
were removed and sequences were then aligned and classified
according to those in the SILVA rRNA database [22], after which
any sequences classified as being other than bacterial were re-
moved from the data set. The cell load of each bacterial taxon in
the Echinacea samples were subsequently calculated from the
proportion of sequencing reads of each taxon and the total bacte-
rial load in each sample.

Statistical analysis

Simple linear regressions were used to relate bacterial load to
PCR product band intensity for the standard curve samples.
These regressions were then used to determine bacterial load in
plant extracts and bacterial isolate cultures based on PCR product
band intensity.

Pairwise linear regressions were used to examine the relation-
ships between bacterial load, macrophage activation, and con-
tent of LPS in E. purpurea samples. Since values for each variable
were not normally distributed and spanned several orders of
magnitude, data were logyo transformed prior to regressions
[23]. All transformations and regressions were conducted in
Microsoft Excel 2011.

Supporting information

Methods for cultures to determine isolate activity, and calculat-
ing total activity exhibited by the bacteria within the plant mate-
rial are available as Supporting Information.
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