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Abstract. Podophyllotoxin is an anticancer compound found in Indian mayapple (Podo-
phyllum emodii Wall.), American mayapple (Podophyllum peltatum L.), and other species.
Podophyllotoxin and its derivatives are used in several commercially available pharma-
ceutical products such as the anticancer drugs etoposide, teniposide, and etopophos.
Currently, the commercial production of podophyllotoxin is based on Indian mayapple.
The objective of this study was to estimate podophyllotoxin concentration in American
mayapple across its natural habitats in the eastern United States and to identify high
podophyllotoxin types that could be used for further selection and cultivar development.
Analyses of American mayapple leaves collected from 37 mayapple colonies across 18
states indicated a significant variation in podophyllotoxin, a-peltatin, and 3-peltatin
content and the presence of chemotypes. Overall, the concentrations of podophyllotoxin, -
peltatin, and -peltatin in the collected accessions ranged from below detectable levels to
45.1, 47.3, and 7.0 mg-g' dry weight, respectively. We classified American mayapple
accessions into seven groups: 1) with very high concentration of podophyllotoxin (greater
than 20 mg-g ') and no - or B-peltatin; 2) high podophyllotoxin (greater than 10 mg-g ")
and no a-peltatin but trace amounts of —peltatin; 3) medium podophyllotoxin (1 to 10
mg-g') and no «- or B-peltatin; 4) low podophyllotoxin (0.05 to 1 mg-g ') and high «-
peltatin; 5) trace amounts of podophyllotoxin and high concentration of a-peltatin and o~
peltatin; 6) high a-peltatin and trace amounts of podophyllotoxin or —peltatin; and 7)
high a—peltatin and no podophyllotoxin or 3-peltatin. American mayapple was found to
grow on various soil types with a range of pH (4.6 to 7.6) and dissimilar concentrations of
phytoavailable soil nutrients. Tissue zinc concentration was positively correlated to
podophyllotoxin, whereas soil and tissue phosphorus was positively correlated to the
concentration of a-peltatin. The results from this study may contribute toward the
development of high podophyllotoxin-containing varieties of American mayapple and the
development of a new cash crop for American farmers.
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Podophyllotoxin is an anticancer com-
pound found in high concentrations in Indian
mayapple [Podophyllum emodii Wall. (syn.
P. hexandrum Royle.)], American mayapple
(Podophyllum peltatum L.), Eastern red
cedar (Juniperus virginiana L.), and other
species from different plant families (Arroo
et al., 2002; Ayres and Loike, 1990; Bedir
et al., 2002; Cushman et al., 2003; Gawde
et al., 2009; Gordaliza et al., 2004; Ionkova,
2007; Moraes et al., 2000; Saraeva, 1952).
Podophyllotoxin and its derivatives are used
in the semisynthesis of several commercially

available pharmaceutical products. These
include the anticancer drugs etoposide, teni-
poside, and etopophos, which are used in the
treatment of ailments such as small-cell lung
cancer, lymphoblastic leukemia, testicular
cancer, and brain tumors (Farkya et al.,
2004; Holthuis, 1988; Stahelin and von Wart-
burg, 1991). In addition, podophyllotixin
derivatives are being used for the treatment
of psoriasis and malaria, and some are being
tested for the treatment of rheumatoid arthri-
tis. Furthermore, podophyllotoxin-contain-
ing preparations are commercially available
for dermatological use.

Currently, the commercial production of
podophyllotoxin is based on Indian mayapple
(roots and rhizomes), an endangered species
harvested from the wild in India, Pakistan,
Nepal, and China. Mayapple (both P. pelta-
tum and P. emodii) has been grown as a cash
crop in Europe and Russia (Bogdanova and
Sokolov, 1973; Kohlmunzer et al., 1971;
Kuznetsova and Bogdanova, 1970; Saraeva,
1952). However, mayapple has never been
introduced as a crop from another country
and has not been domesticated in the United
States, although the idea was suggested more
than 3 decades ago (Meijer, 1974). Previous
research demonstrated that American may-
apple leaves contain podophyllotoxin (Bedir
et al., 2002; Cushman et al., 2001, 2005a,
2005b; Moraes et al., 2001a, 2001b), raising
the possibility for the development of Amer-
ican mayapple as a source of podophyllo-
toxin and a high-value crop for American
growers.

Several previous reports indicated var-
iations in podophyllotoxin concentration
among American mayapple sampled from
different locations in the United States (Mor-
aes et al., 2001a, 2001b, 2005). Like most
species producing and accumulating second-
ary metabolites, American mayapple may
include a number of chemotypes. A compre-
hensive study on the genetic resources of
American mayapple colonies across the
United States is lacking. We hypothesized
that there might be great variation with
respect to podophyllotoxin content within
American mayapple across the eastern
United States. Furthermore, soil type and
the concentration of nutrients in plant tissue
or in soil may affect the concentration of
podophyllotoxin in American mayapple. The
objective of this study was to study the effect
of location, plant nutrient concentration, and
phytoavailable nutrients in soil on podophyl-
lotoxin concentration in American mayapple
across its natural habitats in the eastern
United States. This study is the largest of this
kind in the world conducted so far.

Materials and Methods

In 2006, American mayapple colonies
were sampled in the eastern part of the
United States, from northern New England
to Georgia, and west to Texas and Minnesota.
Before initiation of this extensive sampling, a
number of permits had to be obtained from
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National Park Services and National Forests.
Thirty-seven mayapple colonies were sam-
pled in 18 states: Mississippi, Alabama,
Arkansas, Georgia, Kentucky, Louisiana,
Maryland, Massachusetts, New York, New
Hampshire, North Carolina, Ohio, Pennsyl-
vania, South Carolina, Tennessee, Texas,
Virginia, and West Virginia.

Sampling was done in every state, using
Global Positioning System (GPS) Garmin
276C (Garmin Ltd., Olathe, KS). Every
location was assigned a GPS waypoint num-
ber in addition to the name of the county.
Herbarium samples were assigned a voucher
number that served as the accession number
for each plant collected. A digital picture was
also taken for a digital library. From every
location, a composite plant tissue (leaves
from five to 15 plants) and soil samples (four
to five cores per site under the mayapple
canopies at 0- to 15-cm soil depth) were
collected. The collected plant tissue and soil
samples were placed in brown paper bags,
whereas samples for the herbarium were
placed immediately in a botanical press for
drying and preserving. The plant material
designated for lignans and nutrient analyses
were dried in an oven at 40 °C for 72 h,
whereas the soil samples were dried at room
temperature (at 24 + 2 °C) for 7 d.

Soil and tissue nutrient analysis. The soil
samples were analyzed for soil pH, phytoa-
vailable (extractable) nutrients, total soluble
salts, and organic matter at the Mississippi
State University Extension Service, Soil Test-
ing Laboratory, using the Lancaster soil test
method (Cox, 2001). Determination of spe-
cific conductance (total soluble salts) was
done using conductivity meter YSI (YSI,
Yellow Springs, OH) Model 32 conductance
meter (Willard et al., 1968). Plant tissue
samples for nutrient analyses were ground to
pass a 2-mm screen and decomposed using the
dry ashing method (Jones and Steyn, 1973).
The concentration of macro- and micronu-
trients in tissue and soil extracts was measured
by an Inductively Coupled Argon Plasma
Spectrometer Model 4300 Optima DV (Perkin
Elmer Instruments, Norwalk, CT).

Plant tissue preparation, extraction, and
analysis of podophyllotoxin, o-peltatin, and
B-peltatin. The oven-dried plant tissue sam-
ples were weighed, ground with a coffee
grinder, and used for extractions and meas-
urements of podophyllotoxin, o-peltatin, and
B-peltatin content using high-performance
liquid chromatography (HPLC). The extrac-
tion and the measurements of podophyllo-
toxin, o-peltatin, and f-peltatin content was
conducted as described by Canel et al.
(2001). Briefly, 500 mg of the plant tissue
was dissolved in 10.0 mL of phosphate buffer
(at pH 7.0) and incubated on a rotary shaker
for 30 min at 130 to 150 rpm. After that, 10.0
mL ethyl acetate was added, and the samples
were incubated on the shaker for another 2 h.
The ethyl acetate phase was separated using
centrifugation, collected, dried under nitro-
gen, the residue was redissolved in methanol,
sonicated for 20 min, filtered, and used for
HPLC measurements. The HPLC instrument
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consisted of Waters Alliance 2695 (Waters
Corp., Milford, MA) equipped with a 996
photodiode array detector (Waters Corp.) and
a computerized data station equipped with
Waters Empower-2 software. Separation was
achieved on a Hypersil C18 column (Phe-
nomenex, 150 X 4.6 mm i.d., 5-um particle
size; Phenomenex Inc., Torrance, CA) and
operated at 30 °C. The column was equipped
with a 2-cm LC-18 guard column (Supelco,
Bellefonte, PA). The mobile phase consisted
of water (A) and acetonitrile (B) both con-
taining 0.025% trifluoroacetic acid, which
were applied in the following gradient elu-
tion: 0 min, 72% A; 28% B for 15 min; and to
100% B in the next 5 min. Each run was
followed by a 5-min wash with 100% aceto-
nitrile and an equilibration period of 13 min.
The flow rate was adjusted to 1.0 mL/min and
detected at 220 nm. Using the reference
standard of podophyllotoxin, c-peltatin, and
B-peltatin (1 to 300 pug-mL™"'), a standard
curve was obtained, and the quantitative
analysis was performed using the software
generated calibration curves. All solvents
were HPLC-grade from Fisher Scientific
(Waltham, MA).

Statistical analysis. Analysis of variance
was conducted on the data collected to
determine variations in the concentration of
podophyllotoxin, o-peltatin, and B-peltatin,
the concentration of soil phytoavailable
nutrients, and tissue nutrients.

Results and Discussion

Analyses of American mayapple leaves
collected from 37 mayapple colonies across
18 states indicated a significant variation in
podophyllotoxin, o-peltatin, and B-peltatin
content, confirming our hypothesis and sup-
porting previous research about the presence
of chemotypes (Moraes et al., 2001a). Over-
all, the concentrations of podophyllotoxin, o.-
peltatin, and -peltatin in the collected acces-
sions ranged from below detectable levels to
45.04, 47.30, and 7.01 mg-g' dry weight,
respectively (Table 1). Our results suggest
that mayapple accessions could be classified
into seven groups or chemotypes: 1) very
high concentration of podophyllotoxin
(greater than 20 mg-g') and no o- or
B-peltatin (e.g., accession 8); 2) high podo-
phyllotoxin (greater than 10 mg-g') no
o-peltatin but trace amounts of B-peltatin
(i.e., accession 9); 3) medium podophyllo-
toxin (1 to 10 mg-g™') and no o- or B-peltatin
(accession 18); 4) low-podophyllotoxin
(0.05 to 1 mg-g"') and B-peltatin and high
o-peltatin (accession 11); 5) trace amounts of
podophyllotoxin and high concentration of
o-peltatin and B-peltatin (accession 30); 6)
high o-peltatin and trace amounts of podo-
phyllotoxin and no B-peltatin (accession 13);
and 7) high o-peltatin and no podophyllo-
toxin or B-peltatin (accession 5).

The soil sampled within the mayapple
colonies had vastly dissimilar physical and
chemical characteristics (Table 2). For exam-
ple, soil organic matter (OM) varied from 1.6
to 8.3 and soil pH varied from 4.6 (acidic) to

7.6 (alkaline), demonstrating that mayapple
may grow on a wide variety of soil alkalinity.
The content of clay varied from 1.25% to
7.5%, the silt content was from 13.2% to
87%, and sand content varied from 8.0%
to 85.5%, indicating mayapple could thrive
on a wide variety of soil texture, ranging from
sandy, sandy loams, to silty loams. Also, the
concentration of phytoavailable nutrients in
soil and accumulation of nutrients in plant
tissue were different among the locations
(Table 2). Our results suggest a wide envi-
ronmental flexibility of American mayapple,
which agree with previous research that
demonstrated American mayapple natural
habitats and colonies could be found from
sea level to 1400 m above sea level (Sohn and
Plicansky, 1977).

The results of this research supported the
assumption that the level of soil phytoavail-
able or tissue nutrients may influence the
concentration of lignans in mayapple. Zinc
plant tissue concentration only, of all the
measured nutrients in soil and plant tissue,
was positively correlated (r=0.5, P=0.02) to
podophyllotoxin concentration in mayapple
leaves. Soil OM was positively correlated to
the accumulation of phosphorus (P) (»=0.54,
P =0.0007), potassium (r=0.85, P <0.0001)
and calcium (» = 0.54, P = 0.0007) in
mayapple leaves. Of soil physical properties,
the silt content was positively (» = 0.36, P =
0.035), whereas sand content was negatively
(r = 037, P = 0.029) correlated to the
a-peltatin in leaves. Pearson correlations
demonstrated a positive relationship (r =
0.64, P < 0.001) between soil-extractable P
concentration and the concentration of -
peltatin and a highly significant correlation
(P < 0.0001) of plant tissue P concentration
and B-peltatin, indicating that elevated levels
of P in soil or plant may increase the accumu-
lation of this lignan in mayapple leaves. The
concentration of podophyllotoxin in mayapple
leaves was negatively correlated to the con-
centration of o-peltatin, whereas the concen-
tration of B-peltatin was positively correlated to
a-peltatin.

Cluster analysis for podophyllotoxin indi-
cated that mayapple colonies in close prox-
imity may exhibit a significant difference as
clusters with respect to o-peltatin, B-peltatin,
or podophyllotoxin (data not shown). Based
on the cluster analysis, mayapple could
be divided into three major groups with
respect to podophyllotoxin concentration,
with 16 and 34 (sampled at approximately
the same longitude in Mississippi and Ala-
bama, respectively) as a single group and the
rest of the sites about evenly divided between
the two other groups.

The results from this study suggest that: 1)
there are great variations in lignan concen-
trations in mayapple colonies and there are
chemotypes within mayapple natural habitats
in the eastern United States; 2) neighbor-
ing mayapple colonies may not necessarily
belong to the same chemotype group. Fur-
thermore, it appears birds (and other animals)
might have played a considerable role in the
distribution of mayapple seeds resulting in
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Table 2. Concentrations of the phytoavailable nutrients in soil, soil pH, soil organic matter (OM), and percent clay, silt and sand in soil under each of the mayapple
colonies sampled at 37 locations across 18 states in the eastern United States.

Phosphorus  Potassium Calcium Magnesium Zinc Sulfur Sodium  pH  Clay Silt Sand
Location ~ OM (%) (Ib/acre)
1 33 66 +0.3” 314+ 1.2 4414 17 410+1.2 10.1+£0.1 207+137 98+09 64 1.2 68.8 30.0
2 24 25+0.6 138+ 1.5 2,031 + 68 274 + 1.7 3.7+£0.1 142+98 8+15 57 50 46.0 49.0
3 3.2 32+0.9 100 + 1.4 1,435 + 64 351+4.3 41+£02 143+95 95+3.1 53 5.0 71.0 24.0
4 1.6 17+0.7 109 £0.9 680 + 47 302 £2.6 22+0.1 105+63 93+£23 50 5.0 45.0 493
5 1.9 36+1.2 152+ 1.5 1,472 + 64 487 +54 94+03 126+77 9+15 51 50 74.0 20.3
6 1.6 85+ 1.5 150 £ 1.0 631 +47 347 +4.7 51+0.2 107 +60 98+15 49 5.0 87.0 8.0
7 1.7 47+ 1.0 108 £ 1.0 1,279 + 59 332+£32 39+0.1  111+£69 91+09 54 25 54.3 433
8 1.7 35+1.0 114+0.9 1,304 £ 62 339+4.7 62+02 11765 11609 56 5.0 77.0 18.2
9 2.5 62+1.2 143+ 1.5 867 + 54 269 +3.2 7.0+0.2 181+£91 154+£07 50 5.0 71.0 24.0
10 22 40+ 1.2 104 + 1.0 515+46 61+1.9 12+£0.1 149+86 96+48 53 12 243 74.5
11 3.1 104 £ 2.1 149 £ 0.3 938 +48 106 +2.0 32+0.1  205+119 16183 48 25 55.0 42.25
12 5.8 233 +£24.0 318 +3.5 2,306 =79 267 +4.2 72+02 337+£248 162+24 5.1 1.2 49.3 49.5
13 1.3 32+£0.9 62+0.3 461 + 46 77+ 1.9 1.8 +£0.1 92 +£50 70+06 47 25 20.75  76.75
14 1.5 20+ 0.8 123+ 1.5 1,592 + 73 207 +3.1 27+£0.1 121+49 80+15 46 75 24.5 68.0
15 2.3 3609 9+1.4 2,078 + 81 202 £3.0 23+£0.1 143+91 85+3.1 49 62 435 50.3
16 29 50+1.2 154 +£1.8 1,787 + 73 227 +3.7 46+03 169+127 93+1.0 62 1.2 16.5 823
17 1.8 16 £0.7 65+0.9 1,032 + 59 139 £2.7 0.8+0.1 108+73 84+0.6 54 25 23.0 74.5
18 1.8 20+0.9 59+0.6 579 +£48 88 +2.0 1.3+£0.1  111£73 75+£03 57 12 18.0 80.8
19 3.7 49+1.2 92+0.9 4,077 + 104 544+£53 102+04 205+163 79+0.6 73 1.3 31.0 67.7
20 4.6 220+ 1.0 281 +0.6 1,643+ 1.3 256 + 1.0 73+£0.1 262+203 89+03 5.1 125 412 57.6
21 2.6 52+0.7 187 +0.3 1,160 + 3.0 319+ 1.1 78+0.1 161+£107 102+0.1 53 25 473 50.2
22 5.8 93+£0.3 210+ 0.6 1,049 £5.2 172+ 1.0 9.6+0.1 338+£250 7703 49 25 43.8 53.7
23 4.8 79 £ 0.6 224+ 1.7 2,434 + 12 223+ 1.5 41+01 281+£206 99+03 56 25 68.5 29.0
24 _y N J— N J— N J— J— — — J— J—
25 3.5 54+0.3 211+0.3 744 +£3.8 165 +0.9 6.0+0.1 214+143 98+03 54 25 66.5 31.0
26 — — — — — — — — — — —
27 4.7 34+03 298 £ 1.5 6,835+6.2 791 £4.7 43+0.1 259+206 78+0.0 7.0 125 220 76.75
28 3.2 49+ 0.7 247 +0.7 645 +3.1 120 £ 1.0 62+0.1 203+127 87+0.7 52 50 30.5 64.5
29 4.8 50 +£0.6 370 £ 1.5 1,853 £ 4.8 306 + 34 65+0.1 277+209 83+03 56 25 2525 7225
30 2.8 68 £ 0.6 153 +0.3 863 + 6.1 98 + 1.1 6.7+0.1 194+106 87+09 53 375 4575 505
31 6.4 769 £ 71 333+£23 5,637 +6.7 245+ 1.5 51+0.1 370£275 144+06 74 125 475 51.25
32 8.0 187 +0.5 446 +£3.5 2,628 +7.2 3900+13  259+0.1 476+£340 113+0.6 4.6 3.75 4425 520
33 4.5 57+0.6 183+0.9 6,151 + 18 824+3.6 17.7+02 258+193 92+0.7 6.8 25 37.0 60.5
34 3.6 72 +£0.6 185+0.6 1,513+4.2 145+12 11.6+02 219+152 128+03 49 125 1325 855
35 4.8 224+ 0.7 272+£1.9 815+2.0 129+15 327+03 322+18 92+06 55 125 2625 725
36 5.3 65+0.3 434+£3.0 4,331 +£20 393 +23 65+0.1 298+229 122+0.6 6.1 25 55.25 225
37 5.1 79 +£0.7 332+3.5 6,040 + 15 554 +3.2 45+01 297+£219 92+09 76 25 4325 5425
38 4.8 37+£0.3 273 +£2.1 4,373 + 14 549 £ 1.3 42401 261+213 48403 64 125 500 48.75
“+ sD.

YMissing data.

wide spacial distribution of American may-
apple genotypes from the same chemotype
(which one may assume originated from a
single colony); 3) American mayapple
thrives on different soil types with various
concentration of phytoavailable nutrients;
and 4) tissue zinc concentration was posi-
tively correlated to podophyllotoxin, whereas
soil and tissue P were positively correlated to
the concentration of o-peltatin.

This study demonstrated that the mayap-
ple colonies available in the eastern part of
the United States can be used for the devel-
opment of high podophyllotoxin cultivars,
which could subsequently provide the base
for commercial production of podophyllo-
toxin in the United States. Podophyllotoxin
concentration in American mayapple found
in this study was similar to podophyllotoxin
concentration in Indian mayapple (P. hexan-
drum) leaves, which was recently reported to
vary between 2.19% and 5.97% on a dry
matter basis (Sultan et al., 2008). Although
previous research addressed some of the
mayapple cultural techniques and require-
ments to the environment (Cushman and
Magbool, 2005; Cushman et al., 2001,
2005a, 2005b), further research is needed to
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develop a production protocol for mayapple.
In addition, one of the most important ques-
tions to be addressed is the overall econom-
ics; would American mayapple really be a
sustainable source for podophyllotoxin?
Research has shown that podophyllotoxin is
found in a number of other plant species,
some from unrelated families (Ayres and
Loike, 1990; Bedir et al., 2002; Eyberger
et al., 2006; Gordaliza et al., 2004). For
example, the Eastern red cedar (Jumiperus
virginiana L.), another native plant found
across the United States, also contains podo-
phyllotoxin (Bedir et al., 2002; Cushman
et al.,, 2003; Gawde et al., 2009; Magbool
et al., 2004). Although the concentration of
podophyllotoxin in mayapple leaves may be
greater than in Eastern red cedar leaves,
potential advantages of Eastern red cedar
over mayapple might be its abundance, high
biomass production, and year-round avail-
ability. Nevertheless, the results from this
study may contribute toward the develop-
ment of high podophyllotoxin-containing
varieties of American mayapple and the
development of a new cash crop for farmers
in the United States as previously suggested
(Meijer, 1974).
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