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Abstract Hairy root cultures of diploid Artemisia annua
L. (clone YUT16) grow rapidly and produce the antima-
larial sesquiterpene artemisinin. Little is known about
how polyploidy affects the growth of transformed hairy
roots and the production of secondary metabolites. Using
colchicine, we produced four stable tetraploid clones of A.
annua L. from the YUT16 hairy root clone. Analysis
showed major differences in growth and artemisinin
production compared to the diploid clone. Tetraploid
clones produced up to six times more artemisinin than the
diploid parent. This study provides an initial step in
increasing our understanding of the role of polyploidy in
secondary metabolite production, especially in hairy
roots.
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Abbreviations AN: Artemisinin · DW: Dry weight ·
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Introduction

In most plant species, artificial polyploidy increases the
size of the cells, leading to larger reproductive and
vegetative organs (Adaniya and Shira 2001; Chen and
Goeden-Kallemeyn 1979; Watrous and Wimber 1988).
Vegetative plant organs, such as roots, are the source of
many commercially important secondary metabolites (Pal
Bais et al. 2001). The ginkgolides of Ginkgo biloba and
forskolin from the Indian herb Coleus forskohlii, both
traditionally used to treat heart and respiratory diseases,

are just two examples of the many root-specific secondary
metabolites that have medicinal applications. Tropane
alkaloids, terpenoids, and isoflavonoids are among the
most important medicinal compounds extracted from
plant roots.

The induction of artificial polyploidy may prove useful
in increasing the production of important medicinal
compounds (Dhawan and Lavania 1996) as this has been
shown to increase the production of secondary metabo-
lites in many plants compared to their diploid parent. For
instance, tetraploids Chamomilla recutita, Petunia Mitch-
ell and Salvia miltiorrhiza Bge produce more flavonoids
and terpenoids per gram of tissue than their diploid
counterparts (Gao et al. 1996; Griesbach and Kamo 1996;
�vehl�kov� and Repč�k 2000). Although the physiolog-
ical effects of polyploidy are not generally predictable,
and the responses are often species-specific, doubling the
chromosome number of a plant species that produces
useful compounds can enhance overall secondary metab-
olism.

Artemisia annua L. produces, along with many other
terpenoids, the sesquiterpene antimalarial drug artemisi-
nin (Meshnick et al. 1991). Transformation of A. annua
plants with Agrobacterium rhizogenes results in the
formation of transformed (hairy) roots that can produce
high levels of artemisinin (Jaziri et al. 1995; Weathers et
al. 1994). A. annua, therefore, offers a useful model
system for studying the role of artificial polyploidy on
terpenoid production.

Previously, Wallaart et al. (1999) induced polyploidy
in A. annua plants, from 18 to 36 chromosomes, by using
the mitotic inhibitor colchicine. They reported a poly-
ploidy induction efficiency of 20% and an average
specific artemisinin level (mg artemisinin g-1 DW) in the
tetraploids that was 38% higher than that of the diploid
plants. However, biomass accumulation of the tetraploid
plants was lower than that of the diploid plants, so the net
yield of artemisinin per square meter of field-grown
plants decreased by 25% (Wallaart et al. 1999). Even
though the overall artemisinin production was lower in
tetraploid whole plants, the study suggested the possibil-
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ity of using hairy root cultures for the optimization of
growth and artemisinin production. In the investigation
reported here, we compared the growth and artemisinin
production of tetraploid A. annua hairy root cultures with
those of their diploid parent.

Materials and methods

Plant material

The transformed root culture used was the Artemisia annua YUT16
clone described by Weathers et al. (1994). Cultures were
maintained by subculturing 0.5 g FW of roots every 2 weeks into
a 125-ml Erlenmeyer flask containing 50 ml of Gamborg’s B5
medium (pH 5.7) (Gamborg et al. 1968) supplemented with 3%
sucrose. The culture flasks were kept at 25�C, in shake culture
(100 rpm) under continuous cool-white fluorescent light (5 mE
m-2 s-1).

Induction of polyploidy in A. annua hairy roots

Filtered-sterilized (0.2 mm) colchicine (Sigma-Aldrich, St. Louis,
Mo.), at concentrations of 0, 0.5%, 0.25%, 0.1%, or 0.05% (w/v) in
water, was added to filter-sterilized culture medium (Gamborg’s
B5+3% sucrose, pH 5.7). To induce polyploidy, we placed single 2-
cm-long root tips from 14-day-old cultures in uncoated polystyrene
six-well plates (Falcon no. 351146) containing 5 ml of colchicine-
containing media per well and incubated them at room temperature
for 1-7 days. Following the colchicine treatment, the root tips were
rinsed twice with approximately 10 ml fresh B5 medium,
transferred to fresh B5 semi-solid medium (0.2% w/v GelRite,
Sigma-Aldrich), and incubated at 25�C in the dark for 30 days. For
determination of survival, the roots were removed from colchicine
medium every other day for 7 days. Subsequent root lines were
initiated from any lateral root tip growing from the original
colchicine-treated roots. These new root lines were examined on a
monthly basis for ploidy-level stability. The diploid A. annua YUT-
16 clone was grown in the same way as the colchicine-treated root
tips, but without colchicine.

Preparation of chromosomes for ploidy-level determination

Before polyploidy was induced, the YUT16 clone of A. annua was
cytologically examined to confirm its diploid number of chromo-
somes (2n=18). Samples of single hairy roots from all cultures were
pretreated in a saturated a-bromonaphthalene solution for 24 h at
4�C to accumulate cells in metaphase. At least ten roots were then
fixed overnight in cold Carnoy’s solution (3:1, 100% ethanol:gla-
cial acetic acid). After rinsing twice with deionized water, root tips
were hydrolyzed with 1 N HCl at 60�C for 8 min and then rinsed in
deionized water. Excess water was removed by blotting, and the
roots were stained for 2 h in Feulgen solution (Singh 1993) at room
temperature. Stained root-tip meristems (about 3 mm long) were
removed, placed on a clean slide, and squashed in 1% (w/v) aceto-
carmine (Singh 1993). The preparations were observed with an
optical microscope at a magnification of 1,000�. The best
metaphase views were observed with a Nikon Coolpix digital
camera (Nikon, Japan). At least twenty meristems were analyzed
for each clone. Each putative tetraploid clone was validated as
polyploid at least 20 times over 40 subcultures.

Biomass analysis

FW was measured after the roots were washed with deionized water
and blotted dry. DW was measured after the roots were oven-dried
at 60�C for at least 24 h or until the weight no longer fluctuated.

Extraction and analysis of artemisinin

Artemisinin (AN) was extracted and assayed at 260 nm using
HPLC according to the method described by Smith et al. (1997)
with the following modifications. One gram of roots (blotted FW)
was extracted twice with 3 ml of scintanalyzed toluene in an
ultrasonic bath for 30 min in ice-cold water. The extracts were
centrifuged at 4,390 g for 10 min and the supernatants subsequently
decanted, pooled, dried under nitrogen and stored at –20�C for later
analysis by HPLC.

For HPLC analysis, the AN samples were first converted to
their Q260 derivatives (Smith et al. 1997) and then applied to a 15-
cm Microsorb-MV C-18 column with a 4.6 mm internal diameter
that contained 5 mm silica beads (10-nm pore size) (Varian, Walnut
Creek, Calif.). The mobile phase consisted of 0.01 M sodium
phosphate buffer:methanol [55:45 (v/v)] pH 7.0, at a flow rate of
1.0 ml/min. A linear calibration curve of AN (Sigma-Aldrich) was
measured in the 0.1- to 0.5-mg/ml range. The retention time of AN
under these conditions was about 12.0 min. Each sample was co-
injected a second time with a known amount of artemisinin to
validate peak identification.

Single-root growth studies

Single hairy roots, 2 cm in length, from the established diploid
(YUT16) and tetraploid clones (Fig. 1) were inoculated into six-
well polystyrene plates (one root per well) and grown as described
above for cultures in the shake flasks (Kim et el. 2002; Srinivasan
et al. 1997). Root lengths, number of laterals, and general
appearance of roots were recorded. To compare results from
different tetraploid clones directly, we calculated the fractional
increase in length of each root by scaling the total length of the
primary root by the number of root tips (Yu and Doran 1994;
Wyslouzil et al. 2000). This is defined as the root growth unit
(RGU): RGU = (Slength of all laterals + length of primary
root) (number of root tips)-1

For the root diameter measurements, single roots from 14-day-
old shake flask cultures were mounted on microscope slides and
their diameter measured 1 cm from the root tip using an optical
microscope with a 40� objective plus a micrometer in a 10� ocular;
ten measurements per clone were obtained.

Statistical analysis

The data from all experiments were analyzed using Student’s t-test
and analysis of variance (ANOVA). All experiments had at least
three to six replicates, and each experiment was conducted at least
twice.

Results and discussion

Confirmation and stability of polyploidy

Cytological examination of root tips of the YUT16 parent
clone verified it as being diploid, with 18 chromosomes
(Fig. 1A) as previously determined for A. annua by others
(Wallaart et al. 1999). During colchicine treatment, about
25% of the root tips died regardless of the concentration
of colchicine used. The surviving colchicine-treated roots
developed new lateral root tips that were used for the
creation of subsequent root lines. In total, more than 40
root lines were generated by this method. These roots
were prepared for microscopic examination of chromo-
somes, and at least 20 well-defined metaphase displays
per root tip were counted (Fig. 1). Treatments consisting
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of colchicine concentrations of 0.25% or 0.5% (w/v) for
7 days were the most effective in producing tetraploid
hairy root clones. The efficiency of polyploidy induction
using colchicine in this method was low. Of the 40 root
lines screened, only four (YUT16-9Lb, YUT16-8LT,
YUT16-6P and YUT16-7P; Fig. 1) were determined to be
stable tetraploids with n=36. Only one of the tetraploid
clones, YUT16-6P, is shown since all four clones studied

were morphologically indistinguishable from one another.
The tetraploids and their diploid parent were cytologically
examined monthly for 18 months to validate ploidy
stability (Fig. 1).

Although no obvious morphological differences were
observed between the diploid and the tetraploid clones
(Fig. 1, B–D), one clone (not shown), YUT16-7LT,
produced very thick curled roots. Despite its slow growth,
YUT16-7LT required weekly medium exchange to
maintain viability compared to the biweekly culturing
required by the other clones. The poor growth of this
unusual clone made it difficult to study and, consequently,
chromosome analyses were not carried out (data not
shown).

Growth of diploid and tetraploid clones

To compare the growth of the tetraploid clones with their
diploid parent, we grew roots both in flasks and singly in
six-well plates. Initially we used inoculum from late-log
cultures (14 day) to compare biomass yields in flasks.
Table 1 shows that all tetraploid clones produced
significantly less biomass (FW, DW, and %DW) than
the diploid YUT16 when the cultures were initiated with a
14-day inoculum. A common result of polyploidy in
plants is a reduced number of cell divisions during growth
and development (Adaniya and Shira 2001; Otto and
Whitton 2000), so overall reduced growth was not
surprising. However, previous studies with hairy root
cultures showed that the age of the inoculum culture
might affect root growth as well as secondary metabolite
production (Takahashi et al. 2001; Weathers et al. 1996,
1997). Since high growth rates are just as important in
achieving high overall secondary metabolite productivity
as is specific product yield, we therefore decided to use an
older inoculum (20 day) to see if there was an age effect
on biomass accumulation. When a 20-day inoculum was

Fig. 1A–D Root morphology (as seen from the bottom of a 125-ml
flask) and chromosome number of diploid and a representative
tetraploid clone of Artemisia annua. A Cells from YUT16 showing
the normal diploid number of chromosomes (2n=18). C Cells from
tetraploid YUT16-6P showing 4n=36 chromosomes. B, D Root
morphology: B diploid YUT16, D tetraploid YUT16-6P. Bar:
10 mm

Table 1 Comparative biomass accumulationa and artemisinin (AN) productiona of diploid and tetraploid hairy root clones of Artemisia
annua from cultures initiated with a 14- or 20-day-old inoculum

Clone Biomass
(g FW)

Biomass
(g DW)

Percentage
dry weight

Biomass
ratio

AN
(mg/g DW)

AN
ratio

Total AN
(mg/flask)

Total AN
ratio

Fourteen-day-old inoculumb

YUT16 3.1a 0.29a 9.4a 1.0 0.40a 1.0 0.1a 1.0
YUT16-9Lb 2.0b 0.16b 8.0b 0.7 0.90b 2.3 0.1a 1.0
YUT16-8LT 2.1b 0.16b 7.6b,c 0.7 2.1b,c 5.3 0.3a 3.0
YUT16-6P 2.3b,c 0.19b,c 8.3b 0.8 1.0b 2.5 0.2a 2.0
YUT16-7P 1.6b,c 0.12b,c 7.5b,c 0.5 1.2b 3.0 0.1a 1.0

Twenty-day-old inoculumb

YUT16 2.9a 0.27a 9.3a 1.0 0.4a 1.0 0.1a 1.0
YUT16-9Lb 2.2b,c 0.18b,c 8.2b 0.8 0.6a 1.2 0.04a 0.4
YUT16-8LT 1.9b,c 0.14b,c 7.4b,c 0.7 0.4a 0.7 0.1a 1.0
YUT16-6P 2.5b,c 0.20b,c 8.0b 0.9 0.3a 0.7 0.1a 1.0
YUT16-7P 1.5b,c 0.12b,c 8.0b 0.5 3.2b,c 6.0 0.4a,c 4.0

a Cultures were harvested after 14 days of growth in B5 medium + 3% sucrose. Biomass and total AN ratios are in comparison to those of
the diploid YUT16 culture from each group. Each data point represents an average of two experiments with three replicates each
b Letters following each value indicate statistical differences at the 95% level using ANOVA (P<0.05): b, statistically different when
compared to the diploid clone; c, statistically different when compared only to other tetraploids
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used, the diploid YUT16 still grew better than the
tetraploids (Table 1). Thus, inoculum age did not appear
to alter the growth yields of the tetraploids. Even though
the tetraploid clones all accumulated less biomass than
the diploid, one clone, YUT16-6P, consistently grew
better than the other three tetraploids. Indeed, the growth
yield of this clone was only 12-20% less than that of the
diploid YUT16 (Table 1).

Although the total biomass and metabolite production
of a particular root clone can be routinely determined in
shake flask experiments, measuring the growth of indi-
vidual roots is difficult. A better method for understand-
ing root growth behavior in a liquid environment is to
follow elongation and branching of individual roots (Kim
et al. 2002; Wyslouzil et al. 2000). This allows a more
detailed understanding of root growth kinetics (Yu and
Doran 1994), and variation in morphology may be related
to such root characteristics as growth rate and secondary
metabolite production level, among other factors (Bhadra
et al. 1993). The use of six-well plates has proved useful
for such a study (Kim et al. 2002; Srinivasan et al. 1997).
Each six-well plate provides six replicate experiments
with only a minimal use of medium and space and can
provide a considerable amount of information (Table 2).

Our comparative single-root growth study showed that
all of the tetraploid clones had root diameters consider-
ably larger than that of the diploid YUT-16 (Table 2).
This was not a surprising observation since larger plant
organs are often the result of polyploidy (Otto and
Whitton 2000). Interestingly, all of the tetraploid clones
showed lower growth values for most of the other
characteristics measured when compared to the diploid
YUT16 (Table 2). However, when the tetraploids were
compared to each other, clone YUT16-9Lb produced the
highest number of lateral roots and lateral roots per
centimeter (i.e., lateral density). Likewise, clone YUT16-
6P had the greatest total lateral length and clone YUT16-
8LT yielded the greatest total root length (Table 2).

When RGU values were compared, a major difference
was observed between the diploid parent and the
tetraploids. Three tetraploid clones, YUT16-9Lb,
YUT16-8LT, and YUT16-7P showed final RGU values
higher than that of the diploid YUT16. YUT16-6P was

the only clone with a final RGU value equivalent to that
of the diploid clone. The RGU unit is a morphological
parameter indicating the branching activity of the root
system. YUT16-6P grew with a mean length per root tip
of about 1 cm, which is a typical value for roots grown in
shake flasks (Wyslouzil et al. 2000), suggesting that it
grows nearly as fast as the diploid YUT16 (Table 2). This
is consistent with the biomass data (Table 1), which
showed that YUT16-6P had the highest biomass accu-
mulation of the tetraploid clones tested.

Artemisinin production of diploid
and tetraploid clones

When the concentration of artemisinin in the clones was
analyzed by HPLC (Table 1), all of the tetraploid cultures
initiated with a 14-day-old inoculum were found to have
produced more artemisinin per gram DW than the diploid
YUT16, even though the former produced less biomass.
Clone YUT16-8LT, in particular, produced about five
times the specific artemisinin level (mg artemisinin g-1

DW) than the diploid YUT16, and it was about twice as
productive as the other tetraploid clones similarly inoc-
ulated. The overall productivity per culture for YUT16-
8LT was three times that of the diploid clone (Table 1).
Similar increases in artemisinin levels were also reported
by Wallaart et al. (1999) in tetraploid whole A. annua
plants. Unfortunately, in their case, the overall yield of
artemisinin per tetraploid plant was effectively the same
as that of the diploid because the tetraploid plants were
proportionately smaller.

Surprisingly, the artemisinin production profile was
quite different with the tetraploid cultures started from a
20-day-old inoculum. In this case, a different tetraploid
clone, YUT16-7P, was the highest artemisinin producer
when compared to results from the experiment using a 14-
day-old inoculum. YUT16-7P produced six times the
specific artemisinin level produced by the diploid
(Table 1). Overall, the YUT16-7P tetraploid was about
four times as productive as the diploid (Table 1). These
results suggest a possible effect of inoculum age on

Table 2 Comparative growth of A. annua diploid and tetraploid single hairy rootsa after 14 days of growth in six-well plates

Root characteristics YUT16 YUT16-9Lb YUT16-6P YUT16-8LT YUT16-7P

Number of laterals per root 10.1a 6.8a,c 6.4a 4.8b 2.8b
Lateral densityb (no. laterals/cm) 2.5a 1.9a,c 1.6b 1.2b 1.0b
Length of primary root (cm) 4.0a 4.1a 4.3a 4.8a,c 3.7a
Length of laterals (cm) 1.5a 1.0b 1.2a 1.3a 1.1a
Total length (laterals + primary) (cm) 11.6a 6.7b 7.0b 10.0a,c 5.5b
Total lateral length (cm) 14.6a 6.9b 8.3b,c 5.8b 3.4b
Root growth unit (cm/root tip) 1.1a 1.8a 1.0a 2.2b,c 2.0b
Root diameter (mm) 3.4a 4.4b 4.0b 4.2b 4.0b

a Roots were grown in B5 medium + 3% sucrose. Each data point represents an average of six replicates. Letters following each value
indicate statistical differences at the 95% level using ANOVA (P<0.05): b, statistically different when compared to the diploid clone;
c, statistically different when compared only to other tetraploids
b Lateral density equals the number of laterals divided by the length of the primary root
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secondary metabolite production in two of the tetraploid
clones, YUT16-7P and YUT16-8LT.

Unfortunately, the increased yields of the tetraploid
clones have not reached commercially useful quantities
(mg g-1 DW) of artemisinin (Table 1). Since YUT16 was
first isolated in the early 1990s, we have noticed a steady
decline in overall specific artemisinin productivity from
more than 250 mg g-1 DW (Kim et al. 2001; Weathers et
al. 1994) to about 3 mg g-1 DW reported here. It is not
clear what selective pressure would be needed to recover
the original high production of the diploid YUT16 clone
(Weathers et al. 1994).

Conclusions

To our knowledge, this is the first report of the formation
of tetraploid hairy roots. Similar to polyploid whole
plants, polyploid hairy roots produced significantly more
artemisinin than their diploid counterparts. Although the
artemisinin yields obtained from these tetraploid clones
were not as high as previously reported from their parent
clone when it was isolated 10 years ago (Weathers et al.
1994), some of them produced more artemisinin than the
diploid. These results show that, although careful screen-
ing is still required of polyploids induced from an elite
clone, there appears to be advantages in selecting for
high-yielding polyploids artificially produced from hairy
root cultures.
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