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Abstract. The medicinal herb Withania somnifera (L.) Dunal (Solanaceae) was grown in two
soilless systems to determine optimal conditions for production of biomass and withaferin
A, the major secondary metabolite responsible for its claimed medicinal properties.
Withaferin A content was analyzed using high-performance liquid chromatography
(HPLC). The results show that there was no statistically significant difference (P > 0.05;
t test) in biomass production between the plants grown aeroponically and hydroponically.
Aeroponically grown plants produced an average of 49.8 g dried aerial plant material
(DW) (SD 20.7) per plant, whereas hydroponically grown plants produced an average of
57.6 g DW (SD 16.0). In contrast, withaferin A content was statistically higher in plants
grown hydroponically. These plants contained an average of 7.8 mg·gL1 DW (SD 0.3),
whereas the aeroponically grown plants contained an average of 5.9 mg·gL1 DW (SD 0.6).
These results demonstrate that hydroponic techniques are optimal in reproducibly and
efficiently generating withaferin A. These findings may be of importance to the natural
products industry in seeking to maximize production of biologically active compounds
from medicinal plants.

Intensified interest in plant secondary me-
tabolites for anticancer and other disease
treatments has led to recent exploration of
medicinal plant growth conditions to optimize
biomass production and metabolite synthesis
(Cragg et al., 2009; Nagella and Murthy,
2011). Our study compares these variables
for Withania somnifera when grown under
soilless hydroponic and aeroponic conditions.
W. somnifera (L.) Dunal (Solanaceae) has
been used for over 3000 years in the Ayurve-
dic medical tradition of India (Dalavayi
et al., 2006). Preparations of dried root powder
called ‘‘ashwagandha’’ have been adminis-
tered as a general tonic to increase energy,
improve overall health and longevity, and to
prevent diseases (Xu et al., 2009). Currently,
considerable attention is focused on the anti-
cancer properties of one of the secondary
metabolites, withaferin A (WA), of this me-
dicinal plant (Mishra et al., 2000). It is
therefore important to determine how to in-
crease plant biomass and WA production by
comparing outcomes from traditional, in-soil
growing conditions with soilless hydroponic
and aeroponic conditions in controlled
greenhouse environments. Growing plants
in controlled environments (greenhouses),

using hydroponic and aeroponic conditions,
reduces exposure to pests, permits applica-
tion of reproducible growth conditions, and
allows for year-round biomass production
(Muro et al., 1997). These benefits are then
associated with increased yield and quality of
secondary metabolites used as potential phar-
maceuticals. Because biomass production
and especially secondary metabolites (like
WA) may be related to the plant’s defense
mechanisms, it is possible that ‘‘over’’-con-
trolling the growing conditions in the green-
house may actually reduce the plant’s
synthesis of these parameters. In future stud-
ies, we plan to include stressors such as heat,
salt load, and partial dehydration to test how
these stressors affect WA synthesis. Control-
ling other factors (in the greenhouse) would
therefore allow us to isolate the particular
stressor that specifically improves secondary
metabolite (WA) production while optimiz-
ing other growth conditions. In hydroponics,
the roots of the plants are maintained in
a static, continuously aerated, or discontinu-
ously flowing nutrient liquid solution (Jones,
2004; Souret and Weathers, 2000). In aero-
ponics, water and nutrients are supplied
through a fine mist that deposits droplets of
nutrient solution on the roots (Souret and
Weathers, 2000; Zobel et al., 1976). These
soilless methods are optimal for medicinal
plant research and production because they
eliminate soilborne pests, prevent contami-
nation through field-grown plant species,

and afford a more rigorously controlled,
year-round growing environment.

Materials and Methods

Seeds of Withania somnifera were
obtained from the Natural Product Center
(NPC; University of Arizona) stock collec-
tion (6 months old, stored at 4 �C). They were
germinated in 1-inch Grodan rockwool cubes
in a germination chamber kept at 28 �C with
16 h of fluorescent lighting. After �5 weeks
(late summer), seedlings with an aerial length
of �5 cm were transferred to a float system
[deep water culture containing 50% modified
Hoagland Nutrient Medium (Hoagland and
Arnon, 1950); see composition in Table 1] in
the greenhouse [25 �C, 45% relative humidity
(RH) and a light shadecloth to protect from
direct sunlight]. The nutrient medium (NM)
was stone-aerated using an air pressure pump
(EcoPlus Commercial Air 5) for 1 min every
5 min to promote aerial plant and root
growth. When the plants reached an aerial
height of 10 to 15 cm (�6 weeks) (in early
fall), they were transferred to an aeroponics
box measured 1.0 m · 1.0 m · 1.5 m (width ·
length · height) or to a hydroponic system
(nutrient film technique with drip irrigation
using a 5$ · 5$ · 10$ polyvinyl chloride
pipe). Both systems were located in the same
greenhouse. There were seven plants in the
aeroponics box and seven plants in the hydro-
ponics system. In both environments, the in-
terplant distance was the same at 20 cm. In the
aeroponics system, plants were arranged on
the periphery of a square platform, whereas in
the hydroponic system, the plants were
arranged linearly. Therefore, in both systems,
the plant density was similar. Plants in the
aeroponics system were irrigated with NM for
1 min every 4 min and in the hydroponics
system for 1 min every 10 min. The hydro-
ponic system contained a small volume of
nutrient film in the pipe so that the roots were
exposed to nutrients even when irrigation was
off. For both systems, the NM was sourced
from the same reservoir containing the NM
with a pH of 5.9 and electroconductivity (EC)
of 1.85 dS·m–1.

Plant growth was assessed by measuring
the height of all plants and calculating the
weekly averages for both systems. In addi-
tion, the surface area of one average-sized
leaf of six randomly chosen plants per system
was measured every week and weekly aver-
ages were calculated. This was done by
tracing the leaf (while remaining on the plant)
on a plain paper and cutting it out on paper.
This paper was weighed and the surface area
determined by using a predetermined surface
area of paper-to-weight ratio. To measure
plant biomass production, all plants were
harvested at the flowering stage (8 weeks
after transfer to the two growth conditions),
and both wet and dry weights were recorded
for aerial and root segments. The aerial parts
were weighed individually per plant and the
roots were measured as a total for each
system. The plants were dried in a dark and
warm drying room (39 �C, 17% RH) for 14 d.
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All data were statistically analyzed to de-
termine the mean, SD, and statistical parameters
(t test) using Microsoft ExcelTM (Microsoft
Inc., Redmond, WA).

We are aware that there is a division of
opinion in the plant science research com-
munity concerning the validity of using
statistical analysis in studies such as ours,
where true sample replication was not un-
dertaken and where, instead, the process of
pseudoreplication of samples was used
(South and Somers, 2009; Wilson, 2007).
As far as costs, timing, and inherent addi-
tional concerns resulting from replication in
the greenhouse, we chose not to repeat the
experiments described here but to rely on the
strength of differences in the various param-
eters which we measured (biomass, WA
production), especially as evidenced from
statistical analysis.

Air-dried foliage was combined for each
growing condition and pulverized (Wiley
Mill, Model No. 2). Three representative
samples of 1.0 g each were extracted with
10.0 mL 60% aqueous methanol and subjected
to 2 h of ultrasonic vibration and stored at
room temperature for 1 week. The extracts
were then filtered and washed twice with 2 mL
of 60% aqueous methanol (MeOH). The
solvent was evaporated to dryness using
a Buchi rotavapor (water bath at 40 �C). The
remaining residues were re-dissolved in 2.0
mL MeOH and filtered through cotton. Each
solution was diluted 1:10 with MeOH and
subjected to HPLC on a Kromasil C18 RP
column (250 · 4.6 mm, 5 mm, 0.7 mL·min–1

flow rate) with gradient elution using 40% to
100% aqueous MeOH and ultraviolet-Vis de-
tection at 229 nm. An external standard curve
method was used to calculate the concentra-
tions of WA in all samples.

Results

Seed germination rate was 34% (data not
shown). Plant growth analysis showed trends
but no statistically significant differences be-
tween the aeroponically and hydroponically
grown plants (Figs. 1 and 2), although during
the first 3 weeks, aeroponically grown plants
developed faster. A power outage occurred 30
d after the plants had been transplanted to their
systems (during Week 5) resulting in a temper-
ature rise to 50 �C and disabling the pumps
supplying NM to both systems for �4 h. As

a result of this event, the growth rate of
aeroponically grown plants decreased to less
than 1 cm/week and the growth rate of
hydroponically grown plants reduced to �3
cm/week. In Figure 1, the effect of the power
outage is seen in Week 5, because plant heights
remained almost the same. The trend lines
show aeroponic plants with a slightly steeper
growth slope, signifying a faster growth rate on
average. Additionally, the surface area of the
leaves in each system varied largely and
yielded only weak trends without statistically
significant differences. This can be seen in
Figure 3, where the leaves of the aeroponically
grown plants were somewhat larger than in the
hydroponically grown plants.

As shown in Table 2, aeroponically grown
plants produced an average of 49.8 g DW
(SD 20.7). Hydroponically grown plants pro-
duced an average of 57.6 g DW (SD 16.0).
Therefore, there was no significant difference
(P > 0.05) in aerial biomass production
between the two growing methods. The
percent DW column (Table 2) indicates what
percentage of the wet weight corresponds to
actual plant material. Data in this column

show that all plant materials were dried to the
same extent.

Chemical analysis of the plant materials
indicated that the hydroponically grown
plants contained significantly higher con-
centrations of WA (P < 0.05). As shown in
Table 3, hydroponically and aeroponically
grown plants contained an average of 7.8
mg·g–1 DW (SD 0.3) and 5.9 mg·g–1 DW (SD

0.6) WA, respectively.

Discussion

Because multiple factors influence plant
biomass production, we controlled all fea-
sible environmental conditions (timing of
transplanting, temperature, light, nutrient
medium, RH, location in the greenhouse,
etc.) to reduce variability and to allow more
precise comparison of plant growth under the
two specified conditions. Additionally, the
experiment comprised seven pesudorepli-
cates in each growing condition to attain
accurate results.

In previous studies, Solanum lycopersi-
cum (tomatoes) have been found to produce

Table 1. Composition of nutrient medium (NM).z

mM g·L–1

Ca(NO3)2 4 H2O 1.95 0.46
CaCl2 6 H20 1.01 0.22
Fe-EDDHA 10% 0.07 0.024
MgSO4 7 H2O 1.95 0.48
KH2PO4 1.2 0.16
K2SO4 0.89 0.15
MnSO4 H20 20% 0.003 0.003
ZnSO4 7 H2O 20% 0.002 0.003
H3BO3 0.03 0.002
CuSO4 20% 0.003 0.002
Na2MoO4 2 H20 0.004 0.001
zThis Hoagland-modified NM was used to irrigate
plants in both hydroponic and aeroponic systems.

Fig. 1. Aerial plant size grown aeroponically and hydroponically. Vertical bars represent 95% confidence
interval. Diamonds and squares represent weekly averages (n = 7) and lines represent linear best fit.

Fig. 2. Plant growth rates in aeroponics and hydroponics. Vertical bars represent 95% confidence interval.
Diamonds and squares represent weekly averages (n = 7).
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higher yield in hydroponics and aeroponics
than in traditional soil culture (Gysi and Von
Allmen, 1997). Additionally, Solanum lyco-
persicum var. cerasiforme (cherry tomatoes),
grown aeroponically, produced higher yields
when compared with plants grown hydropon-
ically. The improved yield was attributed to
enhanced root aeration (Cho et al., 1996;
Soffer and Burger, 1988). In a recent study
(Kindscher et al., 2014) the authors discuss
the effects of experimental manipulations
of nutrients in the soil in which Physalis
longifolia were grown. The authors found
negligible differences in WA and other with-
anolides production as a function of these
manipulations. However, the authors stress
the importance of using genetic isolates of
plants to provide for homogeneity so as to
reduce secondary metabolite variability. In

our study we used seeds from an isolated
stock previously grown for several genera-
tions at NPC. We suggest, therefore, that
genetic variability contributed minimally to
the differences in secondary metabolite pro-
duction in this study such that the differences
we found can be more strongly attributed to
the growing conditions.

In this study, similar growth patterns and
biomass yields of Withania somnifera were
observed for both growing conditions. Ini-
tially, aeroponically grown plants showed
a growth rate that was statistically not different
from hydroponically grown plants. As men-
tioned, a power outage causing a sharp rise in
greenhouse temperature combined with irri-
gation pump failure resulted in reduced plant
growth rates in both systems. As expected, this
reduction, accompanied by partial wilting,
was initially more pronounced in aeroponi-
cally grown plants whose roots did not receive
any moisture or nutrients during the outage.
All plants recovered in both conditions (Figs. 1
to 3) and resumed growth within 1 week. The
pump failure, which was experienced in our
study, may be considered a plant stressor,
which therefore may have contributed to an
increase in secondary metabolites (WA) pro-
duction. Because this stress (lack of fertiga-
tion) would have been more pronounced in the
aeroponics system, one would expect WA
synthesis to be higher than in the hydroponic

system because in the latter, some nutrient
medium continued to bathe the plant roots.
Because we found that WA production was
larger in hydroponics, it amplifies the signif-
icance of our results.

Plants generally display variations in bio-
mass production (likely as a result of genetics
and uncontrolled ‘‘hidden’’ environmental
factors). To take such variations into account,
we removed apparent outlier plants (H4 and
A5) from the data analysis (not shown),
which resulted in identical statistical results
as data analysis, which included the outliers.
These analyses showed that both soilless
growing conditions yielded the same biomass
per plant.

In contrast, however, WA content analysis
showed statistically significant differences.
Plants growing in their natural habitat showed
large variations of WA content (Kumar et al.,
2007; Mirjalili et al., 2009). For example,
naturally occurring plants in Iran were found
to contain concentrations of WA ranging from
2.2 to 32.5 mg·g–1 DW (corresponding to
0.0002% to 0.00325%) (Mirjalili et al., 2009),
whereas in India, the leaves of naturally occur-
ring plants were reported to contain 0.192 to
1.312 g/100 g DW (corresponding to 0.192% to
1.312%, but mostly less than 1%) WA (Kumar
et al., 2007). We report here that the aerial parts
of our plants grown hydroponically contained
an average of 7.8 mg·g–1 DW (0.78%), whereas
the aeroponic plants contained an average of
5.9 mg·g–1 DW (0.59%). These results show
that hydroponically grown plants contained
a significantly higher concentration of WA
than plants grown aeroponically.

As noted in ‘‘Methods,’’ our study does not
comprise true replication (repeating the same
experiment) but rather relies on analysis from
pseudoreplicates. There is an almost equal
division of opinion as to the validity of the
latter approach with the conclusion that miti-
gating circumstances often prevent true repli-
cation in plant science research. Being aware
of this situation, and using the results of our
statistical analysis conservatively, we suggest
that our findings indicate that WA synthesis
using hydroponics is a more efficient system
than using aeroponics (Hurlbert, 1984).

Further research is needed to explore the
mechanism(s) responsible for the increase in
WA production we report here. Still, our
findings are likely to have implications for
the growing conditions of other medicinal
plants where a secondary metabolite is the
target compound. Our results indicate that
hydroponics (NFT system) is the more effec-
tive method for growing Withania somnifera
with the goal of reproducibly generating with-
aferin A. In addition, hydroponics is more
suitable for commercial applications because
it is less susceptible to problems (e.g., resulting
from pump failure). Plants grown hydroponi-
cally are also more economically grown and
harvested as a result of the ability to customize
the layouts of the systems compared with
traditional field culture. The soilless condi-
tions also eliminate soilborne pests and pre-
vent contamination by field-growing plants.
The results we report in this study suggest that

Fig. 3. Leaf surface areas for aeroponics and hydroponics. Vertical bars represent 95% confidence interval.
Diamonds and squares represent weekly averages (n = 6).

Table 2. Measured plant biomass for aeroponics and hydroponics.z

Wet wt (g) Dry wt (g) Percent DW Wet wt (g) Dry wt (g) Percent DW

H1 291.2 51.6 17.7 A1 368.6 76.1 20.6
H2 273.7 49.3 18.0 A2 296.7 54.4 18.3
H3 341.7 62.1 18.2 A3 260.2 44.0 16.9
H4 545.3 91.6 16.8 A4 323.7 56.6 17.5
H5 289.8 56.0 19.3 A5 96.2 17.2 17.9
H6 271.9 46.7 17.2 A6 421.8 69.3 16.4
H7 263.2 45.9 17.4 A7 241.8 31.3 12.9
Total 2276.8 403.2 Total 2009.0 348.9
Mean 325.3 57.6 17.8 Mean 287.0 49.8 17.2
SD 100.4 16.0 0.8 SD 104.4 20.7 2.3
zH and A signify hydroponics and aeroponics, respectively, and the following numbers correspond the
specific plant in that system. The DW column indicates what percentage of the wet weight corresponds to
actual plant material.

Table 3. Withaferin A content in dried plant materials
for aeroponics and hydroponics.z

Hydroponics
(mg·g–1 DW)

Aeroponics
(mg·g–1 DW)

Sample 1 8.1 6.7
Sample 2 7.7 5.5
Sample 3 7.6 5.6
Mean 7.8 5.9
SD 0.3 0.6
zEach sample was independently sourced from the
total amount of aerial plant biomass for each system.
DW = dry weight.
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other medicinal plants may also synthesize
higher concentrations of metabolites in hydro-
ponic conditions, which may be of pharma-
ceutical interest. Further studies should be
undertaken to find the most effective nutrient
medium composition, including adjustments
to the sources of nutrients as well as changes to
pH and EC, all known to affect biomass
production and secondary metabolite synthesis
(Hoagland and Arnon, 1950; Nagella and
Murthy, 2011).
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