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Plants of the genus Aloe L are known to be rich in secondary metabolites such as anthraquinones and flavo-
noids. Only twelve out of about 400 species contain piperidine alkaloids. Representative species of this group,
Aloe gariepensis Pillans, A. globuligemma Pole Evans and A. viguieri H. Perrier were cultivated in vitro and in-
vestigated for their polyketide-derived content using gas chromatography-mass spectrometry. All three species
contained hemlock alkaloids in different amounts either in leaves or roots but A. globuligemma and A. viguieri
accumulated N-methylconiine, an alkaloid not previously reported from any Aloe species. Micropropagation of
A. viguieri was investigated using statistical experimental design. A mother plant produced up to five plantlets of
good quality on Murashige and Skoog (MS) medium [1] with 0.25 mg L' 6-Benzyl Aminopurine (BA) and 0.4 mg
L' Naphthalene Acetic Acid (NAA). Calli of A. gariepensis and A. viguieri explants were induced on MS medium
containing a combination of 10.0 mg L' NAA and 0.2 mg L' BA and 6.0 mg L' 2,4-Dichlorophenoxyacetic acid
(2,4-D), respectively. Long-term callus maintenance was facilitated on MS with 1.0 mg L' 2,4-D for both spe-
cies. The callus of neither species contained piperidine alkaloids after elicitation with chitosan or salicylic acid.
After elicitation with chitosan or salicylic acid the suspension cultures of both Aloe species contained anthraqui-
nones, chrysophanol and chrysarobin, the latter representing a new record for the genus.
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2,4-D: 2,4-Dichlorophenoxyacetic acid; BA: 6-Benzyl Aminopurine; CCF: Central Composite Face; DW: Dry Weight;
FW: Fresh Weight; GC-MS: Gas Chromatography-Mass Spectrometry; KIN: Kinetin; MS: Murashige and Skoog medium;
NAA: Naphthalene Acetic Acid; OKS: Octaketide Synthase; PKS: Polyketide Synthase; PVP: Polyvinylpolypyrrolidone

compounds with a planar three aromatic ring structure
and two keto groups at the 9 and 10-positions [6]. Aloe
anthraquinone biosynthesis is catalyzed by Octaketide
Synthase (OKS) from one acetyl-CoA and seven mal-
onyl-CoAs [7]. Anthraquinones are found in different
genera including Aloe [8], Rheum, Rumex, Rhamnus and

The genus Aloe L., Xanthorrhoeaceae, comprises
about 400 species native to Sub-Saharan Africa, the Ara-
bian Peninsula, and Madagascar [2]. In many cultures,
Aloe, especially A. vera, has long been used as a tradition-
al medicine. The aloe products from different parts of the
plant, which include the latex, gel, and whole leaf, have
been used as laxatives, in creams for skin ointments, and *Corresponding author: Heiko Rischer, VTT Technical
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Figure 1: Aloe metabolites A) Known polyketide derivatives. CHS: Chalcone Synthase; PCS: Pentaketide Chromone Syn-
thase; HKS: Hexaketide Synthase; ALS: Aloesin Synthase; OKS: Octaketide Synthase; CPKS5: Conium Polyketide Syn-
thase 5; B) Anthraquinones; C) Piperidine alkaloids [10-12].

Senna [9]. The compounds have multiple uses in textile triketide [17]. The nitrogen of L-alanine is subsequent-
dying, paints, foods, cosmetics, and pharmaceuticals ly introduced in a transaminase-catalyzed reaction [18]
with diverse functions such as anticancer, laxative and  followed by a non-enzymatic cyclization to form y-coni-
anti-inflammatory [6]. ceine [19]. Coniine formation from y-coniceine is finally
catalyzed by NADPH-dependent y-coniceine reductase
[20]. There are reports that poisonous aloes, among them
A. globuligemma, have been administered as medicines,
causing deaths in rural Africa [21]. Parry, et al. [22] stud-
ied the toxicity of A. globuligemma due to its use as a tra-
ditional herbal medicine in Zimbabwe. The crude extract
is toxic, with an LD, of less than 250 mg kg’ in mice,
which exhibited symptoms similar to those of poison
hemlock intoxication. In some cases, toxic and beneficial
aloes have been confused due to misidentification [23].

Only a limited number of Aloe species contain alka-
loids including the purines hypoxanthine and xanthine
from A. ferox [3]. The tyramine-derived phenylethyl-
amines are found in 18 Aloe species [10]. Hitherto twelve
Aloe species have been reported to contain piperidine
alkaloids ( ) [10-12] including coniine, y-coni-
ceine, and conhydrine ( ). Interestingly, these
alkaloids are otherwise only known from phylogeneti-
cally distant dicotyledonous plants, i.e. poison hemlock
(Conium maculatum L.) and pitcher plants (Sarracenia
spp.) [13,14]. So far the biosynthesis of coniine alkaloids The biotechnology of Aloe is underdeveloped and
has only been investigated in poison hemlock. Theoreti-  underutilized [24], although many species are already
cally, the carbon backbone of the alkaloids in Aloe could endangered in their natural habitats. Commercial and
be either a tetraketide polyketide derivative [15,16] ora  research interest has driven the development of micro-
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Table 1: Hemlock alkaloids reported from Aloe [10-12].

Species Alkaloids

A. ballyii Reynolds y-coniceine, conhydrinone

A. deltoideodonta Baker y-coniceine, a trace of pseudoconhydrine
A. descoingsii Reynolds Coniine, conhydrine

A. gariepensis Pillans y-coniceine, conhydrine

A. globuligemma Pole Evans Coniine, conhydrine

A. gracilicaulis Reynolds & P.R.O. Bally y-coniceine

A. ibitiensis Perrier y-coniceine

A. krapholiana Marloth Coniine, conhydrine

A. ortholopha Christian & Milne-Redh Coniine, conhydrine

A. ruspoliana Baker y-coniceine

A. sabaea Schweinf. (syn. A. gillilandii Reynolds) y-coniceine, coniine, N,N-dimethylconiine
A. viguieri Perrier Coniine, a trace of y-coniceine

Figure 2: Plantlets of A) A. gariepensis; B) A. globuligemma; C) A. viguieri; and Callus from D) A. gariepensis and E) A. viguieri.

propagation methods for a certain number of species
[25]. A. vera (syn. A. barbadensis) is certainly the most
prominent example due to its economic importance
[26], and A. polyphylla is a representative example of an
endangered species [27]. It must be emphasized that spe-
cies-specific micropropagation protocols are required.
Some of these methods proceed via callus formation [24],

but callus cultures have also been specifically initiated for
genetic transformation [28] and the production of certain
compounds [29]. Callus formation has been reported for A.
arborescens [30], A. bellatura [31], A. ferox [32], A. polyphyl-
la [33], A. pretoriensis [34], A. saponaria [35] and A. vera
[36]. Piperidine alkaloid-producing Aloe species have hith-
erto not attracted any attention in this respect.
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Here we report the in vitro cultivation of A. gariepen-
sis, A. globuligemma and A. viguieri. Greenhouse-grown
specimens of all three species have been reported to
contain hemlock alkaloids [10,11]. We focused on es-
tablishing micropropagation for A. viguieri and cell cul-
ture development together with elicitation for A. vigui-
eri and A. gariepensis, which constitute representatives
for poison aloes, while monitoring alkaloid and other
polyketide-derived compounds in order to provide a
basis for biochemical investigations. Interestingly, one
piperidine alkaloid and one anthraquinone, respective-
ly, were detected and identified in Aloe for the first time,
illustrating the potential of Aloe cell cultures for further
compound discoveries.

Plant material

Aloe gariepensis Pillans ( ), A. globuligemma
Pole Evans ( ), and A. viguieri H. Perrier (

) seeds were obtained from B & T World Seeds (Pagu-
ignan, France). Poison hemlock (Conium maculatum L.)
seeds were collected in Helsinki, Finland.

Poison hemlock and barley were grown under green-
house conditions at 20 °C, 60% humidity, and a 16/8 h
photoperiod. The potting soil consisted of half vermicu-
lite and half peat (Kekkild Oy, Vantaa, Finland).

Surface sterilization and in vitro germination

A. gariepensis (n = 10), A. globuligemma (n = 10) and
A. viguieri (n = 5) seeds were surface sterilized by dip-
ping them into 70% ethanol for three minutes, followed
by immersion in 2% sodium hypochlorite containing
a drop of Tween-20 (Sigma-Aldrich, Lyon, France) for
20 minutes and washing three times with sterile ultra-
pure water. Seeds were placed on Murashige and Skoog
(MS) medium [1] (Duchefa Biochemie B.V., Haarlem,
the Netherlands) with 3.0 g L gelrite at pH 5.8 for ger-
mination. The in vitro plants were kept on MS medium
without hormones and transferred to fresh medium ev-
ery second month.

Micropropagation

A. viguieri plants were grown on 50 mL MS medium
with 30.0 g L' sucrose and 3.0 g L' gelrite in 250 mL
wide neck Erlenmeyer flasks. Altogether 28 plants were
used in the experiments. The medium was supplemented
with 0.10-2.00 mg L Naphthalene Acetic Acid (NAA)
and 0.06-4.00 mg L* 6-Benzyl Aminopurine (BA) (Sig-
ma-Aldrich, St. Louis, MO, USA). Effects were recorded
after 4, 5, and 6 weeks.

Experiments and data analyses were performed with
the experimental design software MODDE 9.0 (Umet-
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rics, Malmd, Sweden). To minimize the necessary num-
ber of plants, the Central Composite Face (CCF) design
was applied to investigate effects of different variables
on the number of initiated plantlets. In CCF the studied
parameters are within a certain distance of the central
point, and to determine repeatability the central point
was measured in triplicate. Studied factors were initially:
0.06,0.16 and 0.25 mg L' BA and 0.1, 0.25 and 0.4 mg L™
NAA after four, five and six weeks. The equation for the
polynomial model is:

y = —6.59524+27.5048x x, +13.7619% x, +1.71429 x,
+51.4286(x, )" —4.19048x (x, x x, ) —7.38095 (x, x x, )

Where x, = [BA], x, = [NAA] and x, = [time]. In the
follow-up experiment, the parameters were: 0.25, 2.13,
4.0 mg L' BA and 0.4, 1.2, 2.0 mg L' NAA, with moni-
toring after four, five and six weeks.

Callus initiation and maintenance

Explants were derived from A. gariepensis and A.
viguieri in vitro plants. Leaves or stems were cut into
pieces and were placed in Petri dishes (2 9 cm; 5 piec-
es/plate) containing MS medium with 1.0 g L' Polyvi-
nylpolypyrrolidone (PVP) (average mol wt 40,000, Sig-
ma-Aldrich, St. Louis, MO, USA) [36], 18.34 mg L' ad-
enine and 100.0 mg L' L-ascorbic acid (Sigma-Aldrich,
Shanghai, China) [24]. The hormone combinations were
10.0 mg L' NAA and 0.2 mg L' BA [29] or only 6.0 mg
L' 2,4-dichlorophenoxyacetic acid (2,4-D) (Sigma-Al-
drich, St. Louis, MO, USA) [24]. The callus initiation
plates were incubated in a growth chamber (Sanyo ver-
satile environmental test chamber, Sanyo Electric Co.,
Ltd., Takamatsu, Japan) with a 16/8 h photoperiod at
25 °C/23 °C (day/night) for 50 days. In the beginning,
the formed calli were kept on the initiation media with
the same hormone combinations, in the dark and were
transferred every week. Six weeks after initiation, callus
was transferred to MS supplemented with 2.0 mg L™ 2,4-
D without PVP, adenine, and ascorbic acid. Nine weeks
later callus cultures were transferred to MS medium with
1.0 mg L 2,4-D. For maintenance fast growing and non
hyper hydrated callus was selected and sub-cultured ev-
ery third week while kept in darkness at 25 °C.

Growth curve

The Fresh Weight (FW) of calli was recorded for three
weeks to choose cell lines for further experimentation.
Three lines of both species were selected and labeled as
A-C (A. gariepensis) and D-E (A. viguieri) based on vig-
orous growth and without browning or excessive leach-
ing of phenolics into the medium. For each selected line
12 pieces were weighed at the beginning of cultivation
and then once every week. The average FW increase of
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the calli was calculated for each line. Statistical analyses
of callus growth were performed with One-way ANOVA
and Tamhane’s T2 using IBM SPSS Statistics software
(Version 22).

The growth curves for suspension cultivations were
performed in sterilized 125 mL glass Erlenmeyer flasks
containing 25 mL MS medium with 1.0 mg L 2,4-D. In-
oculum with biweekly sub-cultured cells of lines C and
D was added to each flask at a concentration of 50.0 g
L'+ 1.0 g L' FW. At each time point, a series of three
replicates was investigated (in total 33 flasks for each cell
line). Flasks were placed on an orbital shaker (130 rpm)
at 24 °C and cultured in darkness. Conductivity and pH
of the medium, as well as the FW and Dry Weights (DW)
of the cell mass, were determined for all replicates at each
time point.

Elicitation

Individual elicitors were added to cell lines C and D to
test secondary metabolite production. Erlenmeyer flasks
(125 mL) containing 25 mL MS medium with 1.0 mg L™
2,4-D were inoculated with 50.0 g L' £ 1.0 g L' FW of
biweekly subcultured cells. At day 8 and day 14 for cell
lines C and D, respectively, elicitors were added at the
concentrations 110 mg L for chitosan (Sigma-Aldrich,
St. Louis, MO, USA) [37] and 138 mg L™ for salicylic acid
(Sigma-Aldrich, St. Louis, MO, US) [38]. Cultures were
harvested on the 1%, 3 and 5™ day after elicitation [39].
Chitosan stock solution of 0.1 M acetic acid in water at
pH 5.0 was prepared according to Sevon, et al. [40]. Ad-
verse effects of acetic acid to cell lines C and D was tested
in an additional flask at the highest volume tested in the
elicitor experiment. Samples treated with stock solution
solvent were collected after one, three and five days. Cells
and growth medium were separated by vacuum filtration
and cells were lyophilized.

Metabolite extraction

Freeze-dried plant material (100 £ 10 mg) was used
for secondary metabolite extraction according to Hék-
kinen, et al. [41]. Lipids were removed from the plant
material with 3.0 mL petroleum ether (Sigma-Aldrich,
St. Louis, MO, USA). The plant material was diluted
with 2.0 mL ultrapure water and a pH above 9 was ob-
tained by addition of 10% ammonium hydroxide (Merck
KGaA, Darmstadt, Germany) solution. Metabolites were
extracted twice with 2.0 mL dichloromethane (Rathburn
Chemicals Ltd., Walkerburn, Scotland, UK). From elic-
ited cells secondary metabolites were extracted as pre-
viously described without removing lipids with petro-
leum ether, plant material was diluted with 5.0 mL 10%
ammonium solution and extracted with together 6.0 mL
dichloromethane. The medium was made alkaline with 1
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M NaOH and extracted twice with 10 mL dichlorometh-
ane. Finally, the dichloromethane extracts were con-
centrated to 100 pL for further analysis. For compound
identification, selected samples were further trimethylsi-
lylated with 25 pL of N-methyl-N-trimethylsilyl trifluo-
roacetamide (Pierce, Rockford, IL, USA) at 70 °C for 20
minutes.

Gas chromatography-mass spectrometry

Commercial coniine was used to develop the Gas
Chromatography-Mass Spectrometry (GC-MS) meth-
od and to determine the detection limit. A GC-MS sys-
tem consisting of an Agilent 6890A GC and an Agilent
5973N MS detector (Agilent Technologies Inc., Santa
Clara, CA, USA) and a Combipal automatic sampler
(Varian Inc., Palo Alto, CA, USA) was used to study the
elicitation extracts. Analyses were performed on a diphe-
nyl dimethyl polysiloxane RTX-5MS (Restek, Bellefonte,
PA, USA) silica capillary column (15 m x 250 um with a
phase thickness of 0.25 pm). The oven temperature pro-
gramme started from 40 °C (1 min) and increased at a
rate of 10 °C min™ up to 270 °C (6 min) resulting in a
total running time of 40 minutes. Helium with a flow rate
of 1.2 mL min™ was used as the carrier gas (split ratio
15:1 or 20:1). Injection port temperature was 250 °C and
the injection volume 2.0 uL. MSD was operated in elec-
tron impact mode at 70 eV and the data were collected
in SCAN mode at a mass range of m/z 40-650. The chro-
matograms were integrated by using MSD ChemStation
software (E.02.01.1177; Agilent Technologies, Inc., Santa
Clara, CA, USA). Compounds were identified on the ba-
sis of relevant literature, reference substance and spectral
libraries such as Palisade Complete 600K Mass Spectral
Library (Palisade Mass Spectrometry, Ithaca, NY, USA),
and the NIST Mass Spectral Search 2.0 Program (The
Standard Reference Data Program of the National Insti-
tute of Standards and Technology, Gaithersburg, MD,
USA).

In vitro samples of A. globuligemma were analyzed
and identified as above except by using an HP-5MS silica
capillary column (25 m x 0.2 mm) with 0.33 um phase
thickness (Agilent Technologies, Inc., Santa Clara, CA,
USA). The temperature program started at 50 °C (1 min)
and increased at 10 °C min™ up to 300°C.

Derivatized samples (1 pL aliquots) were analyzed in
splitless mode by an Agilent GC-MS instrument consist-
ing of a 5975MSD and a 7890A GC fitted with a 30 m x
0.25 mm (0.25 um) VB-5 silica capillary column (Valco
Instruments Co. Inch., Houston, TX, USA). The tem-
perature program started at 50 °C (1 min) and increased
at 10 °C min™ up to 240 °C. The data were collected at a
mass range of m/z 50-600. Identification was performed
as above.
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Results

Surface sterilization and seed germination

Half of the ten A. gariepensis and A. globuligemma
seeds, respectively, and two of the five A. viguieri seeds
germinated on MS medium following surface steril-
ization. The first seedlings emerged already within 30
days, but some seeds only germinated after four months.
Mould or bacterial contaminations were not observed.

Micropropagation

Statistics indicated good predictive power of the ex-
perimental design with the parameters BA and NAA at
levels of 0.06-0.25 mg L' and 0.1-0.4 mg L', respectively,
and the time points four, five and six weeks when one
outlier was omitted (Supplemental Table 1). The qual-
ity of the fit of the polynomial model equation, which
is expressed as coefficient of determination R* = 0.952
(> 0.5) (Umetrics, 2011) [42], indicates that 95.2% of

the variability of the response is explained by the model.
The predictive power was Q* = 0.821 (> 0.1), confirming
statistical significance. Model validity was 0.982 (> 0.25)
and reproducibility was 0.808 (> 0.5) [42]. Plantlets were
initiated already within four weeks from the axillary buds
at the base of the mother plant (Figure 3). The results of
the micropropagation experiment were summarized in a
3D contour plot which was rendered into 2D representa-
tions in which the dimensions were BA, NAA and time.
The highest plantlet number (5) was achieved with BA
0.25mgL"and NAA 0.4 mg L" during week 4 (Figure 4).
At hormone concentrations lower than 0.25 mg L' BA
and 0.4 mg L' NAA, only up to two plants were obtained
(Supplemental Table 1).

Further investigation with the same model design in-
volving higher BA and NAA levels, i.e. 0.25-4.0 mg L
and 0.4-2.0 mg L, respectively, but with the same time
points as previously (four, five and six weeks) did not re-
sult in a good quality model due to low significance (R* =

Figure 3: Typical development of a A. viguieri plant after A) 2 weeks; B) 4 weeks and C) 6 weeks.
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Figure 4: 2D representations of a 3D contour plot of A. viguieri micropropagation experiments (factors: BA, NAA and time;
response: plantlet number). The color index on the right side indicates the number of plantlets generated. Altogether 17
experiments were performed. Model parameters: R2 = 0.952, Q2 = 0.821 with one outlier. The best response, five plantlets,
was gained within four weeks with the hormone combination 0.25 mg L' BA and 0.4 mg L' NAA.
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0.267) and a poor predictive power (Q? = -0.804). There-
fore A. viguieri micropropagation could not be improved
with higher hormone concentrations. Although a hor-
mone combination of 4.0 mg L BA and 1.2 mg L' NAA
resulted in seven A. viguieri plantlets within four weeks
and nine plantlets in six weeks ( ),
the plants were hyperhydrated and had poor viability.

Callus initiation

Callus induction frequency on MS medium with two
different hormone regimes was evaluated 50 days after
initiation. On medium containing 10.0 mg L' NAA and
0.2 mg L' BA, 16 out of the 25 A. gariepensis explants
(64%) produced callus, whereas on medium containing
6.0mgL"2,4-D only 1 in 20 (5%) responded. By contrast
A. viguieri explants did not produce any callus on the
former medium but instead 10 out of 25 (40%) initiated
callus on the medium containing 2,4-D.

Initially, the medium supplements PVP, adenine and
ascorbic acid were used to prevent browning. However,
established calli could be maintained on medium de-
void of these agents. There was also some root formation
from the explants of A. gariepensis on MS with 10.0 mg
L' NAA and 0.2 mg L' BA. On MS supplemented with
2.0 mg L" 2,4-D calli from both species grew more vigor-
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ously when sub-cultured every second week. Finally, the
2,4-D content in the medium was decreased to 1.0 mg L
and the sub-culturing to a three-week interval, without
any detrimental effect ( and ).

Growth curve

Callus FW development was monitored for three
weeks in darkness at 25 °C. Three lines of both species
were selected and labeled as A-C (A. gariepensis) and
D-E (A. viguieri) based on vigorous growth and with-
out browning or leaching of phenolics into the medium.
Statistical analysis did not reveal significant differences
in the original starting weights of the calli. All six cal-
lus lines grew similarly for two weeks, without statisti-
cally significant changes in callus growth except for line
D, which displayed the highest and significantly differ-
ent growth compared to the other lines throughout the
whole experimental period. Generally, A. viguieri grew
faster than A. gariepensis (weight increase 28-86% vs. 12-
48%). The greatest weight increase for all lines occurred
during week two. Among A. gariepensis, line C exhibited
the greatest weight increase, on average 38% per week,
whereas line B showed the slowest overall growth with
an average increase of 21%. The fresh weight of the A.
viguieriline D increased most, on average 72% per week.
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Figure 5: Biomass accumulation of A. gariepensis cell line C A) and A viguieri cell line D; C) fresh weight (diamond) and dry
weight (square). Changes in conductivity (circle) and pH (triangle) during the growth are presented for A gariepensis; B) and
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Based on the initial testing of FW increase on a plate,
cell lines C and D were chosen for further experimenta-
tion. For both cell lines, an inoculum of 50 g L' FW was
used in growth curves. For cell line C there was a two
day lag period after which FW increased to its highest
point, 268 + 25 g L}, on day 23 ( ). DW of cell
line C increased until day 9 when it reached stationary
phase. The maximal DW was reached on day 19 (12.3 +
1.2 g L') and thereafter it started to decrease. Conductiv-
ity decreased rapidly from 5.5 mS cm™ (day 0) to 3.3 mS
cm’! (day 14) ( ) followed by a gentle reduction
to 3.0 mS cm™ until the end point on day 23. The starting
pH (5.0) decreased rapidly to 4.3 on day 2 and then in-
creased steadily to 4.6 on day 23.

For cell line D there was a two day lag period after
which FW increased to its highest point, 204 + 5 g L,
on day 23 ( ). DW of cell line D increased until
day 14 when it reached stationary phase. The maximal
DW was reached on day 19 (113 + 0.2 g L") and thereaf-
ter it started to decrease. Conductivity decreased rapidly
from 5.5 mS cm™ (day 0) to 3.3 mS cm™ (day 14) (

) followed by a gentle reduction to 3.0 mS cm™ until
the end point on day 23. The starting pH (5.0) decreased
rapidly to 4.3 on day 2 and then increased steadily to 4.7
on day 23.

Elicitation

Based on growth curves of cell line C and D, days
8 and 14, respectively, were chosen for the elicitations.
Samples were collected on days 1, 3 and 5 after elicitation
with chitosan or salicylic acid and extracts were subject-
ed to GC-MS analysis. Cells and culture medium were
separated and analyzed individually for secondary me-
tabolites.

None of the elicited or non-elicited cell cultures con-
tained hemlock alkaloids ( ). In
several samples characteristic base peaks (m/z) for coni-
ine, y-coniceine and/or N-methylconiine were present,
however, the concentrations were at the detection limit
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and the fragments, therefore, might originate from the
background.

Chrysarobin and chrysophanol were detected in sus-
pension cultures. The terpenes xanthoperol and p-meth-
8(10)-9-ol were detected in suspension cultures of cell
line D with acetic acid and without addition, respective-
ly. The relative amount of chrysarobin and chrysophanol
in A. gariepensis cell line C extracts ranged from 0.2 to
1.0% and 0.13-0.31% of peak area, respectively. Chrysar-
obin was absent in the media of non-elicited (with acetic
acid and without) and chitosan elicited samples in con-
trast to the salicylic acid elicited samples where its pro-
portion was 1.18-1.32% of peak area. Chrysophanol was
not present in the media. Extracts of A. gariepensis leaf
and root were examined for anthraquinones, only root
contained chrysophanol 0.48% of peak area.

In A. viguieri cell line D, chrysarobin and chrysoph-
anol were not present in media extracts without elicitor
treatment. When present, the proportions of chrysarob-
in and chrysophanol were 0.57-1.92% and 0.09-0.65%
of peak area, respectively. Chrysarobin was present in
media when elicited with chitosan or salicylic acid. In
addition, salicylic acid elicitation increased peak areas
of both compounds and induced production of four un-
identified compounds. In A. viguieri root, chrysophanol
was present in 0.12% of peak area. Compound 1 was ten-
tatively identified as a pyrrolidine with MW = 305 and a
long carbon side chain ( ). The mass
spectra of compounds 2 (MW = 239), 3 (MW = 258) and
4 (MW = 257) were compared to chrysophanol and the
pattern indicated a three carbon ring structure, and thus
they tentatively constitute anthraquinone type com-
pounds. Compound 3 was found only in the media and
compounds 2 and 4 were present only in the cell extract.

Alkaloid composition

GC-MS analyses of a coniine dilution series proved
to have a high sensitivity (detection limit 10 pg mL";
corresponding to 0.01 mg g dry weight; 2.7% RSD (n =

Table 2: Characteristic GC-MS fragments for relevant piperidine alkaloids and anthraquinones.

Compound R, (min) Match (%) CAS No. Note
Coniine 4.55 86% 458-88-8 a
y-Coniceine 5.25 90% 1604-01-9 b
N-Methylconiine |5.05 35305-13-6 b
Conhydrine 7.40 78% 495-20-5 a
Chrysarobin 19.44 97% 491-59-8 c
Chrysophanol  19.67 98% 481-74-3 c

Characteristic ions (abundance %)

127 (M*, 2), 126 (2), 98 (2), 84 (100), 70 (4), 56 (12)

125 (M*, 13), 124 (10), 110 (35), 97 (100), 82 (13), 70 (28)

141 (M*, 1), 112 (1), 99 (7), 98 (100), 70 (15)

143 (M*, 7), 114 (4), 96 (3), 84 (100), 67 (3), 56 (22), 41 (11)
240 (M*, 100), 225 (29), 211 (12), 197 (25), 194 (2), 181 (17), 165
(5), 152 (5), 139 (7), 127 (2), 120 (3), 115 (7), 111 (3), 105 (3), 97
(5), 89 (2), 82 (8), 76 (4), 74 (2), 69 (6), 96 (6), 53 (2), 51 (3)

254 (M*, 100), 237 (5), 226 (11), 209 (1), 197 (10), 180 (3), 169
(3), 155 (2), 152 (9), 141 (6), 127 (5), 115 (7), 105 (2), 99 (3),
90 (2), 76 (4), 65 (2), 63 (5), 57 (4), 51 (3), 43 (5)

aldentified by comparison of retention time and mass spectra with reference material; *ldentified by comparison of spectra ([43]
Palisade Complete 600K Mass Spectral Library); °ldentified by comparison of spectra (NIST Mass Spectral Search 2.0 Program).
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6)). Coniine was identified based on the retention time
(4.55 + 0.05 min) and the base peak (m/z 84) of the com-
mercial reference. y-Coniceine identification was based
on the mass spectral database (number 28670, Palisade
Complete 600K Mass Spectral Library) and comparison
to literature ( ) [43]. The retention time (5.05 *
0.05 min) and the base peak (m/z 98) of N-methylconi-
ine were derived from reference samples (C. maculatum)
naturally containing this alkaloid. N-methylconiine has
the base peak m/z 98, molecular mass m/z 141 and typ-
ical fragments (m/z 112, 99, 70) as reported in the lit-
erature [43]. In addition, N-methylconiine did not react
with N-methyl-N-trimethylsilyl-trifluoroacetamide to
produce trimethylsilyl derivatives, indicating a tertiary
amino group. Conhydrine was present in poison hem-
lock which was used as reference material. Its spectrum
matched the database (number 20048, Palisade Com-
plete 600K Mass Spectral Library). However, conhydrine
was not detected in any studied Aloe material.

Neither the leaves of in vitro grown A. gariepensis
nor any of the derived callus lines contained alkaloids,
but roots contained traces of coniine and N-methylconi-
ine ( ). In vitro grown leaves of A. globuligemma
contained coniine, N-methylconiine, and y-coniceine,
whereas roots contained only N-methylconiine. Leaves
and roots of in vitro grown A. viguieri contained coniine,
N-methylconiine, and y-coniceine. None of the A. vigui-
eri callus lines contained piperidine alkaloids.

Micropropagation protocols have hitherto only been
developed for seven out of 400 Aloe species, none of
which produce hemlock alkaloids. The published studies
have used MS basal medium, however, there is no clear
consensus on optimal hormone combinations across
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species. Most commonly the cytokinin BA is used in a
range between 1.0 and 2.5 mg L' in combination with
the auxin NAA at 0.1-1.0 mg L. Here, a micropropaga-
tion protocol for the poison aloe, A. viguieri, producing
good quality plants was developed employing the exper-
imental design software MODDE 9.0. The CCF design
model indicated significance and good predictive power
when the BA and NAA levels were in the range of 0.06-
0.4 mg L' and 0.1-0.4 mg L, respectively, and sampling
times were after four, five and six weeks. In the best sce-
nario, i.e. at 0.25 mg L' BA and 0.4 mg L' NAA, A. vigui-
eri produced up to five new shoots from axillary buds of
the mother rosette within four weeks. The study design,
therefore, adds another suitable tool to the earlier de-
scribed statistically supported micropropagation strate-
gies for Aloe [44,45]. Although high hormone concentra-
tions have been recommended for the micropropagation
of other species, e.g. 2.0 mg L' BA and 1.0 mg L' NAA
for A. arborescens [30], A. viguieri plantlets produced at
2.13 or 4.0 mg L' BA and 1.2 mg L'' NAA were of poor
quality, exhibiting hyperhydration (in older literature
called vitrification) despite high abundance (up to seven
shoots from the mother rosette). In this setup with BA
and NAA levels between 0.25-4.0 mg L and 0.4-2.0 mg
L' respectively, a robust model could not be derived [46-

]. A. viguieri plants became hyperhydrated when the
BA level exceeded 2.0 mg L. Hyperhydration is a phys-
iological disorder in in vitro cultures that adversely af-
fects growth and regeneration ability. It has been shown
that more than 1.0 mg L' BA triggers hyperhydricity in
A. polyphylla, although inducing the highest number of
shoots [44]. Abrie and van Staden [49] reported that de-
creasing plant hormone concentrations decreased the
level of hyperhydricity in seedlings of A. polyphylla. An-
other crucial parameter potentially responsible for hy-
perhydricity is the gelling agent in the medium such as

Table 3: Piperidine alkaloids in in vitro grown plants of A. gariepensis, A. globuligemma and A. viguieri.

Species Sample R, (min) Match (%)
A. gariepensis® Leaf - -
Root 4.55 a
5.05 a
5.85¢ b
6.40° b
Leaf 6.50° b
A. globuligemma Root - -
4.55 b
5.05 b
Leaf 5.25 90
4.55 86
5.05 a
A. viguieri® Root 5.25 a

Name Area (%) of extract’
No piperidine alkaloids -
(Coniine) Trace
(N-Methylconiine) Trace
Coniine 0.53
N-Methylconiine 10.93
y-Coniceine 4.24
No piperidine alkaloids -
Coniine 4.98
N-Methylconiine 1.48
y-Coniceine 1.89
Coniine 0.26
(N-Methylconiine) Trace
(y-Coniceine) Trace

Traces in brackets. @ldentified on the basis of the base peak fragment present (coniine m/z 84, y-coniceine m/z 97, N-methylconi-

ine m/z 98); Identified by comparison to known spectra ([

] Palisade Complete 600K Mass Spectral Library); °Different GC-MS

analysis conditions; “Cell lines A-C of A. gariepensis did not contain piperidine alkaloids; ¢Cell lines D-F of A. viguieri did not con-
tain piperidine alkaloids; The repeatability for coniine standard is 2.7% RSD (n = 6).
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gelrite which decreases the shoot multiplication rate and
causes hyperhydricity in A. polyphylla [27].

Micropropagation via a callus phase has been devel-
oped for A. arborescens [30], A. ferox [32] and A. vera
[24,28,36]. The selected micropropagation method (di-
rectly from differentiated plant material or via callus) de-
pends on the species and the purpose [28].

Callus has been induced in several Aloe spp. for dif-
ferent purposes, e.g. to produce specific compounds for
example aloesaponol IV [29,35]. In most studies, MS
medium has been used together with a variety of differ-
ent hormone combinations. Most commonly the auxins
2,4-D and NAA are used together with the cytokinins
Kinetin (KIN) and BA. 2,4-D can promote callus induc-
tion [32,36,37] and cell division [28] in different Aloe
species. However, in our studies only 40% of A. viguieri
explants formed callus on MS containing 6 mg L' 2,4-D,
the medium which Rathore, et al. [24] used for A. vera
with over 75% induction rate. A. gariepensis responded
better to a hormone combination of 10.0 mg L' NAA
and 0.2 mg L' BA, with 64% of explants producing cal-
lus. Yagi, et al. [29] used the same hormone combination
for callus induction of A. vera in darkness (100% induc-
tion rate). Overall the achieved callus induction rates for
A. viguieri and A. gariepensis are in line with previously
reported rates [30] for A. arborescens (27.7% and 40%
in light). However, for long-term maintenance Rathore,
et al. [24] recommend lower hormone concentrations,
otherwise, callus cultures may become hyperhydrated.
Roy and Sarkar [36] used 1 mg L" 2,4-D and 0.2 mg L™
KIN, whereas we found that 1 mg L 2,4-D without KIN
suffices for A. gariepensis and A. viguieri callus lines. In
our study, we initially used PVP, ascorbic acid, and ad-
enine as antioxidants to reduce the leaching of pheno-
lic compounds and to prevent browning of tissues and
surrounding culture medium. The use of PVP is based
on its ability to absorb polyphenols and prevent further
oxidation of phenolic compounds [50]. Roy and Sark-
ar [36] noted that PVP was a more efficient antioxidant
than ascorbic acid and activated charcoal in preventing
browning of the medium.

Previously only suspension cultures from A. saponar-
ia [35] and A. arborescens [51] have been described. The
transfer of A. viguieri and A. gariepensis callus cultures
from solid to liquid medium, i.e. without a gelling agent,
was unproblematic. Cell suspension cultures exhibited
a typical growth curve in batch mode. Conductivity de-
creased in both suspension cultures due to nutrient salt
consumption of the plant cells during the first 14 days.
The late exponential or early stationary phase is usually
considered optimal for elicitation [52]. Cell lines C and
D reached this stage on day 8 and 14, respectively.

Hotti et al. J Plant Biotechnol Res 2017, 1(1):1-15
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Coniine alkaloids are interesting due to their fragmen-
tary distribution in non-related plant taxa (dicots vs. mono-
cots), and especially among Aloe. Their biosynthesis in Aloe
is unknown, but could be similar to that in poison hemlock
[17,18,53,54]. In previous studies Dring, et al. [11] and
Nash, et al. [10] used thin layer chromatography and paper
chromatography to study alkaloid contents of Aloe. They
conducted ground-breaking research when they identified
hemlock alkaloids from Aloe for the first time using differ-
ent coloring reagents, such as DragendorfF’s, and compared
the findings with authentic alkaloids from C. maculatum or
synthetic references using R -values. In our study, we em-
ployed GC-MS to detect and identify alkaloids.

In contrast to the cited earlier studies [10,11] re-
porting that y-coniceine is absent or occurring in trace
amounts, we found that the compound is the major alka-
loid both in A. globuligemma and in A. viguieri, respec-
tively. We also detected the presence of y-coniceine in A.
viguieri roots, using the base peak ion as a marker. Nash,
et al. [10] reported that A. gariepensis contains y-coni-
ceine but in our material the alkaloid was not present in
leaves. Dring, et al. [11] studied six poison aloes for their
piperidine alkaloid content and report higher y-coni-
ceine concentrations only in A. gillilandii and A. ruspo-
liana. Interestingly, Blitzke, et al. [12] speculated that
y-coniceine could be a starting point for the biosynthesis
of a chlorinated derivative in A. sabaea.

The presence of coniine in A. globuligemma [10] and
A. viguieri leaves [11] was confirmed, but additionally,
coniine was also found in A. viguieri roots. To our knowl-
edge, we here report the occurrence of N-methylconiine
in the genus Aloe for the first time. N-methylconiine is
present in the unrelated plant, poison hemlock [55] and
a similar alkaloid, N,N-dimethylconiine, has been re-
ported from A. sabaea [12]. We detected N-methylconi-
ine in A. globuligemma leaves and roots, and in A. vigui-
eri leaves. Based on the detected ion m/z 98 it is possible
that N-methylconiine is also present in low amounts in
A. gariepensis and A. viguieri roots. Poison aloes contain
higher amounts of alkaloids than poison hemlock [56],
but the latter exhibits a greater diversity [57].

Different growth conditions or genotypes could ex-
plain why conhydrine was absent in A. gariepensis and
A. globuligemma, in contrast to the results of Nash, et al.
[10] who found it in the leaves of both species. Detection
problems can be ruled out since we clearly detected con-
hydrine in C. maculatum reference samples. It has been
observed that alkaloid content in poison hemlock and A.
globuligemma depends on the population, weather, loca-
tion, season, size and age of the plant [10,58]. A certain
strain of poison hemlock, for example, produces con-
hydrine as a major alkaloid in outdoor conditions but
pseudoconhydrine in the greenhouse [59].
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Strikingly, callus lines never contained piperidine
alkaloids neither untreated nor when elicited with chi-
tosan or salicylic acid. Similar observations were made
by Nétien and Combet [60] and Meier, et al. [37] with
green poison hemlock callus lines grown in light. Rob-
erts [61] suggested that coniine alkaloid biosynthesis oc-
curs in the chloroplasts localized in the green aerial parts
of poison hemlock. In Conium specialized ducts, called
‘vittae’, specifically, accumulate coniine and might be
involved in alkaloid biosynthesis [58,62]. In complete-
ly undifferentiated calli the biosynthetic capacity might,
therefore, be blocked. The synthetic plant hormone, 2,4-
D, could be another reason for the absence of hemlock
alkaloids in Aloe callus. There are reports that 2,4-D gen-
erally exhibits an inhibitory role in secondary metabo-
lism [63,64]. It can either alter the alkaloid profile e.g. in
Leucojum aestivum callus [65], or inhibit the production
altogether as in the case of tobacco alkaloids [63] and ter-
penoid indole alkaloids [66].

In contrast to alkaloids, chrysophanol and chrysarob-
in were clearly observed in cell cultures and growth me-
dia. Chrysophanol, an anthraquinone, is known to occur
in Rheum, Rumex, Rhamnus, Senna species [9] and in
Asphodelaceae [67]. It is also known from A. vera and
exhibits anti-inflammatory activity [38]. The compound
is also present in roots of A. gariepensis and A. viguieri.
Chrysarobin, an anthrone, is found from the stem of
Cassia singueana [68] and Chinese rhubarb [69]. There is
no previous report of this compound in Aloe. Elicitation
with chitosan increased relative peak areas of chrysopha-
nol and chrysarobin. The most noticeable effect was trig-
gered with salicylic acid for both cell lines. Peak areas of
both compounds increased several times and production
of three additional compounds increased. In A. garien-
pensis the relative concentrations of chrysophanol are
lower in the calli than in the root but for A. viguieri there
was an up to six fold increase of chrysophanol concen-
tration when non-elicited root is compared to calli elic-
ited with salicylic acid. Lee, et al. [38] elicited root cul-
ture of A. vera with salicylic acid and noticed a 5-13 fold
increase in chrysophanol production. They also noticed
that salicylic acid treatment increased expression of OKS
transcripts leading to anthraquinone production. There-
fore, besides missing specialized tissue, an alternative ex-
planation for the absence of piperidine alkaloids in callus
could be substrate competition (i.e. for malonyl-CoA) of
OKS and the yet to be identified type III PKS responsible
for alkaloid formation.

In conclusion, we studied three Aloe species, A. garie-
pensis, A. globuligemma and A. viguieri, which were cho-
sen based on previous reports on their alkaloid content.
Micropropagation of A. viguieri on MS medium con-
taining 0.25 mg L' BA and 0.4 mg L' NAA led to five
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high-quality plantlets per mother rosette within four
weeks. Lower hormone levels produced fewer plantlets,
whereas higher hormone concentrations produced more
but hyperhydrated plantlets. Here we report for the first
time N-methylconiine from Aloe and y-coniceine from
A. globuligemma. Explants of A. viguieri and A. gariepen-
sis generated callus on MS medium supplemented with
6.0 mg L 2,4-D and with a combination of 10.0 mg L™
NAA and 0.2 mg L BA, respectively. Additives (PVP,
ascorbic acid and adenine) were initially used in callus
induction medium to prevent toxic effects of leached
compounds. However, established calli of both species
have been maintained for over two years on 1.0 mg L™
2,4-D on MS without additives. Aloe callus can be grown
in suspension culture without any visible deterioration
such as hyperhydration. Neither callus cultures of A.
gariepensis nor of A. viguieri contained hemlock alka-
loids with or without elicitation with salicylic acid or
chitosan. Anthraquinones chrysophanol and chrysar-
obin were present in examined cell and media extracts.
Elicitation with salicylic acid increased the concentration
of chrysophanol.
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Supplemental Table 1: A. viguieri plantlet formation with different BA, NAA combinations and treatment durations.

BA (mg L) NAA (mg L") Time (weeks) Number of plantlets Data included/excluded
0.06 0.1 4 0 Included
0.25 0.1 4 2 Included
0.06 0.4 4 0 Excluded
0.25 0.4 4 5 Included
0.06 0.1 6 1 Included
0.25 0.1 6 2 Included
0.06 0.4 6 0 Included
0.25 0.4 6 0 Included
0.06 0.25 5 0 Included
0.25 0.25 5 1 Included
0.16 0.1 5 1 Included
0.16 0.4 5 2 Included
0.16 0.25 4 1 Included
0.16 0.25 6 0 Included
0.16 0.25 5 1 Included
0.16 0.25 5 0 Included
0.16 0.25 5 0 Included

Supplemental Table 2: A. viguieri plantlet formation with
different BA and NAA combinations. Results were recorded

after 4, 5 and 6 weeks.

Number of plantlets
BA (mgL') NAA(mgL') 4weeks 5 weeks 6 weeks
0.25 0.4 0 0 0
0.25 2 0 0 0
4 0.4 1 1 1
4 2 0 1 1
2.13 0.4 2 2 2
2.13 2 3 4 5
0.25 1.2 2 2 2
4 1.2 7 7 9
2.13 1.2 1 8 8
2.13 1.2 2 2 2
2.13 1.2 0 3 3
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Supplemental Table 3: The presence of base peak fragments of hemlock alkaloids in elicited samples. The ions were present
in trace amounts.

Time point
4.55 min 5.05 min 5.25 min
Days after
Cell line Elicitor elicitation Cells m/z Liquid m/z Cells m/z |Liquid m/z Cells m/z |Liquid m/z
Without 1 84 84 98 98 - 97
Aloe addition 3 84 84 - 98 - 97
gariepensis 5 84 84 - 98 - 97
line C 1 84 84 - - - 97
3 84 - - 98 - 97
Acetic acid 5 84 84 - - - 97
1 - 84 - - 97 97
3 84 84 - - - 97
Chitosan 5 - 84 98 - 97 97
1 84 84 98 98 97 97
3 - 84 - 98 - 97
Salicylic acid 5 - 84 - 98 - 97
Aloe viguieri  \yithout 1 . 84 - 98 - 97
line D addition 3 84 84 - 98 - 97
5 - 84 - 98 - 97
1 - 84 - 98 - 97
3 - 84 - 98 97 97
Acetic acid 5 - 84 98 98 97 97
1 84 84 - 98 - 97
3 84 84 - 98 - 97
Chitosan 5 - 84 - 98 97 97
1 - 84 - 98 97 97
3 84 84 - 98 - 97
Salicylic acid 5 84 84 - 98 97 97

Explanation: - not present.

Supplemental Table 4: Mass spectra of compounds 1-4 from elicited suspension cultures of cell lines C (Aloe gariepensis) and
D (Aloe viguieri).
Name R, (min) | Mass spectra (abundance %)

305 (M*, 9), 290 (2), 276 (3), 262 (12), 248 (23), 234 (7), 220 (5), 208 (13), 194 (26), 180 (4), 168 (5),

154 (19), 149 (1), 140 (8), 124 (5), 112 (17), 98 (100), 85 (68), 79 (18), 69 (17), 67 (36), 57 (13), 55
Compound 1 19.518 (39), 44 (16), 41 (35)

239 (M, 100), 224 (32), 210 (9), 196 (15), 180 (4), 165 (11), 152 (4), 139 (3), 126 (1), 115 (3), 105 (4),
Compound 2 21.049 96 (1), 90 (3), 83 (3), 77 (3), 69 (2), 63 (57), 57 (2), 51 (2), 41 (2)

258 (M*, 100), 240 (46), 229 (9), 225 (24), 212 (14), 201 (30), 197 (14), 183 (5), 173 (10), 165 (7),
Compound 3 21.325 155 (11), 141 (7), 127 (17), 115 (17), 99 (10), 91 (4), 85 (22), 77 (6), 71 (26), 65 (2), 57 (29), 43 (19)

257 (M*, 100), 239 (47), 228 (10), 224 (30), 210 (9), 196 (15), 181 (2), 173 (3), 165 (8), 152 (6), 139
Compound 4 24.952 (4), 128 (10), 115 (10), 105 (3), 98 (4), 90 (6), 83 (5), 77 (6), 69 (5), 63 (3), 57 (4), 43 (5)
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