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Abstract Eriocephalus africanus is a medicinal and aro-
matic plant species that is part of South Africa’s remark-
able diversity. As a result of illegal and over-harvesting,
most plant communities have become unsustainable and as
such, effective and efficient conservation strategies have to
be implemented. In the present study, an isoprenoid cyto-
kinin (CK): isopentenyladenine (iP) and four aromatic CKs
namely benzyladenine (BA), meta-topolin (mT), meta-
topolin riboside (mTR) and 6-(3-hydroxybenzylamino)-
9-(tetrahydropyran-2-yl)purine (mTTHP) at 1, 5 or 10 pM
were evaluated for in vitro plant regeneration in E. afri-
canus. Different concentrations of indole-3-butyric acid
(IBA) were also evaluated for shoot and root organogen-
esis. The highest number of shoots was produced by mT
(1 and 5 uM) treatment, longest shoots were stimulated by
iP (1 uM) and the highest fresh mass was obtained in BA
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(5 and 10 uM), mT (5 and 10 uM) and mTTHP (5 pM)-
treated plants. During acclimatization, all the in vitro plants
obtained from the lowest concentration of CKs survived
and 1 uM iP regenerants recorded a 100% survival rate. For
the rooting experiment, more vigorous adventitious roots
were observed in the 1 uM IBA treatment. All IBA treat-
ments had 100% survival rate after 6 weeks of acclimati-
zation. Overall, the concentration and type of plant growth
regulators had a remarkable influence on the growth and
development of in vitro-derived E. africanus.

Keywords Auxins - Cytokinins - Flavonoids - Plant
regeneration - Phenolics

Abbreviations

BA NS-Benzyladenine
CE Catechin equivalents
CK Cytokinin

DW Dry weight

GAE Gallic acid equivalents
IBA Indole-3-butyric acid
iP NS-Isopentenyladenine
mT meta-Topolin

mTR meta-Topolin riboside

mTTHP  6-(3-hydroxybenzylamino)-9-(tetrahydropyran-
2-yl)purine

MS Murashige and Skoog (1962) medium

PGR Plant growth regulator
PPF Photosynthetic photon flux
Introduction

Eriocephalus africanus L. var. africanus (Asteraceae),
commonly known as ‘wild rosemary’ or ‘Cape snow
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bush’ is a bushy, woody evergreen shrub (Njenga et al.
2005; Verdeguer et al. 2009). The genus, which is
endemic to South Africa, consists of 32 species that are
distributed in the Eastern, Western and Northern Cape
(Njenga and Viljoen 2006; Viljoen et al. 2006). Erio-
cephalus africanus has a long tap root and needle-shaped
leaves, which helps in water absorption and reduce water
loss, respectively. Thus, the plant is adapted to dry, sunny
and rocky environments. The species flowers best in win-
ter producing a spectacular view of small snow white
flowers (Catarino et al. 2015), which endows the plant
species its high ornamental value (Verdeguer et al. 2009).
Economically, its leaves are used when preparing food
products such as salads and soups as well as for flavour-
ing butter, oil and wine (Catarino et al. 2015).

In traditional medicine, the stem and leaves of the
plant are extensively used to treat various diseases. For
instance, E. africanus infusions are used in the treatment
of colds and influenza, stomach disorders and gynaeco-
logical conditions, and a reliever in symptoms of colic
and gas in babies (Njenga and Viljoen 2006). In addition,
it is used to relieve chest pains (Salie et al. 1996) and
inflammations (Philander 2011; Lall and Kishore 2014).
Tea from E. africanus leaves is commonly used for treat-
ing cough and colds (Salie et al. 1996). In Western Cape,
it is popular for cosmetic purposes such that essential oils
derived from it are used in aromatherapy (Makunga et al.
2008; Philander 2011).

Due to the role played by endemic wild rosemary
in the medicinal and cosmetic industry as well as the
increasing domestic usage, in vitro propagation is impor-
tant for its conservation even though it is currently clas-
sified under least concern by the Red List of South Afri-
can plants (SANBI 2015). To the best of our knowledge,
there are no previous publications on micropropagation
of E. africanus. The aim of the study was to evaluate
the effect of different plant growth regulators (PGRs)
for the development of an efficient micropropagation
protocol for E. africanus using shoot-tip explants. Dif-
ferent types and concentrations of cytokinins (CKs)
namely, isopentenyl adenine (iP), benzyladenine (BA),
meta-topolin (mT), meta-topolin riboside (mTR) and
6-(3-hydroxybenzylamino)-9-(tetrahydropyran-2-yl)
purine (mTTHP) where evaluated for shoot prolifera-
tion and biomass production in E. africanus. The auxin,
indole-3-butyric acid (IBA) was tested at varying con-
centrations for its rooting competence. In vitro plantlets,
both CK and IBA-derived, were acclimatized to deter-
mine survival rate under ex vitro conditions. In addition,
the phenolic and flavonoid content in the 8-week-old ex
vitro acclimatized IBA-derived in vitro regenerants were
quantified on the basis on the essential roles of these phy-
tochemicals during acclimatization.
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Materials and methods

Source of chemicals, plant material, decontamination
and culture conditions

Myo-inositol, vitamins (thiamine HCI, nicotinic acid, pyri-
doxine HCI), glycine, IBA, BA and iP were purchased from
Sigma—Aldrich (Steinheim, Germany), while mT, mTR and
mTTHP were prepared as previously described (Dolezal
et al. 2006; Sziicova et al. 2009). Agar bacteriological pow-
der was purchased from Oxoid Ltd., Basingstoke, England.
All chemicals used were of analytical grade.

Mature E. africanus plants were purchased from the
SANBI National Botanical Gardens in Pietermaritzburg,
South Africa. The plants were positively identified and
a voucher specimen (Olwethul) was deposited in Bews
Herbarium, University of KwaZulu-Natal, South Africa.
Healthy plants were transferred to terracotta pots (diameter
200 mm) and maintained in the shade house of the Univer-
sity of KwaZulu-Natal Botanical Gardens at ambient tem-
perature and natural photoperiod. The potted plants were
frequently watered and kept weed-free.

Shoot-tips from mature plants were harvested and thor-
oughly washed with liquid detergent and rinsed with run-
ning tap water. The shoot-tips were surface decontaminated
in a laminar flow bench using 70% ethanol (v/v) for 60 s
followed by sodium hypochlorite (NaOCl; 2% or 3.5%) for
either 10 or 20 min. A few drops of Tween 20 were added
as a surfactant. The highest decontamination success rate
(%) was obtained with 2% NaOCI for 10 min (data not
shown) and this treatment was used in all experiments.
Decontaminated plant materials were rinsed with sterile
distilled water three times. Shoot-tips were excised from the
decontaminated plant materials and inoculated onto 10 ml
of Murashige and Skoog (MS) medium (Murashige and
Skoog 1962) in culture tubes (100 mm X 25 mm, 40 ml vol-
ume). The MS media were supplemented with myo-inositol
(0.1 g/l) and sugar (30 g/l), pH was adjusted to 5.8 with
either 1.0 M potassium hydroxide (KOH) or 1.0 M hydro-
chloric acid (HCI) before being solidified with 8 g/l agar
(No. 1 bacteriological agar). Thereafter, 10 ml of media
were dispensed into culture tubes (100 mm X 25 mm, 40 ml
volume) and autoclaved at 103 kPa and 121 °C for 20 min.
The cultures were incubated in a growth room under 16/8-h
light/dark conditions with a photosynthetic photon flux
(PPF) of 40-50 pmol m~2 s~ ! at a temperature of 25+2°C.

Role of CKs on shoot proliferation and growth

Following successful explant decontamination, ster-
ile shoot-tips were used to evaluate the effect of different
types and concentrations of CKs on shoot proliferation
and growth. An isoprenoid CK, iP, and four aromatic CKs
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namely BA, mT, mTR and mTTHP were each tested at three
different concentrations (1, 5 and 10 uM). Cultures devoid
of CKs served as the control. Sterile shoot-tips excised
from in vitro-derived plantlets were cut into 10 mm-long
explants. The explants were inoculated randomly onto MS
medium supplemented with the different types and concen-
trations of CKs. The CK treatments and the control each
had 25 explants. The cultures were incubated in a growth
room as described earlier. After a period of 6 weeks, the
number of shoots/explants, shoot length and fresh weight/
culture vessel were recorded. The CK experiment was done
twice.

To evaluate their acclimatization competence,
in vitro-derived plantlets from the respective CK treat-
ments and the control were transferred to ex vitro con-
ditions. In vitro-derived E. africanus plantlets were
cleaned thoroughly under running tap water. In each
case, 15 plantlets were planted in rectangular containers
(230 mm X 165 mm X 60 mm) containing a soil:vermiculite
(1:1) mixture and kept in the mist house for 2 weeks
before being transferred to the greenhouse. The controlled
conditions of the mist house had high relative humidity
(90-100%), PPF of 450 pmol m~2s™ ! and temperature of
25+2°C under natural photoperiod conditions. The green-
house was maintained at a temperature of 25+ 2 °C, natural
PPF of approximately 1000 umol m~2 s~ 1 under natural
photoperiod conditions. After a greenhouse acclimatization
period of 8 weeks, survival rate (%) of plants for CK treat-
ments and the control was recorded.

Role of IBA on in vitro rooting and acclimatization
of plantlets

Sterile E. africanus shoot-tip explants derived from cul-
tures maintained on MS medium devoid of PGRs were used
to evaluate the effect of five concentrations (1, 5, 10, 15,
25 uM) of IBA on root proliferation and growth. Cultures
without IBA served as the control. In vitro-derived sterile
plantlets (2—10 cm in length) were randomly selected, cut
into regular 10 mm-long lengths and inoculated on MS
medium supplemented with different concentrations of
IBA. The IBA treatments and control had 20 explants and
the experiment was done twice. Cultures were incubated
in a growth room under the same conditions as described
earlier. After a period of 6 weeks, the number of roots/
explant, root and shoot lengths and plant fresh weight were
recorded.

The in vitro-derived plantlets were cleaned thor-
oughly under running tap water and planted in a
soil:vermiculite (1:1) plant growth mixture. In each
case, 15 plantlets were potted in rectangular containers
(230 mmXx 165 mmx60 mm) and transferred to a high
humidity (90-100%) mist house for 2 weeks. Thereafter the

plants were transferred to a climate controlled greenhouse
where they were watered twice a week. After 8 weeks in
the greenhouse, the survival rate (%) and fresh biomass,
shoot and root lengths as well as root proliferation were
recorded.

Quantification of total phenolics and flavonoids

After 8 weeks, the greenhouse-acclimatized plants derived
from IBA in vitro treatments were harvested, dried and
ground into fine powders. The ground samples (0.1 g)
were extracted with 50% aqueous methanol (20 ml) in a
sonication bath (Branson Model 5210, Branson Ultrasonics
B.V., Soest, Netherlands) for 1 h. The aqueous methanolic
extracts were filtered under vacuum using Whatman No. 1
filter paper. Thereafter, the filtrates were immediately used
for quantification of total phenolics and flavonoids.

Total phenolic content was determined as outlined in the
Folin—Ciocalteu assay (Singleton and Rossi 1965) but using
gallic acid as a standard. Reaction mixtures consisting of
sample, distilled water, Folin & Ciocalteu’s phenol reagent
(1 N) and 2% sodium carbonate were incubated at room
temperature for 40 min. Absorbance at 725 nm was then
read using a Cary 50 UV-visible spectrophotometer (Var-
ian, Australia). Total phenolic content was expressed in mg
gallic acid equivalents (GAE) per g dry weight (DW).

The aluminium chloride (AICl;) colorimetric method
was used to quantify total flavonoid content (Zhishen et al.
1999). Absorbance at 510 nm was read against a blank that
contained 50% aqueous methanol. Suitable aliquots of cat-
echin hydrate were used to derive a standard calibration
curve. The samples were assayed in triplicate and total fla-
vonoid content was expressed as mg catechin equivalents
(CE) per g DW.

Data analysis

In all cases, data was tested for normality. Data was then
subjected to analysis of variance where means were com-
pared and separated using a Post hoc test (Duncan’s multi-
ple range test: P<0.05) based on SPSS software (Version
22). Graphs were plotted using SigmaPlot 8.0.

Results

Shoot proliferation, in vitro plant growth
and acclimatization

The effect of various CKs on shoot proliferation is pre-
sented in Fig. 1. The highest number of shoots per explant
was obtained at 1.0 and 5.0 pM mT (Fig. la). A dose-
dependent increase in shoot proliferation was observed
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No. of shoots/explant

Control iP BA mT mTR mTTHP

Fresh biomass/culture vessel (g)

Control iP BA mT mTR

Type of cytokinin

Fig. 1 Effect of type and concentration of cytokinins on shoot
growth of Eriocephalus africanus after 6 weeks of culture. a
Number of shoots; b shoot length; ¢ fresh biomass per culture
vessel; d percentage survival rate after acclimatization of the
in vitro-derived plantlets. iP=isopentenyl adenine, BA =benzy-

for iP and mTR treatments, whereas an inverse trend was
observed for mTTHP-treated cultures. In general, the num-
ber of shoots per explant was higher for aromatic CKs com-
pared to iP and the control. On the other hand, iP-treated
and control plantlets were longer in comparison with the
aromatic CKs (Fig. 1b). Compared to the control, there
was a significant reduction in shoot length with all the aro-
matic CKs. For most of the tested CKs, the longest shoot
length was observed at the respective lowest concentra-
tion (1.0 uM). Correspondingly, the highest ex vitro sur-
vival rate (%) was obtained for control and iP-treated plants
(Fig. 1d). In addition, survival rate (%) of acclimatized
plants was higher for the 1.0 puM treatments for all the CKs.
Aromatic CKs exhibited higher biomass production com-
pared to iP treatments and the control (Fig. 1¢). The highest
level of biomass production was obtained for BA (5.0 and
10 uM), mT (5.0 and 10 uM) and mTTHP (5.0 pM)-treated
plants.
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Root proliferation, in vitro and ex vitro plant growth

Figure 2 depicts IBA-induced root proliferation and in vitro
growth of E. africanus plants following a 6 week incuba-
tion period. High concentrations (>5.0 uM) of IBA had a
significant inhibitory effect on root proliferation (Fig. 2a)
and length (Fig. 2b). The highest number of roots per
shoot was obtained on MS supplemented with 1.0 pM
IBA and the control. The control produced plants with the
longest roots. Shoot length was significantly higher for
plants derived from 1.0 uM IBA compared to the control
(Fig. 2c). Significantly higher fresh biomass per culture
tube was observed for all IBA treatments when compared
to the control. Following a dose-dependent response, the
highest fresh biomass production was obtained on 5.0 uM
IBA (Fig. 2d).

After 8 weeks of acclimatization under green-
house conditions, all IBA-treated plants and the control
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recorded a 100% survival rate (Table 1). The number
of shoots was greater in control compared to 1.0, 5.0
and 10 pM IBA treated plants. The shoot length of
1.0 uM IBA-treated plants was significantly longer than
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ments. d Fresh biomass of regenerants per culture vessel. Bars with
the same letter(s) are not significantly different based on Duncan’s
multiple range test (P <0.05) and n=40

control plants. However, there was no significant differ-
ence between the control and IBA-treated plants in root
length. Plant fresh weight was significantly higher in the
control compared to plants originally treated with IBA
in vitro.

Table 1 Effect of indole-3-
butyric acid (IBA) applied
during in vitro stage on

Survival

rate (%)

IBA concen-
tration (UM)

No. of shoots

Root length (cm) Shoot length (cm) Fresh weight (g)

the survival, growth and 1.0 100 1.4+0.13a 7.9+0.64a 21.0+1.28b 1.54+0.11a

acclimatization competency of g, 100 15+0.152  7.3+0.70a 17.5+1.33ab 1.39+021a

Eriocephalus africanus after

8 weeks under greenhouse 10 100 1.4+0.14a 72+0.43a 17.2+1.63ab 1.35+0.23a

conditions 15 100 1.6+0.15ab  8.6+0.72a 17.3+1.00ab 1.59+0.18a
25 100 1.5+0.19ab  7.1+0.57a 17.1+1.07ab 1.37+0.16a
Control 100 2.0+0.13b 8.8+0.77a 15.9+1.85a 2.61+0.51b

In each column, mean value with the same letter(s) are not significantly different based on Duncan’s multi-

ple range test (P <0.05) and n=15
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Total phenolic and flavonoid contents of IBA-treated
plants

Total phenolics and flavonoids for the 8-week-old acclima-
tized E. africanus were significantly higher for IBA-treated
plants compared to the control (Fig. 3). Overall, there was
higher accumulation of total phenolic compounds in the
aerial plant parts compared to underground roots for the
control and all IBA treatments (Fig. 3a). On the other hand,
an inverse relationship between aerial and underground
organs was observed for total flavonoids (Fig. 3b).

Discussion

CK-induced shoot proliferation, biomass accumulation
and acclimatization

Cytokinins are known to promote cell division, differ-
entiation, shoot formation and elongation (Gentile et al.

I Root extracts
(XX Aerial plant part extracts

20<A

Total phenolic content (mg GAE/g DW)

Total flavonoid content (mg CE/g DW)

Control 1.0 5.0 10 15 25

IBA treatment concentrations (uM)

Fig. 3 Effect of indole-3-butyric acid (IBA) applied during in vitro
stage on (a) phenolic and (b) flavonoid content of Eriocephalus afri-
canus after 8 weeks under greenhouse conditions. In each graph, bars
with the same letter(s) are not significantly different based on Dun-
can’s multiple range test (P <0.05) and n=3. GAE gallic acid equiv-
alents, CE catechin equivalents
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2014). Naturally-occurring CKs are adenine derivatives
with either an isoprenoid or aromatic side chain at the N®
position (Frébort et al. 2011). Compared to the control, all
aromatic CK treatments gave a comparatively higher num-
ber of shoots. In the current study, mT (1 and 5 uM) was
the most efficient CK in promoting shoot proliferation of
E. africanus. Similar observations were reported by Chang
et al. (2003), Bairu et al. (2007) and Amoo et al. (2012) for
Zantedeschia albomaculata, Aloe polyphylla and A. arbo-
rescens, respectively. In contrast, mT did not improve shoot
proliferation in Prunus domestica and P. insititia micro-
propagation (Gentile et al. 2014). In the present study,
within the tested range, an increase in CK concentration
reduced ex vitro acclimatization competency of the plants.
The effect was more aggravated for aromatic CK-derived
plants compared to iP-treated plants. This suggests that E.
africanus 1is responsive to low and high exogenous aro-
matic and isoprenoid CK concentrations, respectively. Dif-
ferential plant growth responses due to the application of
aromatic and isoprenoid CK types have been widely docu-
mented (Aremu et al. 2012). Furthermore, CKs belonging
to the same structural group may not necessarily have simi-
lar effect on plant regeneration (Tubic et al. 2015). In some
instances, mT was reported to be more effective than BA
in shoot induction in Musa spp. (Escalona et al. 2003) and
Huernia hystrix (Amoo and Van Staden 2012) whereas a
detrimental response in shoot proliferation was observed
in Sorbus torminalis (Mala et al. 2009) and in Citrus spp.
(Niedz and Evens 2010). Different substituents at C6 and/
or N9 atoms of the purine moiety of compounds used in the
current study were selected with the aim to prove if they
cause differences in shoot proliferation response (Plihalova
et al. 2016).

In particular, iP (isoprenoid CK) was less active than
the aromatic CKs in induction of shoot proliferation and
fresh biomass accumulation. In contrast, better plant vig-
our (Fig. 1b) and a corresponding higher ex vitro survival
rate (Fig. 1d) were observed with iP pre-treated in vitro
shoots. As one of the features that may dramatically change
biological activity of novel generation of aromatic CKs is
probably due to the substitution of one or more hydrogen
atoms of benzyl ring by -hydroxy, -methoxy, -mercapto or
-alkyl group or by their mutual combinations (Plihalova
et al. 2016). Hydroxylated CKs, now commonly known
as topolins, have been shown to be more physiologically
stable, resistant to CK oxidase and are active at lower con-
centrations than the isoprenoid CKs (Dolezal et al. 2011;
Plihalova et al. 2016). In addition, hydroxylated CKs can
form O-glucosides, CK storage metabolites, which are
amenable to reversible sequestration to active CK bases
(Werbrouck et al. 1996). The conversion of O-glucosides
to active CK bases help maintain CK homeostasis in plant
cells (Kaminek et al. 1997).
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IBA-induced root proliferation, biomass and phenolics
production

The ultimate goal of most micropropagation processes
is successful ex vitro acclimatization of in vitro-derived
plantlets. The ability to induce rooting, both in vitro and
ex vitro, in such plantlets is a key step in vegetative prop-
agation, which enhances success of the acclimatization
process and subsequent growth of individuals into mature
adult plants (de Klerk et al. 1999). Besides external factors,
adventitious rooting is influenced by a number of internal
stimuli, in particular the phytohormone, auxin (Stefancic
et al. 2005). Although TAA is the main naturally occurring
auxin in planta, IBA remains the predominant exogenously
applied rooting agent due to its high chemical stability
and insensitivity to the action of auxin degrading enzymes
(Wiesman et al. 1989; de Klerk et al. 1999; Ludwig-Miiller
2000; Stefandic et al. 2005; Verstraeten and Geelen 2015).
In the present study, although the highest number of roots
per shoot and root length were obtained at the lower IBA
concentrations (Fig. 2), there was no significant difference
in root growth parameters after the 8 weeks acclimatiza-
tion phase (Table 1). During ex vitro acclimatization, exog-
enous auxin becomes progressively ineffective, thus root
development and growth is largely influenced by endoge-
nous biosynthesis of JAA (étefanéié et al. 2005). Moreover,
IBA is known to efficiently release IAA in planta via the
p-oxidation biochemical pathway (Verstraeten and Geelen
2015). Thus, the in vitro rooting advantage derived from
application of exogenous IBA was nullified after 8 weeks
ex vitro growth.

Although several studies have demonstrated the effect
of PGRs on the production of phenolic compounds under
in vitro growing conditions (Amoo et al. 2012; Moyo
et al. 2012; Palacio et al. 2012; Szopa and Ekiert 2012,
2014; Khan et al. 2016), there is a paucity of information
on their residual effect, particularly that of auxins, after ex
vitro acclimatization. The distribution patterns of pheno-
lics and flavonoids observed in the present study may pro-
vide insights into their biosynthesis and accumulation sites
in E. africanus. Although regarded as non-essential for
plant growth and development, phenolics and flavonoids
are known to possess species-specific roles in defence and
UV-B protection (Taylor and Grotewold 2005). Initially,
flavonoids were regarded as negative regulators of polar
auxin transport (Murphy et al. 2000; Brown et al. 2001;
Buer and Muday 2004). However, recent evidence suggests
that flavonoids are not essential regulators but only act as
modulators in auxin transport (Peer and Murphy 2007). In
the present study, the higher concentration of flavonoids in
the roots, which are the sites of endogenous auxin biosyn-
thesis (Ljung et al. 2005) may suggest a physiological role
between the two molecules.

Conclusions

The effect of different types and concentrations of PGRs
was evaluated on plant regeneration and acclimatization
competency of E. africanus. Overall, for optimum in vitro
shoot and root proliferation, low concentrations (<5 uM)
of PGRs were generally more effective and efficient in the
micropropagation of E. africanus. Application of different
concentrations of IBA during the in vitro rooting stage had
a significant influence on some growth parameters and the
level of total phenolics and flavonoids on the greenhouse
acclimatized plants after 8 weeks of ex vitro growth. For
future research, combining lower concentrations of CKs
and IBA should be investigated for potential enhancement
as well as more effective and efficient micropropagation of
E. africanus. In addition, quantification of the endogenous
phytohormone content may also offer an avenue to further
enhance the proliferation of E. africanus.
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