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Abstract

American ginseng (Panax quinquefolius L.) is an economically important, but increasingly threatened, herbaceous
perennial species native to eastern North America. The roots have long been prized in Asian medicine, and are
beginning to be used more in the West for herbal supplements. Much research is focused on ginsenosides, the active
medicinal compounds found in American ginseng. Given the conservation concerns regarding wild American ginseng,
we began experimenting with a partial-root harvest method in 2014 for extracting tissue for ginsenoside analysis
without killing individual plants or causing long-term declines in wild populations. Partial-root harvest samples were
taken from 57 plants in four wild populations throughout western North Carolina. Of the 57 plants subjected to partial-
root harvest in 2014, 51 (89%) reemerged in 2015, 45 (79%) reemerged in 2016, 22 (39%) reemerged in 2017, and 28
(49%) reemerged in 2018. These resprout rates were similar to paired unharvested plants (86%, p = 0.568; 82%, p =
0.668; 46%, p = 0.400; and 41%, p = 0.390, respectively). Partial-root harvested plants had significantly shorter stems
(p = 0.0289) and smaller leaf area (p = 0.0001) than unharvested plants the 1% year after harvest. However, there were
no significant differences in any plant metric between these two groups of plants by the 2" year after harvest.
Additional analyses also compared preharvest reproductive and morphological attributes for a larger set of plants (n
=219) in 20 populations subjected to partial-root harvest from 2014-2016 with the attributes for each subsequent year
after harvest. Some trends that emerged in this preharvest - postharvest study were stem length being significantly
lower in each postharvest year compared to the preharvest year, and the 2™ year after harvest being the only year
where all plant metrics were significantly lower than the preharvest year. However, trends in this study were more
variable than those from the paired comparison study. This variability could be due to several factors such as
interannual variation in weather, the larger number of populations sampled as well as their difference in protection
status, and the fact that some data for these analyses will not be collected until the 2019 and 2020 field seasons.
Overall, the results of the more rigorous paired comparison study demonstrate that partial-root harvest could be an
effective way for ginsenoside researchers to reduce their impact on wild American ginseng populations.

1. Introduction

American ginseng (Panax quinquefolius L.) is an economically important, perennial herb endemic to the deciduous
forests of eastern North America with a range extending from northern Georgia north to southern Quebec and west to
eastern Oklahoma and eastern Minnesotal?3, The dried roots of the plant have been prized in Asian medicine since
they were first exported to China in the early 18™ century*. Products containing American ginseng are also on the rise
in North America and Europe due to the growing popularity of eastern medicine in the West®. This use has led to an
increased demand for the roots of this species, resulting in overharvesting, increasing rarity, and loss of genetic
diversity in much of its native range®’. Additionally, climate change® acid deposition®, increased herbivory due to
increased white tailed deer densities®, as well as destruction of habitat due to logging, surface mining, and urban
sprawl® are all factors that potentially threaten existing populations.



In recent years, much research has been aimed at understanding the composition of the secondary metabolites, known
as ginsenosides, produced by American ginseng. Ginsenosides belong to a class of molecules known as triterpenoid
saponins, which are considered the main medicinal compounds found in the plant!%112 |t is theorized that these
compounds are produced by the plant for both their antimicrobial®® and antifeedent’* properties. Recent
pharmacological research suggests that specific ginsenosides may have different pharmacological effects including:
antidiabetic'>%, immune boosting'’, cardioprotective®, cancer inhibiting*®?%2!, and neuroprotective?. Additionally,
previous studies have demonstrated that chemotypes vary between organs (leaves, roots, and stems) in cultivated®
and wild?® plants, vary among roots of different plants within the same populations and among different populations®2,
and also vary depending on plant age?. This chemotypic variability is thought to be the result of both genetic?” and
environmental factors such as temperature?®, understory light?®, and soil moisture and nutrient availability®.
Furthermore, research also suggests that using different horticultural methods? and applying high heat treatments to
roots®! can change the ginsenoside profile of the plants.

Most, if not all, of this previous phytochemical analyses of American ginseng appears to have resulted in the
destruction of the entire plant root. Given the conservation concerns regarding American ginseng, we began
experimenting with a non-destructive, partial-root harvest method in 2014 in an attempt to extract tissue for
ginsenoside analysis without Killing or causing long-term declines in wild populations. We believed that carefully
harvesting small amounts of tissue (~ 300 mg fresh tissue) and replanting the remaining root would allow plants to
continue to grow and would not have negative effects on their growth or survival. If successful, this partial-root harvest
method would provide a usable, non-destructive method to extract root phytochemicals without killing plants.

2. Methods

2.1. Paired Comparison Study

113 mature (three or four prong) P. quinquefolius plants (Fig. 1A) from four protected wild populations in western
North Carolina were monitored. Of these plants, partial-roots were harvested from 57 in 2014, while the other 56 were
of comparable size, but were left as unharvested controls. Soil was carefully removed around roots to expose them
and approximately 300 mg of root tissue was harvested. If present, roots branching from the main root were harvested
(Fig. 1B). If no side root was present, then part of the side of the main root was harvested with care to not damage the
vascular cylinder in the center of the root. Roots were then replanted into the same hole from which they came. The
populations were tagged and mapped following the techniques used by Searels et al.?®. Reproductive and
morphological data (reproductive status, number of berries, number of leaves, total number of leaflets, stem height
(cm), peduncle length (cm), largest leaf rachis (cm), largest leaflet length (cm), and largest leaflet width (cm)) was
collected during mid growing season in 2014 before harvest and each subsequent year harvest (2015-2018). Leaflet
length (LL) and leaflet width (LW) were used in an allometric equation (1) developed by Mooney and McGraw??
calculate leaf area (LA) of the largest leaf.

LA =11.4597 + 4.5774LL - 4.5091LW + 0.5786LL x LW 1)

T-tests were used to compare the number of berries, number of leaves, number of leaflets, leaf area, and stem length
between harvested plants and unharvested plants before harvest and each postharvest year (2015-2018). Survivorship
was compared between the harvested plants and the unharvested plants each postharvest year (2015-2018) using a
chi-squared test.

2.2. Preharvest - Postharvest Study

In addition to the 57 plants subjected to partial-root harvest in 2014, we harvested tissue from an additional 74 plants
from 10 populations in 2015 and 88 plants from eight populations (six new populations and two that were sampled in
2016. The additional samples in 2015 and 2016 did not have paired unharvested plants for comparison. The lack of
paired unharvested plants was the result of small population sizes or the resampling of previously sampled populations
that did not have enough plants of similar size suitable to be paired plants with those that were harvested. The same
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procedure to map plant locations was used and the same morphological and reproductive metrics were collected as
those collected in the paired comparison study. All plants that had root tissue harvested from 2014 — 2016 (n = 219
total) were resurveyed either annually or biannually. Paired t-tests were used to compare the number of berries, leaves,
and leaflets, leaf area, and stem length from the harvest year (year 0) with subsequent years after harvest (years 1 —
4).

Figure 1. A. Four Ieave (four prong Panax quinquefolius plant with inflorescence. B. Root sholwing a side root that
was partially harvested Photos by J. Horton.

3. Results

3.1 Paired Comparison Study

Prior to partial-root harvest in 2014, there were no significant differences in morphology between partial-root
harvested and unharvested plants (Table 1; Fig. 3), confirming that our paired control plants were good matches with
our harvested plants. There was no significant difference in reemergence between harvested and unharvested plants
in the four years after harvest (Table 2). The number of berries, number of leaves, and number of leaflets per plant did
not differ significantly between harvested and unharvested plants the first year after harvest (2015) (Table 1; Fig.4A).
Both stem length and leaf area decreased between 2014 and 2015 for harvested plants, but not for unharvested plants,
and these differences were significant (Table 1; Fig. 4A). By the second year, there were no significant differences
between harvested and unharvested plants for any attribute. This pattern continued throughout the study (until 2018)
(Table 1; Figs 4B-4D).
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Table 1. Statistical results from t-tests comparing morphological parameters between partial-root harvested and

Pre-harvest (n =

1%t year after (n

2" year after (n

3 year after

4" year after

113) =99) 91) (n=48) (n=51)
Parameter t p t p t p t p t p
# of Berries -1.33 0.1874 060 0.5510 0.81 04214 0.77 04464 083  0.4133
# of Leaves 0.03 09791 -142 0.1584 104 03007 -177 0.0828 -041 0.6824
# of Leaflets -0.63 05329 -165 0.1025 141 0.1608 -1.34 0.1873 -1.26 0.2170
Stem Length -0.59 0.5567 222 0.0289 056 05788 058 05690 0.21  0.8375
Leaf Area -0.46 .6440 395 0.0001 119 02391 032 0.7537 -0.75 4583

unharvested plants.

Table 2. Statistical results from chi-squared test comparing survivorship between partial-root harvested and
unharvested plants.

2015 - 1% year after

2016 - 2" year after

2017 - 3" year after

2018 - 4" year after

(n=99) (n=91) (n=48) (n=51)
xz 0.368 0.184 0.709 0.739
p 0.5442 0.668 0.400 0.390
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Figure 3. Mean (1 se) pre-harvest morphological measurements did not vary significantly (p > 0.05 for all) between
the partial-root harvested and unharvested plants.
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Figure 4. Mean (£ 1 se) morphological attributes between 2014 — preharvest and (A) 2015 — one year postharvest, (B)
2016 — two years postharvest, (C) 2017 — three years postharvest, and (D) 2018 — four years postharvest. Significant
differences between partial-root harvested and unharvested plants are noted with asterisk.
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3.2. Preharvest — Postharvest Study

For all plants subjected to partial root harvest, neither number of leaves nor number of leaflets were significantly
different the first year after harvest from preharvest values. Both leaf area and stem length were significantly smaller
the first year after harvest, however, the number of berries was larger (Table 3; Fig. 5). All plant attributes were
significantly smaller than preharvest values in the second year after harvest (Table 3; Fig. 5). Moreover, the mean
number of leaves, number of leaflets, and stem length all exhibited their lowest values in the 2" year after harvest.
Means for all attributes increased between the 2™ and 3" years after harvest (Fig 5). However, number of leaflets and
stem length were significantly lower than preharvest values, while other parameters were not significantly different
(Table 2; Fig. 5). By the 4" year after harvest, the only parameters that were significantly lower than preharvest year
values were number of berries and stem length (Table 3; Fig. 5).

Table 3. Statistical results from paired t-tests comparing morphological parameters between pre-harvest (Y0) means
for all plants subjected to partial-root harvest 2014-2016 and means for each subsequent year after harvest (Y1-Y4)

1%t year after harvest 2" year after harvest 3 year after harvest 4™ year after harvest

Parameter t p t p t p t p

# of Berries -3.35 0.0010 2.64 0.0098 1.17 0.2485 251 0.0186
# of Leaves 0.33 0.7400 6.39 <0.0001 2.01 0.0509 0.57 0.5732
# of Leaflets 0.99 0.3257 6.24 <0.0001  2.09 0.0427 -0.11 0.9159
Stem Length 6.46 <0.0001 22.05 <0.0001 2.92 0.0058 2.40 0.0237
Leaf Area 8.80 <0.0001 248 0.0153 1.72 0.0933 -0.33 0.7472
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Figure 5. Mean (+ 1se) morphological attributes from partial-root harvest plants in the harvest year (0) and each
subsequent year after harvest (1 — 4).
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4. Discussion

Partial-root harvest had no significant effect on survivorship in the four years following harvest (Table 2). However,
there were significant decreases in stem length and leaf area in harvested plants compared to unharvested controls in
the 1%t year after harvest (Table 1; Fig. 4), but these were not present by the 2" year after harvest. This decrease in
stem length and leaf area in harvested plants could be a response to the simulated root herbivory from the partial-root
harvest. Root and rhizome herbivory have been seen to cause size class reversion and dormancy in subsequent years
in some American ginseng populations®. It should also be noted that the considerably smaller number of individuals
in the 3 (n = 48) and 4™ year after harvest (n = 51; Table 1) was due largely to one population being heavily poached
in late summer 2016.

Comparisons of preharvest to postharvest plant attributes for plants subjected to partial-root harvest are more
variable than the results from the paired comparison study. However, there were some trends that did emerge. First,
there were significantly lower means for all plant attributes the 2" year after harvest compared to the preharvest year
(Table 3: Fig 5). Second, stem length was significantly lower each year after harvest when compared to preharvest
values. Both of these trends may be due to interannual variation in weather which has been linked to changes in
morphology and reproductive parameters of American ginseng®3*. Interannual variation in weather may further
explain other discrepancies in the data such as the number of berries being significantly higher in the 1% year after
harvest than in the preharvest year. For instance, berry production in American ginseng has been shown to be
negatively affected by higher temperatures®. Inter-annual changes in light availability could have also impacted
morphological parameters, previous research has suggested length of longest sunfleck has a positive linear relationship
with the growth of American ginseng®.

Several potentially confounding factors were present in the preharvest — postharvest study. First, plants were
harvested in different years, so some plant attributes may be responding to interannual variation in weather in addition
to the partial-root harvest. Second, because of time constraints and the difficulty in accessing some sites, some
populations were only surveyed every other year. Third, because of small population sizes, we were unable to utilize
paired, unharvested plants for comparison. Additionally, the preharvest-postharvest had a larger number of
populations, which varied in their protection status. Plants from 20 populations were used in the preharvest —
postharvest study and several of these are on unprotected, public land, whereas only four protected populations were
used in the paired plant study. Although it should be noted that there was evidence of illegal harvest resulting in loss
of study plants in many of the populations regardless of protection status. In a 2004 study, Cruise-Sanders and
Hamrick® found age class structure of American ginseng to be significantly smaller for unprotected populations
compared to protected populations. Similarly, Mooney and McGraw®? found that populations of American ginseng
with high harvest pressure had 30% less leaf area, decreased sympodium length, and reduced berry production
compared to populations with low harvest pressure. Additionally, in the preharvest — postharvest study, sample size
was reduced in years 3 and 4 after harvest because these did not include plants harvest in 2015 and 2016. These
populations will continue to be monitored and the addition of these data may better elucidate long term effects of
partial-root harvest on plant morphometrics.

One topic that neither of these studies addressed was the impact of partial-root harvest on the plants’ susceptibility
to root pathogens. American ginseng is susceptible to many root pathogens including: Cylindrocarpon destructans,
Fusarium spp., and Phytopthora cactorum®%3, One study found that cultivated American ginseng plants
intentionally wounded and inoculated with C. destructans were significantly more likely to suffer from root rot than
unwounded plants®®. However, cultivated American ginseng plants are often more susceptible to disease than wild
populations*, possibly because of the much higher density of plants in cultivated settings or root damage caused
during cultivation activities. Darmano et al.3” found that indigenous soils harboring wild American ginseng plants
contained strains of P. cactorum that were much less likely to be pathogenic than the strains found in gardened
American ginseng soils. To better evaluate the potential negative effects of this partial root harvest method on long-
term plant health and survivorship, further work on the potential susceptibility to postharvest pathogen infection
should be investigated.

5. Conclusion
The two studies presented here showed somewhat different results. The high variability in the preharvest — postharvest

study likely resulted from the different years in which plants were harvested and the effects of interannual variation
in weather on the plant attributes we observed. The results from the paired study are more reliable because both
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harvested and unharvested plants experienced the same environmental influences on growth. From this study, we can
conclude that non-destructively harvesting root tissue causes reductions in plant size (stem length and leaf area), but
not survivorship when compared with unharvested controls. These effects appeared only in the first year after harvest
and were not seen in the subsequent three years of observation suggesting that partial-root harvest has little long term
effect on growth or survivorship over time.

Because the partial-root harvest method had no significant effect on survivorship in either year and had only
marginal and short-lived effects on morphology, it could prove to be an effective, non-destructive method for tissue
collection for ginsenoside determination for research applications. One hindrance to studying the phytochemical
makeup of wild American ginseng populations was the need to destructively harvest root tissue. This method will
allow researchers to sample plants from wild populations without resulting in long-term declines in these populations
from research harvesting.

6. Acknowledgements

Funding was provided by the North Carolina Biotechnology Center (2015-BRG-1206). The author wishes to express
appreciation to Dr. Jennifer Rhode Ward and Dr. H. David Clarke for additional advising as well as members of the
UNCA Botany Research Group (L. Barton, J. Burroughs, S. Comito, E. Cooper, T. Donnelly, N. Freeman, L. Howe,
S. Irizarry, M. Jasper, C. Lahue, K. Lindelof, C. Perry, D. Pierson, M. Shattelroe, A. Warren) assisted with field
surveys.

7. References

1. Anderson RC, Fralish JS, Armstrong JE, Benjamin PK. The Ecology and biology of Panax quinquefolium L.
(Araliaceae) in Illinois. American Midland Naturalist 1993;129(2):357-72.

2. Van Der Voort ME, Bailey B, Samuel DE, Mcgraw JB. Recovery of populations of goldenseal (Hydrastis
canadensis L.) and American ginseng (Panax quinquefolius L.) following harvest. American Midland Naturalist
2003;149(2):282-92.

3. Mcgraw JB, Lubbers AE, Van Der Voort ME, Mooney EH, Furedi MA, Souther S, et al. Ecology and
conservation of ginseng (Panax quinquefolius) in a changing world. Annals of the New York Academy of Sciences
2013;1286(1):62-91.

4. Carlson AW. Ginseng: America’s botanical drug connection to the orient. Economic Botany 1986;40(2):233-49.

5. Schlag EM, Mcintosh MS. Ginsenoside content and variation among and within American ginseng (Panax
quinquefolius L.) populations. Phytochemistry 2006;67(14):1510-9.

6. Cruse-Sanders JM, Hamrick JL. Genetic diversity in harvested and protected populations of wild American
ginseng, Panax quinquefolius L. (Araliaceae). American Journal of Botany 2004;91(4):540-8.

7. Cruse-Sanders JM, Hamrick J, Ahumada JA. Consequences of harvesting for genetic diversity in American
ginseng (Panax quinquefolius L.): a simulation study. Biodiversity and Conservation 2005;14(2):493-504.

8. Souther, S. 2011. Demographic response of American ginseng (Panax quinquefolius L.) to climate change
[dissertation]. Morgantown (WV): West Virginia University; 2011.

9. Mcgraw JB, Furedi MA. Deer browsing and population viability of a forest understory plant. Science
2005;307(5711):920-2.

10. Liang Y, Zhao S. Progress in understanding of ginsenoside biosynthesis. Plant Biology 2008;10(4):415-21.

11. Qi LW, Wang CZ, Yuan CS. Ginsenosides from American ginseng: Chemical and pharmacological diversity.
Phytochemistry 2011;72(8):689-99.

713



12. Mancuso C, Santangelo R. Panax ginseng and Panax quinquefolius: From pharmacology to toxicology. Food
and Chemical Toxicology 2017;107:362-72.

13. Nicol RW, Traquair JA, Bernards MA. Ginsenosides as host resistance factors in American ginseng (Panax
quinquefolius). Canadian Journal of Botany 2002;80(5):557-62.

14. Zhang AH, Tan SQ, Zhao Y, Lei FJ, Zhang LX. Effects of Total ginsenosides on the feeding behavior and two
enzymes activities of Mythimna separata (Walker) Larvae. Evidence-Based Complementary and Alternative
Medicine 2015; 1-6

15. Xie J-T, Mehendale S, Yuan C-S. Ginseng and diabetes. The American Journal of Chinese Medicine
2005;33(03):397-404.

16. Zhou P, Xie W, He S, Sun Y, Meng X, Sun G, et al. Ginsenoside Rb1 as an anti-diabetic agent and its
underlying mechanism analysis. Cells. 2019;8(3):204.

17. Yuan D, Yuan Q, Cui Q, Liu C, Zhou Z, Zhao H, et al. Vaccine adjuvant ginsenoside Rgl enhances immune
responses against hepatitis B surface antigen in mice. Canadian Journal of Physiology and Pharmacology
2016;94(6):676-81.

18. Zheng SD, Wu HJ, Wu DL.. Roles and mechanisms of ginseng in protecting heart. Chinese Journal of Integrative
Medicine 2012;18(7):548-55.

19. Nakata H, Kikuchi Y, Tode T, Hirata J, Kita T, Ishii K, et al. Inhibitory effects of ginsenoside Rh2 on tumor
growth in nude mice bearing human ovarian cancer cells. Japanese Journal of Cancer Research 1998;89(7):733-40.

20. Xu T-M, Xin Y, Cui M-H, Jiang X, Gu L-P. Inhibitory effect of ginsenoside Rg3 combined with
cyclophosphamide on growth and angiogenesis of ovarian cancer. Chinese Medical Journal 2007;120(7):584-8.

21. Tian L, Shen D, Li X, Shan X, Wang X, Yan Q, et al. Ginsenoside Rg3 inhibits epithelial-mesenchymal
transition (EMT) and invasion of lung cancer by down-regulating FUT4. Oncotarget 2015;7(2): 1619-32.

22. Kim DH, Kim DW, Jung BH, Lee JH, Lee H, Hwang GS, et al. Ginsenoside Rb2 suppresses the glutamate-
mediated oxidative stress and neuronal cell death in HT22 cells. Journal of Ginseng Research 2019;43(2):326-34.

23.Qu C, Bai Y, Jin X, Wang Y, Zhang K, You J, et al. Study on ginsenosides in different parts and ages of Panax
quinquefolius L. Food Chemistry 2009;115(1):340-6.

24. Assinewe VA, Baum BR, Gagnon D, Arnason JT. Phytochemistry of wild populations of Panax quinquefolius L.
(North American ginseng). Journal of Agricultural and Food Chemistry 2003;51(16):4549-53.

25. Searels JM, Keen KD, Horton JL, Clarke HD, Ward JR. Comparing ginsenoside production in leaves and roots
of wild American ginseng (Panax quinquefolius). American Journal of Plant Sciences 2013;04(06):1252-9.

26. Lim W, Mudge KW, Vermeylen F. Effects of population, age, and cultivation methods on ginsenoside content of
wild American ginseng (Panax quinquefolium). Journal of Agricultural and Food Chemistry 2005;53(22):8498-505.

27. Schlag EM, Mcintosh MS. The relationship between genetic and chemotypic diversity in American ginseng
(Panax quinquefolius L.). Phytochemistry 2013;93:96-104.

28. Jochum GM, Mudge KW, Thomas RB. Elevated temperatures increase leaf senescence and root secondary
metabolite concentrations in the understory herb, Panax quinquefolius (Araliaceae). American Journal of Botany
2007;94(5):19-26.

29. Fournier AR, Proctor JT, Gauthier L, Khanizadeh S, Bélanger A, Gosselin A, et al. Understory light and root
ginsenosides in forest-grown Panax quinquefolius. Phytochemistry 2003;63(7):777-82.

30. Li TS, Mazza G. Correlations between leaf and soil mineral concentrations and ginsenoside contents in
American ginseng. HortScience 1999;34(1):85-7.

31. Wang C-Z, Aung H, Ni M, Wu J-A, Tong R, Wicks S, et al. Red American ginseng: ginsenoside constituents
and antiproliferative activities of heat-processed Panax quinquefolius roots. Planta Medica 2007;73(7):669-74.

714



32. Mooney EH, Mcgraw JB. Relationship between age, size, and reproduction in populations of American ginseng,
Panax quinquefolius (Araliaceae), across a range of harvest pressures. Ecoscience 2009;16(1):84-94.

33. Farrington, SJ. An ecological study of American Ginseng (Panax quinquefolius L.) in the Missouri Ozark
Highlands: effects of herbivory and harvest, ecological characterization and wild simulated cultivation [M.S. thesis].
Columbia (MO): University of Missouri-Columbia; 2006.

34. Souther S, Mcgraw JB. Evidence of local adaptation in the demographic response of American ginseng to
interannual temperature variation. Conservation Biology 2011;25(5):922-31.

35. Souther S, Lechowicz MJ, and McGraw JB. Experimental test for adaptive differentiation of ginseng populations
reveals complex response to temperature. Annals of Botany 2012;110:829-837.

36. Wagner A, Mcgraw JB. Sunfleck effects on physiology, growth, and local demography of American ginseng
(Panax quinquefolius L.). Forest Ecology and Management 2013;291:220-7.

37. Darmono TW. Isolation and pathogenicity of Phytophthora cactorum from forest and ginseng garden soils in
Wisconsin. Plant Disease 1991;75(6):610-2.

38. Rahman M, Punja ZK. Factors influencing development of root rot on ginseng caused by Cylindrocarpon
destructans. Phytopathology 2005;95(12):1381-90.

39. Punja ZK. American ginseng: Research developments, opportunities, and challenges. Journal of Ginseng
Research 2011;35(3):368-74.

40. Anderson RC, Anderson MR, Houseman G. Wild American ginseng. Native Plants Journal 2002;3(2):92-105

715



