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Abstract Eucomis species is a valuable plant with both
medicinal and horticultural potential. The current study
evaluated the role of plant growth regulator (PGR) on
growth, phytochemicals, and antioxidant activity in
Eucomis autumnalis subspecies autumnalis. Five cytoki-
nins including topolins and benzyladenine (BA) at 2 pM in
combination with varying (0-15 pM) concentrations of
naphthalene acetic acid (NAA) were tested. In vitro
regenerants were acclimatized in the greenhouse for
4 months. Highest number of shoots (9 shoots/explant) was
observed with 15 pM NAA alone or when combined with
BA. Acclimatized plants derived from the 15 uM NAA
treatment had the highest number of roots, largest leaf area
and biggest bulbs. While applied PGRs increased the
iridoids and condensed tannins in the in vitro regenerants,
total phenolics and flavonoids were higher in the PGR-free
treatment. Among the in vitro regenerants, 5 tM NAA and
2 uM BA treatments produced the best antioxidant activity
in the DPPH (55 %) and beta-carotene (88 %) test systems,
respectively. A remarkable carry-over effect of the PGR
was conspicuous in the phytochemical levels and antioxi-
dant activity of the 4-month-old plants. In addition to the
optimized micropropagation protocols, the current findings
present a promising potential for manipulating the type and
concentration of applied PGRs to improve phytochemical
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production and hence medicinal value in E. autumnalis
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Keywords Asparagaceae - Auxins - Cytokinins -
Medicinal plant - Phytochemicals - Phytohormones

Introduction

The success of micropropagation endeavors is influenced
by several intricate physical (e.g., light and temperature)
and chemical factors. As a vital chemical component, plant
growth regulators (PGRs) regulate various physiological
and developmental processes during micropropagation
(George et al. 2008). Even though a number of growth
stimulating substances are used in micropropagation,
cytokinins (CKs) and auxins (acting either individually or
in combination) are the most important and popular PGRs
(Gaspar et al. 1996; George et al. 2008). Many aspects of
cell growth and differentiation as well as organogenesis in
micropropagated plants are regulated by an interaction
between exogenously applied CKs and auxins (Amoo and
Van Staden 2013). Furthermore, interaction of exogenously
applied CKs and auxins has been implicated in the
upregulation of secondary metabolite content in plants
(Dornenburg and Knorr 1995; Ramachandra Rao and
Ravishankar 2002).

There is a continuous effort aimed at identifying new
compounds with the ability to stimulate better growth,
and alleviate in vitro-induced physiological disorders
(Tarkowska et al. 2003). The recent biotechnological
advances in the field of phytohormones have significantly
facilitated the search for new compounds (Strnad et al.
1997; Tarkowski et al. 2010). Thus, a new group of
aromatic CKs commonly referred to as topolins has been
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identified (Strnad et al. 1997). Topolins have been dem-
onstrated to enhance shoot proliferation, maintain histo-
genic stability, improve rooting efficiency and alleviate
various physiological disorders in micropropagation
(Aremu et al. 2012a). Although the positive role of top-
olins has been reported in a number of micropropagated
species, their influence in micropropagated Eucomis
autumnalis subspecies autumnalis remains unknown.
Furthermore, the effect of combining topolin with auxins
in micropropagation remains poorly documented (Aremu
et al. 2012a). It is well known that the optimal environ-
mental and chemical conditions for plant growth and
development often vary among species and even geno-
types. The benefits and need for further research espe-
cially to optimize the PGR concentrations for shoot
proliferation in Eucomis species have been highlighted
(Ault 1995; Taylor and Van Staden 2001). The increasing
horticultural and pharmacological value of E. autumnalis
subspecies autumnalis which is causing severe strain on
wild populations has necessitated the need for more
research to ensure conservation (Masondo et al. 2014). As
highlighted by these authors, availability of efficient mi-
cropropagation protocol is pertinent to fully explore and
sustain the economic potential of FEucomis species.
Therefore, the current study evaluated the effect of five
CKs (topolins forms in comparison to BA) individually
and in combination with an auxin on growth, phyto-
chemical content, and antioxidant potential in micro-
propagated E. autumnalis subspecies autumnalis. Apart
from the differences in their response in vitro, both BA
and topolins are known to induce contrasting physiolog-
ical effect on regenerants upon acclimatization. Thus, the
carry-over effect of the applied PGRs on acclimatization
competence in in vitro-derived E. autumnalis subspecies
autumnalis was evaluated.

Materials and methods
Source of plant growth regulators (PGRs)

Benzyladenine (BA) and a-naphthalene acetic acid (NAA)
were purchased from Sigma—Aldrich (Steinheim, Germany).
The four topolins used were mT (meta-topolin), mTTHP
[meta-topolin tetrahydropyran-2-yl or 6-(3-hydroxybenzyla-
mino)-9-tetrahydropyran-2-ylpurine], MemT [meta-meth-
oxytopolin or 6-(3-methoxybenzylamino)purine], and
MemTTHP [meta-methoxy 9- tetrahydropyran-2-yl topolin or
2-[6-(3-Methoxybenzylamino)-9-(tetrahydropyran-2-yl)pur-
ine]. Details of the preparation of the topolins have been
described previously (Dolezal et al. 2006, 2007; Sziicova et al.
2009).
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Explant source, decontamination regime and culture
initiation

Explants were obtained from stock plants of E. autumnalis
subspecies autumnalis from the University of KwaZulu-
Natal (UKZN) Botanical Garden, Pietermaritzburg, South
Africa. A voucher specimen (Masondo 2) was identified by
Dr. C. Potgieter and deposited in the Bews Herbarium of
the UKZN, Pietermaritzburg, South Africa.

Explants were excised from the stock plants and
decontaminated as described by Taylor and Van Staden
(2001). Decontaminated plant materials were inoculated in
culture tubes (100 x 25 mm, 40 ml) containing 10 ml
Murashige and Skoog (MS) medium (Murashige and
Skoog 1962). The PGR-free medium was supplemented
with 30 g/l of sucrose, 0.1 g/l myo-inositol and the pH
adjusted to 5.8 with 1 M KOH or HCI as required. The
medium was solidified with 3 g/l gelrite (Labretoria, Pre-
toria, South Africa), then autoclaved at 121 °C and
103 kPa for 20 min. The cultures were incubated in 16/8 h
light/dark conditions with a photosynthetic photon flux
(PPF) of 40-45 pmol m~2 s~ ! at 25 4+ 2 °C.

In vitro shoot proliferation using different cytokinins
(CKs) and varying concentrations of a-naphthalene
acetic acid (NAA)

The effect of five CKs (BA, mT, MemT, mTTHP, and
MemTTHP) at three concentrations each (2, 4 and 6 pM)
on in vitro shoot proliferation was evaluated (data not
shown). Due to the absence of a significant increase in
shoot proliferation with an increase in CK concentration,
2 uM CK was used for the current experiment. Using a
completely randomized pattern, the experiment was con-
ducted in a 6 x 5 factorial design involving six PGR
treatments (CK-free, BA, mT, MemT, mTTHP, and
MemTTHP) and five NAA concentrations (0, 2.5, 5, 10 and
15 uM). In a culture jar (110 x 60 mm, 300 ml volume)
containing 30 ml MS medium, three sterile leaf explants
(1 x 1 cm?) were inoculated with the different CKs and
NAA. The control was devoid of any PGRs. Each treat-
ment had 25 explants and the experiment was done twice.
Cultures were grown under the same conditions as stated
above. After 10 weeks in culture, growth parameters
including shoot number, shoot length, root number, and
root length were measured.

Acclimatization of in vitro-derived E. autumnalis
subspecies autumnalis

For comparison purposes, regenerants from PGR-free, CK
as well as the combination of CK with NAA at 2.5 and
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15 uM were acclimatized. These regenerants were washed
free of gelrite and transferred to 7.5 cm diameter pots
containing sand:soil:vermiculite (1:1:1, v/v/v) mixture,
treated with 1 % Benlate® (Du Pont de Nemour Int., South
Africa). The regenerants had 2 weeks transition in the mist-
house with a misting duration of 10 s at 15 min (80-90 %
relative humidity), day/night temperature of 30/12 °C, and
midday PPF of 30-90 pmol m 2 s~' under natural pho-
toperiod conditions. For a further 14 weeks, the regener-
ants were maintained in the greenhouse with a day/night
temperature of approximately 30/15 °C, average PPF of
450 pmol m~2 s~ and 3040 % relative humidity under
natural photoperiod conditions. After 4 months, growth
parameters including acclimatization survival (%), leaf
number, root number, root length, bulb diameter, and fresh
weight were measured. The leaf area was determined using
an L1-3100 area meter (Li-Cor Inc., Lincoln, Nebraska,
USA).

Phytochemical evaluation of in vitro and greenhouse-
acclimatized E. autumnalis subspecies autumnalis
plants

Plant materials from the 10-week-old in vitro and 4-month-
old acclimatized E. autumnalis subspecies autumnalis were
harvested. In vitro regenerants were assayed as whole
plants, while the greenhouse grown in vitro-derived plants
was separated into aerial (leaves) and underground (bulbs
and roots) parts. The plant materials were oven-dried at
50 &£ 2 °C for 7 days and milled into powder form. Ground
samples were extracted in 50 % methanol (MeOH) at 0.1 g
per 10 ml in an ultrasonic sonicator (Julabo GmbH, West
Germany) containing ice-cold water for 20 min. The mix-
ture was separated using a Benchtop centrifuge (Hettich
Universal, Tuttlingen, Germany) to obtain the supernatant
required for the phytochemical quantification. Iridoid con-
tent was analyzed as detailed by Bairu et al. (2011) while
condensed tannins, flavonoids, and phenolics were as
described previously (Aremu et al. 2012b). Iridoid, con-
densed tannin, flavonoid, and phenolic content were
expressed as mg harpagoside equivalents (HE), cyanidin
chloride equivalents (CCE), catechin equivalents (CE), and
gallic acid equivalents (GAE) per g dry weight (DW),
respectively. For each experiment, six replicates were
evaluated.

Antioxidant evaluation of in vitro and greenhouse-
acclimatized E. autumnalis subspecies autumnalis
plants

In vitro (whole plant) and greenhouse (aerial and under-
ground parts) plant materials were oven-dried and extrac-
ted using 50 % MeOH. The dried extracts were

resuspended in 50 % MeOH at 50 mg/ml for the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) assay and 12.5 mg/ml
for the beta-carotene/linoleic acid antioxidant model sys-
tems. The DPPH free-radical scavenging activity (RSA) of
the extract was evaluated as described by Moyo et al.
(2010). Ascorbic acid and MeOH were used as positive and
negative controls, respectively. Beta-carotene/linoleic acid
oxidation inhibitory activity was evaluated as described by
Amarowicz et al. (2004) with modifications (Moyo et al.
2010). Butylated hydroxytoluene (BHT) and 50 % MeOH
were used as positive and negative controls, respectively.

Data analysis

Experiments were conducted in completely randomized
designs. The growth, phytochemical contents, and antiox-
idant activity data were subjected to analysis of variance
(ANOVA) using SPSS software package for Windows
(SPSS®, version 16.0 Chicago, USA). Where there was
statistical significance (P < 0.05), the mean values were
further separated using Duncan’s multiple range test.

Results and discussion

Effect of PGRs on in vitro shoot proliferation
and greenhouse growth

The absence of a significant effect on shoot proliferation
with increasing concentrations of CK necessitated the need
to evaluate the interaction of CKs with auxin (data not
shown). The interaction between auxin and CK influences
several aspects of cellular differentiation and organogene-
sis in tissue and organ cultures (Coenen and Lomax 1997,
George et al. 2008). Among auxins, NAA is known to
easily move across the cell membrane resulting into its
rapid accumulation in plant cells (Nordstrom et al. 2004).
Figure 1 depicts the effect of interaction of different CKs
with five concentrations of NAA on shoot and root pro-
liferation in E. autumnalis subspecies autumnalis. When
compared with the use of MemT, mTTHP and MemTTHP
alone, their combination with 5 pM NAA resulted in a
higher number of shoots. Although Ault (1995) reported an
increase in shoot production with the interaction of BA and
NAA for E. autumnalis and E. zambesiaca, similar inter-
action had no significant effect on the number of shoots
produced in E. autumnalis subspecies autumnalis. These
contrasting effects of auxin and CK interaction on mem-
bers of the genus Eucomis may be due to the uniqueness of
each plant species and differences in the applied PGR
concentrations as well as the endogenous hormone levels.

Although auxins are primarily associated with rooting
effects (Gaspar et al. 1996), treatments with NAA
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Shoot number (#)
Shoot length (mm)

Root number (#)
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NAA concentration (uM)

Fig. 1 Effect of combining different cytokinins with naphthalene
acetic acid concentrations on a shoot number, b shoot length, ¢ root
number and d root length in FEucomis autumnalis subspecies
autumnalis after 10 weeks of culture. In each graph, bars represent
mean values + standard error (n = 25) and bars with different

(5-15 puM) alone yielded significantly higher numbers of
shoots than PGR-free treatments (Fig. la). The ability of
NAA (alone) to stimulate shoot production in this species
indicates the presence of substantial endogenous CK levels
which ensured an optimum balance between auxin and CK.
Similarly, Cheesman et al. (2010) reported a significant
stimulatory effect of indole-3-butyric acid (IBA) and NAA
on bulb production in E. zambesiaca. Thus, a detailed
endogenous PGR profile of the species is necessary to fully
explain these highlighted rare occurrences.

While the 5 pM NAA treatment produced the longest
shoots, 2 uM MemTTHP regenerants were the shortest
(Fig. 1b). The highest number of roots, approximately 17
roots/explant was obtained in the treatment containing
10 uM NAA alone or in combination with mT (Fig. 1c¢).
From 2.5 to 10 uM NAA, an increase in root number was
observed with CK-free, mT and mTTHP treatments. Sim-
ilar enhanced rooting following application of topolins has
been reported for several species (Aremu et al. 2012a) and
ascribed to the increases in acropetal transport of CK
resulting in less accumulation of non-active CK metabo-
lites that could impede rooting (Podlesakova et al. 2012).
On the other hand, combination of BA with NAA had no
stimulatory effect on root number compared to the use of
BA alone. In fact, BA with lower concentrations of NAA
(2.5 and 5 pM) had a significant rooting inhibitory effect
than treatment with BA alone. In a similar manner,
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letter(s) are significantly different (P < 0.05) based on Duncan’s
multiple range test (DMRT). BA 6-Benzyladenine, mT meta-Topolin,
mTTHP meta-Topolin tetrahydropyran-2-yl, MemT meta-Methoxy-
topolin, MemTTHP meta-Methoxytopolin tetrahydropyran-2-yl, NAA
o-naphthalene acetic acid. The cytokinins were tested at 2 pM

increasing concentrations of NAA (particularly at 15 pM)
had an inhibitory effect on the root length of the regener-
ants (Fig. 1d). This may be due to an overproduction or
accumulation of the metabolic products resulting from the
high concentration of the exogenously applied auxin
(George et al. 2008).

The overall success of micropropagation lies not only in
the production of large numbers of in vitro plantlets but
also on their survival in field conditions (Hazarika 2006;
Pospisilova et al. 2007). Often, tissue culture regenerants
may manifest some structural and physiological changes
which make them vulnerable to transplantation shock
(Kozai et al. 1997; Amancio et al. 1999). Even though
several intricate factors determine the survival ability of
in vitro regenerants, the ‘carry-over’ or ‘residual’ effect of
exogenously applied PGRs has been recognized to be
fundamental (Werbrouck et al. 1995; Valero-Aracama
et al. 2010; Aremu et al. 2012c). Figure 2 represents the
4-month-old acclimatized E. subspecies
autumnalis derived from cultures containing 15 pM NAA
with or without CK. In mT and CK-free treatments, there
was an estimated 75-100 % acclimatization success
regardless of the concentration of NAA applied (Fig. 3a).
Photosynthetic competence which is directly related to the
morphology of the leaf is among the crucial factors which
affect ex vitro survival (Van Huylenbroeck et al. 2000;
Hazarika 2006; PospiSilova et al. 2007). In this study, the

autumnalis
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Fig. 2 Four-month-old
acclimatized Eucomis
autumnalis subspecies
autumnalis derived from in vitro
regenerants supplemented with
15 pM o-naphthalene acetic
acid and different cytokinins at
2 uM. BA 6-Benzyladenine, mT
meta-Topolin, mTTHP meta-
Topolin tetrahydropyran-2-yl,
MemT meta-Methoxytopolin,
MemTTHP meta-
Methoxytopolin
tetrahydropyran-2-yl. Scale bar
20 mm

Frequency of acclimatization
survival (%)
Leaf number (#)

Leaf length (mm)
Leaf area (cm?)

0 - 25
NAA concentration (LLM)

Fig. 3 Effect of combining different cytokinins with naphthalene
acetic acid concentrations on a frequency of acclimatization survival,
b leaf number, ¢ leaf length and d leaf area in 4-month-old
acclimatized Eucomis autumnalis subspecies autumnalis. In each
graph, bars represent mean values + standard error (n = 15) and
bars with different letter(s) are significantly different (P < 0.05)

I CK-free
BA
CEFAmT
EEAMTTHP

_ [EEEEMemT
MemTTHP
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e

NAA concentration (LM)

based on Duncan’s multiple range test (DMRT). BA 6-Benzyladenine,
mT meta-Topolin, nTTHP meta-Topolin tetrahydropyran-2-yl, MemT
meta-Methoxytopolin, MemTTHP meta-Methoxytopolin tetrahydro-
pyran-2-yl, NAA o-naphthalene acetic acid. All the cytokinins were
tested at 2 M
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Fig. 4 Effect of combining different cytokinins with naphthalene
acetic acid concentrations on a root number, b root length, ¢ bulb
diameter and d fresh weight of 4-month-old greenhouse-acclimatized
Eucomis autumnalis subspecies autumnalis. In each graph, bars
represent mean values + standard error (n = 15) and bars with
different letter(s) are significantly different (P < 0.05) based on

lowest and highest number of leaves was observed in
2.5 uM NAA with mTTHP and MemTTHP treatments,
respectively (Fig. 3b). In terms of the leaf length and area
(Fig. 3c, d), the most significant effect was obtained with
the 15 pM NAA (CK-free) treatment. When compared
with the treatment with BA only, the combination with
NAA (15 pM) significantly increased the leaf length and
area (Fig. 3). It was also evident that the addition of NAA
especially at 15 pM improved the root growth in most
cases (Fig. 4a, b).

Furthermore, a similar stimulatory ‘carry-over’ effect of
NAA was demonstrated in bulb diameter and fresh weight
(Fig. 4c, d) whereby plants derived from a treatment con-
taining 15 pM NAA alone had the biggest bulbs and highest
fresh weights. While BA with NAA had no superior effect
when compared with BA alone, mT and mTTHP regenerants
in combination with NAA enhanced the root number and
length. The presence and functionality of roots significantly
contribute to survival of micropropagated plants (Hazarika
2006). While PGRs such as CK and ethylene are partly
associated with rooting, auxins remain the primary signaling
PGR (Mala et al. 2009). It was evident that NAA enhances
rooting in vitro (Fig. 1), thus allowing for easier establish-
ment and acclimatization upon transferal to the greenhouse,
which inevitably explains the enhanced ex vitro growth of
NAA-derived E. autumnalis subspecies autumnalis.

@ Springer

125 © I CK-free
@ BA
K9 o |EFImT
100+ o 222 mTTHP
¢ B |EmsmMemT

{

I
75 :": Y |E== MemTTHP
s
A
U
50 K
15 I
1%
25 K
1
0 B &

NAA concentration (uM)

Duncan’s multiple range test (DMRT). BA 6-Benzyladenine, mT
meta-Topolin, mTTHP meta-Topolin tetrahydropyran-2-yl, MemT
meta-Methoxytopolin, MemTTHP meta-Methoxytopolin tetrahydro-
pyran-2-yl, NAA o-naphthalene acetic acid. All the cytokinins were
tested at 2 M

Although BA is the most commonly used CK for mi-
cropropagation of Eucomis species (Ault 1995; McCartan
and Van Staden 1995; Taylor and Van Staden 2001), there
is increasing evidence of its negative (carry-over) effects
during acclimatization for several micropropagated species
(Aremu et al. 2012a). At equimolar CK concentration
without NAA, BA-derived plants were similar to topolins
and CK-free treatments in most cases (Figs. 3, 4). An
exception was the better survival (%) and longer leaf in
mT, MemTTHP and CK-free plants when compared with
BA treatment (Fig. 3a, c). Generally, the use of topolins
had minimal acclimatization benefits when compared with
BA treatment in this species. The observed reduced sur-
vival and growth (Figs. 3, 4) in MemT-treated plants when
compared with CK-free plants suggests potential inhibitory
effects of the applied CK on subsequent ex vitro growth
and survival.

When compared with mT and mTTHP, application of
BA with NAA was less effective for some of the growth
parameters of E. autumnalis subspecies autumnalis. For
instance, BA with 15 pM NAA treatment had lower sur-
vival, smaller leaves (length), reduced root number and
smaller bulbs (Figs. 3, 4). However, not all the topolin
interactions with NAA were superior to BA, as MemT and
MemTTHP with 15 uM NAA treatments were mostly
identical to the BA-derived plants. Based on the current
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findings, it appears as if exogenous application of NAA is
more important than CKs (regardless of the types) during
micropropagation and acclimatization of E. autumnalis
subspecies autumnalis.

Effect of PGRs on phytochemical contents of in vitro
regenerants and acclimatized E. autumnalis subspecies
autumnalis plants

The importance of the quality and quantity of phyto-
chemicals in micropropagated medicinal plant species has

become well recognized globally (Dérnenburg and Knorr
1995). One of the factors known to influence phytochem-
ical levels in plants is the type and concentration of
exogenously supplied PGRs (Ramachandra Rao and Rav-
ishankar 2002; Matkowski 2008). The effect of applied
PGRs on the concentrations of secondary metabolites in the
micropropagated E. autumnalis subspecies autumnalis is
presented in Fig. 5. Regenerants derived from 5 pM NAA
with mT had the highest (1.886 mg HE/g DW) iridoid
content while all the other treatments were generally low
(=1 mg HE/g DW) (Fig. 5a). Although NAA alone had no

Fig. 5 Effect of combining
different cytokinins with
naphthalene acetic acid
concentrations on a iridoids,

b condensed tannins,

¢ flavonoids and d total
phenolics in Eucomis
autumnalis subspecies
autumnalis after 10 weeks of
culture. In each graph, bars
represent mean

values + standard error (n = 6)
and bars with different letter(s)
are significantly different

(P < 0.05) based on Duncan’s

Iridoids
(mg HE/g DW)

multiple range test (DMRT). BA E =
6-Benzyladenine, mT meta- s %
Topolin, mTTHP meta-Topolin g o
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remarkable influence on iridoid content, its combination (at
2.5 to 10 pM) with MemT significantly increased the level
of iridoids in the regenerants. The highest condensed tannin
concentration (0.435 mg CCE/g DW) was elicited with
2.5 uM NAA and mTTHP treatment (Fig. 5b). Shoots
regenerated from CK (mT, mTTHP) alone or in combina-
tion with NAA (2.5, 5 M) had a significantly increased
condensed tannin content in comparison to PGR-free
media. These findings suggest a possible synergetic inter-
action of NAA (2.5-5 uM) with CKs on accumulated
iridoids and condensed tannins in regenerated E. autum-
nalis subspecies autumnalis. As demonstrated in the cur-
rent study, the observed variations in phytochemical levels
from different CK treatments and interaction with auxins
have been reported by other researchers (Liu et al. 2007;
Coste et al. 2011; Amoo and Van Staden 2013). These
diverse effects may have resulted from inherent differences
in the structure of the PGRs and how they influence the
phytochemical biosynthetic pathways.

Addition of NAA had low or no stimulatory effect on
the level of flavonoids and total phenolics in the majority of
the treatments (Fig. 5c, d). In both cases, PGR-free re-
generants accumulated the highest level of flavonoids and
total phenolics. These reductions in phytochemical (phen-
olics in this case) in the presence of PGRs have been
documented in some micropropagated plants. For example,
CK-free Tectona grandis and Aloe arborescens had a sig-
nificantly higher concentration of phenolics when com-
pared with BA-treated Tectona grandis (Quiala et al. 2012)
and mTTHP- or benzyladenine riboside-treated Aloe ar-
borescens (Amoo et al. 2014). As postulated by the
authors, the presence of PGRs (especially at higher con-
centration) may have exerted inhibitory effects on phenolic
biosynthetic pathways.

Although there is an ever increasing number of studies
evaluating the role of in vitro culture systems on the pro-
duction of phytochemicals, information pertaining to the
possibility of changes in the chemical content/composition
of micropropagated plants after acclimatization is scarce.
Nevertheless, such studies allow for elucidation and
manipulation of phytochemicals of interest especially at
harvest stage (Liu et al. 2004; Nunes et al. 2009; Aremu
et al. 2013). Secondary metabolites in the acclimatized E.
autumnalis subspecies autumnalis were quantified and
compared on the basis of aerial (leaves) and underground
(bulbs and roots) parts (Fig. 6). It is noteworthy that the
acclimatized plants had several fold more secondary
metabolites (with exception to the condensed tannins)
when compared with similar treatments from the in vitro
regenerants (Figs. 5, 6). In a similar manner, Liu et al.
(2004) observed a significantly higher flavonoid content in
the tissues of mature greenhouse-grown Artemisia judaica
than the in vitro regenerants.
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As hypothesized by some researchers (Ahmad et al.
2013; Aremu et al. 2013), age may have been the main
contributing factor for these observations. Higher levels of
iridoids were observed in the aerial parts compared to the
underground parts, with the exception of the BA treatment
having higher iridoid contents in the underground parts
(Fig. 6a, b). From a conservation perspective, these find-
ings are valuable as it implies that the aerial parts can serve
as alternative sources of (bioactive) phytochemicals mainly
sourced from the underground parts. Although mTTHP
treatment had the highest level of condensed tannins,
increasing concentrations of NAA significantly reduced the
condensed tannins in the aerial parts (Fig. 6¢). In the
underground parts, the highest (0.374 mg CCE/g DW)
condensed tannin content was produced in 2.5 pM NAA
with MemTTHP treatment (Fig. 6d). In both plant parts
evaluated, the highest level (c.a 6 mg CE/g DW) of
flavonoids was observed in 2.5 pM NAA with mTTHP
treatment (Fig. 6e, f). Apart from the 2.5 pM NAA with
mT treatment with higher total phenolics in the under-
ground parts, the aerial parts generally had higher or sim-
ilar phenolic levels as compared to those quantified in the
underground parts (Fig. 6g, h). As established in the cur-
rent study, CK and auxin treatments have been reported to
individually and interactively have a significant carry-over
effect on phytochemical production in Aloe arborescens
(Amoo et al. 2013) and Merwilla plumbea (Aremu et al.
2013).

Effect of PGRs on antioxidant potential of in vitro
regenerants and acclimatized E. autumnalis subspecies
autumnalis plants

The potential of in vitro plant culture systems for the
production of an enormous variety of antioxidant com-
pounds has been recognized (Matkowski 2008). Most
in vitro antioxidant tests are easy, affordable and allows for
high throughput screening, providing a motivation for the
evaluation of antioxidant activity E. autumnalis subspecies
autumnalis. Two test systems with different antioxidant
mechanisms were used to accommodate for complexities
involved in antioxidant processes (Huang et al. 2005).
Using extracts from the in vitro regenerants, treatment with
5 uM NAA (DPPH assay) and BA (beta-carotene assays)
treatments elicited the highest antioxidant activity
(Table 1). Generally, the extracts demonstrated better
antioxidant activity in the beta-carotene test system com-
pared to the DPPH free-radical assay. For instance, plant
extracts from 15 uM NAA as well as 2.5 or 15 uM NAA
with MemTTHP had approximately fourfold higher anti-
oxidant activity in the beta-carotene test system compared
to the DPPH assay. Conversely, three of the treatments
(2.5, 5 and 5 pM NAA with BA) had better antioxidant
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Fig. 6 Effect of combining different cytokinins with naphthalene
acetic acid concentrations on a, b iridoids, ¢, d condensed tannins, e,
f flavonoids and g, h total phenolics of 4-month-old greenhouse-
acclimatized Eucomis autumnalis subspecies autumnalis. In each
graph, bar represents mean values + standard error (n = 6) and bars
with different letter(s) are significantly different (P < 0.05) based on

activity in DPPH compared to the beta-carotene assay.
Based on the mechanisms of antioxidant test systems
(Amarowicz et al. 2004; Huang et al. 2005), the current
findings suggest that the antioxidant principles in in vitro
regenerated E. autumnalis subspecies autumnalis are more
favorable towards hydrogen atom transfer reactions (beta-
carotene assay which involves inhibition of lipid peroxi-
dation) than single electron transfer reactions (DPPH
assay).

Cytokinin-derived (2 pM) regenerants without NAA
had significantly higher antioxidant activity (beta-carotene

NAA concentration (M)

Duncan’s multiple range test (DMRT). BA 6-Benzyladenine, mT
meta-Topolin, mTTHP meta-Topolin tetrahydropyran-2-yl, MemT
meta-Methoxytopolin, MemTTHP meta-Methoxytopolin tetrahydro-
pyran-2-yl, NAA o-naphthalene acetic acid. *Not tested. All the
cytokinins were tested at 2 uM

assay) compared to the PGR-free treatment with exception
to MemT (Table 1). Although NAA treatments (especially
2.5-10 pM) had similar antioxidant activity as the PGR-
free, combination of NAA (10 and 15 pM) and topolins
(mTTHP and MemT) significantly improved the antioxi-
dant activity (beta-carotene assay) when compared with the
use of the CK or NAA alone. Relative to other topolins (mT
and MemTTHP), regenerants from BA and BA with NAA
treatments exhibited higher antioxidant activity. As dem-
onstrated in other studies (Hazarika and Chaturvedi 2013;
Amoo et al. 2014), the current findings further emphasized
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Table 1 Effect of combining

A b h Treatment Antioxidant activity (%)
different cytokinins with
naphthalene acetic acid Cytokinin NAA conc DPPH free-radical Beta-carotene linoleic
concentrations on the 2 M) (uM) scavenging acid model
antioxidant activity of Eucomis
autumnalis subspecies Cytokinin-free 0 26.4 + 2414 38.6 + 3.01™"
autumnalis after 10 weeks of 25 375 + 0.20° 33.5 + 2.46™
culture 5 55.2 & 4.28° 45.0 & 073"
10 34.5 + 1.89%¢ 40.4 £ 3.29'™
15 15.2 £ 0.867 52.7 + 2.1987%
BA 0 30.2 + 2.48>F 87.5 + 2.96*
25 32.3 + 5.02°° 79.9 + 9.46%¢
5 26.4 + 3.66%" 18.6 & 0.93P
10 274 +4.17°¢ 73.3 + 6.06°™¢
15 36.8 + 3.18° 61.4 £ 0.04°™
mT 0 23.2 + 3.02¢7 57.5 + 0.91F
25 37.4 + 1.80° 54.9 £ 2.345k
5 20.2 £ 0.9787 26.0 &+ 1.59°P
10 23.7 + 1.88" 56.2 &+ 4.70
15 27.8 + 2.39°¢ 57.1 + 1.537
mTTHP 0 52.1 £+ 5.61° 66.4 + 6.59%F
25 24.9 + 1.90°" 43.5 £+ 3.81%"
5 18.4 £ 1.2487 39.9 + 0.75™"
All extracts and positive 10 492 + 0.68 80.5 + 6.07 .
controls were evaluated at final 15 50.0 + 2.26" 83.3 + 2.17*
concentration of 0.5 mg/ml MemT 0 27.0 + 3.33%h 47.0 + 6.321™
BA 6-Benzyladenine, mT meta- 2.5 17.6 + 0.78"7 55.6 + 2.59™
Topolin, mTTHP meta-Topolin 5 217 + 1.625 39.6 + 0.50™
tetrahydropyran-2-yl, MemT ’ ’ £ ’ e
meta-Methoxytopolin, 10 21.5 £ 232 59.8 &+ 0.92
MemTTHP meta- 15 46.7 + 4.00° 64.2 + 1.06%¢
Methoxytopolin MemTTHP 0 313 +£ 281> 55.3 £ 2.495
tetrahydropyran-2-yl, NAA o- 25 12.8 + 0.631 517 + 4.8801
naphthalene acetic acid e -
Mean values = standard error 3 36.3 + 3‘364_11 49.8 + 0'490_6
(n = 6) in the same column 10 253 £ 2.68 71.4 £ 2.02
with different letter(s) are 15 152 + 1.817 56.0 + 2.44%9

significantly different
(p < 0.05) based on Duncan’s
multiple range test (DMRT)

Positive controls

Ascorbic acid = 97.6 £+ 1.88

Butylated hydroxytohene

= 98.8 £ 0.98

the vital role of exogenously applied PGRs (types and
concentration) on the resultant antioxidant potential of
in vitro regenerants.

Despite the increase in number of recent studies (Garcia-
Pérez et al. 2012; Amoo et al. 2013; Aremu et al. 2013), the
importance of better understanding the general physiology
and series of events involved during and after microprop-
agation of valuable medicinal plants cannot be over-
emphasized. Such information, especially the pharmaco-
logical activity of acclimatized plant, is vital from a con-
servation perspective. Table 2 shows the antioxidant
activity of extracts from aerial and underground parts of the
acclimatized E. autumnalis subspecies autumnalis. It is
noteworthy that the antioxidant activity (mainly DPPH
assay) elicited in the 4-month-old acclimatized material

@ Springer

was higher (in the aerial part) when compared with similar
treatments from in vitro regenerants. In contrast, Garcia-
Pérez et al. (2012) reported a 28 % increase in antioxidant
activity of in vitro Poliomintha glabrescens when com-
pared with the wild-type and acclimatized plants. It was
shown that 5-month-old greenhouse-grown Artemisia
Jjudaica had a significantly higher antioxidant activity when
compared with the 3-month-old in vitro regenerants (Liu
et al. 2004). The type of CK and plant parts investigated
significantly influenced the level of antioxidant activity in
in vitro and acclimatized Merwilla plumbea (Aremu et al.
2013). In the current study, extracts from the aerial parts
had better DPPH free-radical scavenging activity than the
underground parts in all the treatments. Although PGR
carry-over effects had no significant influence (when
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Table 2 Effect of combining
different cytokinins with
naphthalene acetic acid
concentrations on the
antioxidant activity in 4-month-
old acclimatized Eucomis
autumnalis subspecies
autumnalis

All extracts and positive
controls were evaluated at final
concentration of 0.5 mg/ml

BA 6-Benzyladenine, mT meta-
Topolin, mTTHP meta-Topolin
tetrahydropyran-2-yl, MemT
meta-Methoxytopolin,
MemTTHP meta-
Methoxytopolin
tetrahydropyran-2-yl, NAA o-
naphthalene acetic acid, nd not
determined

Mean values + standard error
(n = 6) in the same column
with different letter(s) are
significantly different

Treatment DPPH free-radical seavenging Beta -carotene linoleic acid model (%)
(%)
Cytokinin NAA cone Aerial Underground Aerial Underground
(2 uM) (uM)
Cytokinin-free 0 958 + 1.46°  23.1 + 1.59" 83.5 + 0.49* 65.9 + 3.20°°
2.5 90.6 + 0.54%  22.8 + 1.64M 87.5 + 1.56 66.2 + 1.23*°
15 96.1 £ 1.01*  21.5 + 3.20' 83.7 £ 6.21°° 59.8 & 2.86
BA 0 90.8 + 149" 360 £ 2317 545 +224° 70.8 + 3.38"¢
25 952 + 1.37*° 294 + 052" 597 + 1.37° 67.6 + 2.81%°
15 88.8 + 1.43%  44.1 + 1.88°¢ 783 £ 2.93>¢ 64.8 + 138
mT 0 91.5 + 0.54%  27.1 £2.5987  86.4 £ 1.17% 60.0 + 2.55%F
25 97.1 +0.88* 209 + 1.77 76.0 + 3.96% 56.8 + 5.32°f
15 93.3 + 0.29%" 12,9 4+ 2.14 72.4 + 4.90° 66.1 + 3.19*°
mTTHP 0 944 + 0.61°  41.8 +1.95% 613 £ 3.19° 29.0 + 3.588
2.5 67.4 £ 040° nd nd nd
15 66.9 + 6.48%  50.7 +£3.95°°  57.8 & 3.38° 50.8 + 3.89°
MemT 0 nd nd nd nd
25 792 + 458 523 +221™  nd 73.3 + 6.56"°
15 91.3 + 1.02%  30.8 + 1.55® 542 4 0.57° 78.0 + 2.89°
MemTTHP 0 88.4 + 225" 203 +518™  57.6 4 3.95° 73.8 + 5.15%
25 849 + 6.11"  46.8 £ 0.86"9 573 + 1.07° 61.6 + 6.12°F
15 90.1 + 1.66*°  54.7 + 0.94° 54.6 + 3.25° 72.6 + 271
Positive controls Ascorbic acid = 97.6 £ 1.88 Butylated

(P < 0.05) based on Duncan’s
multiple range test (DMRT)

hydroxytoluene = 98.8 &+ 0.98

comparing any of the treatments with the control) on DPPH
free-radical scavenging activity in aerial parts, 15 uM
NAA with MemTTHP treatment had about 2.4-fold higher
antioxidant activity than the control (PGR-free) in under-
ground parts. In the beta-carotene test system, the highest
antioxidant activity was observed with 2.5 uM NAA and
15 uM NAA with MemT treatments for the aerial and
underground parts, respectively (Table 2).

Even though in vitro plants possess the possibility of
producing standardized phytochemicals (with pharmaco-
logical properties), independent from environmental fac-
tors, the dynamics and accumulation of these compounds
may be tilted under ex vitro conditions. According to
Amoo et al. (2013), the type of PGR had a significant
effect on antioxidant activity in tissue culture-derived
Aloe arborescens after 2 months ex vitro growth. As a
quality control measure, when compared with naturally
grown Pelargonium sidoides, 1-year-old greenhouse
(in vitro-derived regenerants) plants exhibited similar
antioxidant activity (Moyo et al. 2013). Based on this
evidence, it therefore follows that the acclimatized E.
autumnalis subspecies autumnalis has the potential to
exhibit similar pharmacological activities as the wild
population.

Concluding remarks

The current findings provide an improved micropropaga-
tion protocol for E. autumnalis subspecies autumnalis with
emphasis on the exogenously applied PGRs. Depending on
the overall objectives, topolins can serve as suitable alter-
natives for conventional/commonly used BA for the spe-
cies. However, evidence of the vital influence of NAA
(either alone or in combination with CKs) on morpholog-
ical growth and development during micropropagation and
subsequent ex vitro acclimatization was established. The
influence of the applied PGRs on secondary metabolites
and antioxidant activity of E. autumnalis subspecies
autumnalis was highlighted. In addition, when the in vitro
regenerants were acclimatized, there was a gradual (sev-
eral-fold higher) accumulation of quantified phytochemi-
cals and antioxidant activity in the 4-month-old plants.
Nevertheless, a detailed phytochemical profiling will be
necessary to provide further insights on the identity of
specific bioactive compounds in E. autumnalis subspecies
autumnalis. Overall, the current findings highlight the need
for an appropriate choice of PGR as it remains critical to
enhance the micropropagation and conservation of E.
autumnalis subspecies autumnalis.
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