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Abstract

Ajuga multiflora Bunge cells contain -ecdysterone (B-EC) that regulates the molting process of insect larvae. In this study,
different conditions of culture have been studied to optimize the production of B-EC. A. multiflora Bunge growth fitted the
curve of logistic equation with one growth cycle of 17 days. The electric conductivity of medium had a negative correlation
with not only the weight of dry cell but also the B-EC accumulation, and thus, could be used for monitoring the peak of both
cell growth and B-EC accumulation. The pH value of the culture medium varied from 4.67 to 5.84 and reached the maximum
at the end of the culture (on the 17th day). The relation of cell growth and nutrient consumption in A. multiflora Bunge cell
suspension culture was distinctly correlated. Continuous subculture caused a reduction in B-EC synthesis; passages 7-15,
the B-EC content declined (p < 0.05). At passage 11, the B-EC content was only 42.72% of that at passage 5. Additives such
as mevalonic acid (MVA), L-phenylalanine (L-Phe), a-pinene, terpineol, and nitric oxide (NO) in the suspension culture
medium, could significantly promote the cell growth and stimulate f-EC accumulation. The optimal concentrations of L-Phe,
MVA, terpineol, and a-pinene were 0.2 mmol/l, 10 mg/l, 1 mmol/l and 6 mmol/l, respectively, with the B-EC concentrations
as 1.914 + 0.1948 mg/g (p < 0.01), 6.012 + 0.4252 mg/g (p < 0.01), 5.147 + 0.4819 mg/g (p < 0.01), 2.801 + 0.1253 mg/g
(p < 0.01), respectively. The optimal concentration of sodium nitroprusside, the provider of NO, was 3 mmol/l with the 3-EC
concentration 2.87 + 0.2493 mg/g (p < 0.01). The results offer a strategy for massive production of 3-EC.
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Abbreviations MVA Mevalonic acid
B-EC B-Ecdysterone PBS Phosphate buffered solution
2,4-D 2.4-Dichlorophenoxyacetic acid SD Standard deviation
BA 6-Benzylaminopurine SNP Sodium nitroprusside
DMAPP Dimethylallyl pyrophosphate TTC Tetrazolium chloride
DMRT Duncan’s multiple range test
DOXP/MEP  5-Phosphate-p-deoxyxylulose/2-C-methy-
p-erythritol-4-phosphate Introduction
DW Dry weight
FwW Fresh weight Ecdysterone is the steroidal hormone in arthropods, includ-
IPP Isopentenyl pyrophosphate ing insects and probably invertebrates. It controls molting
KT Kinetin and metamorphosis in insects (Laurence 2001). Ecdysterone
L-Phe L-Phenylalanine exhibits essential roles at every stage of the life cycle of the
MEP 2-C-methy-p-erythritol-4-phosphate insect (Savchenko et al. 1998). Phytoecdysteroids produced
MS Murashige and Skoog culture medium by some plants have a structure, similar to that of insect-
MV Mean value derived ecdysterone. Thus, at certain dosages, the larvae can
not only develop into pupae, but also induce the insect into
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1996). The pesticide characteristic of phytoecdysteroids on
some pests, such as Clostera anastomosis (Linnaeus), Stilp-
notia candida (Staudinger), Tuberolachnus salignus (Gme-
lin), Hyphantria cunea (Drury), Aporia crataegi Linnaeus,
Malacosoma neustria testacea Motschulsky, Lymantria
dispar L., Aphrophora intermedia Uhler, Parthenolecanium
corni (Bouche), and Myzus persicae (Sulzer) have been stud-
ied (Shao et al. 1997; Chi et al. 1997a, b; Darvas et al. 1997).
In 2002, eight types of phytoecdysteroids extracted from
Ajuga multiflora Bunge were found to have killing effects on
the larvae of Cryptorrhynchus lapathi L. (Chi et al. 2002).
Phytoecdysteroids has been utilized to make the larvae of
Bombyx mori (L.) pupate synchronously in late autumn in
China (Nie and Qiu 1987). Accumulated evidences showed
that the acute toxicity of phytoecdysteroids to mammals or
humans is extremely low. Reportedly, the phytoecdysteroids
possess a great many helpful pharmacological effects, for
example, it can control diabetes and heal wound (Yoshida
et al. 1971; Ogawa et al. 1974; Kosar et al. 1997; Hou
et al. 2007; Zhu et al. 2014). The phytoecdysteroids can be
obtained from over 100 terrestrial plant families represent-
ing ferns, gymnosperms and angiosperms. More than 130
kinds of phytoecdysteroids have been found in both annuals
and perennials plants (Laurence 2001). The most common
compounds are 20-OH ecdysone, cyasterone, makisterone,
ajugalactone, and makisterone (Darvas et al. 1997). The
concentration of phytoecdysteroids in plants is higher than
that in insects (Qian et al. 2015). f-Ecdysterone (f-EC) is a
type of phytoecdysteroids commonly found in most of the
plants (Mamadalieva et al. 2003; Shoeb et al. 2006; Coll
et al. 2007; Ramazonov et al. 2017; Snogan et al. 2007).
As a perennial herb, Ajuga multiflora Bunge (Lamiaceae,
Ajuga L.) is distributed in many Chinese regions (Heilongji-
ang, Inner Mongolia, Hebei, Liaoning, Jiangsu, and Anhui),
Korea, and Siberia of Russia and is utilized to treat fever in
the folk medicine in Korea (Liu et al. 2010; Sivanesan et al.
2016). B-EC is commonly extracted from A. multiflora Bunge.
The wild resources of A. multiflora Bunge were limited, and
a prolonged duration was required for cultivation. Moreover,
the content of B-EC in the artificially cultivated A. multiflora
Bunge was low. A previous study found the possibility of
obtaining ecdysteroids, ecdysterone, and turkesterone from
the culture of tissues and cells of the plant Ajuga turkestanica
(Lev et al. 1990). Alternatively, the tissue of the plant and cell
cultures could be selected to breed A. multiflora Bunge, which
required more short-term growth and was not affected by both
seasons and by environment. The B-EC is primarily contained
in leaves of A. multiflora Bunge. Several studies have focused
on producing B-EC by leaves and callus cultures (Sun et al.
2015). A simple, fast, and convenient cell engineering tech-
nique has been applied to culture the cells of the leaves of A.
multiflora Bunge (Zhao et al. 2016). The cell culture of A.
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multiflora Bunge not only can provide sufficient raw materials
for producing B-EC in large scale, but also decrease the costs.

A. multiflora Bunge was collected from Fuling Forest Park
(41°50'N, 123°35'E) in Shenyang, Liaoning Province. The
effective propagation and preliminary suspension culture of
A. multiflora Bunge were built by Insect Laboratory of the
Department of Forest (Zhao et al. 2016). Since then, the condi-
tions of the system of suspension culture have been adapted to
optimally produce the secondary metabolites p-EC and facili-
tate an efficient B-EC extraction. In this study, to design an
optimal culture system for producing p-EC, the correlations
between the consumption of nutrient, electric conductivity,
growth of cells, and the accumulation of biomass have been
analyzed.

B-EC is synthesized by the pathway of mevalonate acid
(MVA) or the pathway of 5-phosphate-p-deoxyxylulose/2-
C-methy-p-erythritol-4-phosphate (DOXP/MEP). The MVA
pathway leads to the generation of terpenes and steroid ketones
by reduction to mevalonate. On the other hand, the DOXP/
MEP pathway produces terpenes by utilizing GA-3P and pyru-
vic acid as precursors. Although intermediate products of both
pathways are isopentenyl pyrophosphate (IPP) and its isomer
dimethylallyl pyrophosphate (DMAPP), the mechanisms
underlying the synthesis are varied based on the intracellular
localization of metabolic end products monocyclic monoter-
pene can influence the pathways of both MEP and MVA. The
a-pinene is capable of alternating the pathway of synthesis to
increase yield of steroid ketones by inhibiting the synthesis of
terpene. Terpineol, a monocyclic terpene alcohol produced
by a-pinene metabolism, can also function as an inhibitor of
terpene biosynthesis (Rohmer et al. 1993; Jomaa et al. 1999;
Reuter et al. 2002; Liao et al. 2006; Qian et al. 2016).

The present study was aimed at investigating the molecu-
lar effect which intervenes in pathway-based generation of
B-EC. MVA could be regarded as one precursor for the syn-
thesis of sterone; moreover, the fundamental amino acid,
L-phenylalanine (L-Phe) is treated as one frequently used
precursor for different pathways of secondary metabolism.
As nitric oxide (NO) is extensively utilized as one elicitor
of the secondary metabolism of plants, these substrates have
been supplemented in the A. multiflora Bunge suspension
culture system as additives, and their influence on the pro-
duction of the secondary metabolite, B-EC, has been evalu-
ated (Luo et al. 2003; Cao et al. 2012; Qiao et al. 2015; Qian
et al. 2016).

Materials and methods
Callus induction and suspension culture of cells

The leaves of A. multiflora Bunge served as the explants
for the induction of callus [culture contents: Murashige and
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Skoog culture medium (MS), 6-benzylaminopurine (BA)
0.2 mg/l, kinetin (KT) 0.2 mg/l and 2,4-dichlorophenoxy-
acetic acid (2,4-D) 0.4 mg/1]. After incubation for 14 days,
the tissues of callus were subjected to continuous cultiva-
tion (culture contents: MS and 2,4-D 0.4 mg/1) (Zhao et al.
2011). Subsequently, cells were harvested for the suspension
culture. In this study, the basic liquid medium included MS
media, 0.6 mg/l of 2,4-D. The pH value was set to be 5.8, the
concentration of sucrose was 3%, and the ratio of inoculation
was 10% (5 g cells in 50 ml of medium). Cell culture was
made in one 16/8 h light/dark cycle with the light intensity
of 2000 Ix at 25 + 1 °C and humidity of 70% with agita-
tion at 120-130 rpm. After 24 h, the large and compact cell
masses were removed from the callus tissues for continu-
ous cultivation for 8—12 days under the same conditions as
described above after passing through a 300-mesh sieve,
which retrieved the seed cells (Zhao et al. 2016).

These seed cells were inoculated at 10% ratio into the
basic liquid medium as described above and cultured for 1,
3,5,7,9, 11, 13, 15, and 17 days for the test.

Measurement of weight of cells and construction
of kinetic model

Suspension of cells was made through one 300-mesh sieve
and dried by filter paper; fresh weight (FW) was recorded
down. Subsequently, the cells were dried at the temperature
of 60 °C, so that dry weight (DW) could be measured.

The growth kinetics of cells were calculated by the fol-
lowing formula:

Lax (o X )
X dr X hax
where X, represented the highest cell concentration (g/1

DW), dt indicated parameter acquired in data fitting, and K
represented scaling factor.

Measurement of B-EC content in cell suspension

DW at 0.2 g of A. multiflora Bunge cells were soaked in 5 ml
methanol for 24 h, handled by ultrasound (YH-200DH, Yuhao,
China) for 1-2 h at 40 kHz, and digested by utilizing a micro-
wave (WT-8000 microwave digestion system, digestion con-
ditions: 7= 50 °C, p = 2Py, T = 10 min, W = 300 X 2). The
suspension of resultant was filtered with an organic membrane
(Lu Teng Co., China), and the B-EC content of the filtrate was
evaluated by HPLC. An MSC18 column (4.6 X 250 mm2,
5 pm particle size) (Agilent Co., USA) and one UV—-vis detec-
tor (range of detection: 190-800 nm) were adopted to detect
B-EC at a wavelength of 242 nm. The flow rate of the mobile

phase (ratio of methanol to water = 50:50) was 0.6 ml/min,
and the loading volume of sample was 10 pl (Mu et al. 2011).

Standards of B-EC with the concentration of 0, 0.1, 0.2,
0.4, and 0.8 mg/ml were prepared and loaded in 10 pl volume.
Detections of all standards were made repeatedly for three
times. The concentration was used as horizontal axis and the
mean peak area as vertical axis; the equation of regression of
B-EC was acquired (y = 18,498x + 226.24, R?= 0.9996). The
content of f-EC of all samples was calculated by standard
curve. The final concentration of f-EC = (y — 226.24)/18,498,
(y = peak area).

The kinetic model of f-EC production fitted in the reference
logistic equation:

P

_ max
P= Po—Po i’
1 o Oek

PU

where P, represented maximum concentration of the prod-
uct (mg/g), P, represented initial concentration of product
(mg/g), P represented concentration of the product (mg/g),
k indicated formation coefficient of product and 7 represents
culture duration (d).

Measurement of culture medium pH

The pH of culture medium was measured by S-25 pH meter
(Shanghai Leici Instrument Factory, China) (Chen et al. 2014).

Measurement of the electric conductivity of culture
medium

The conductivity of culture medium was measured by one
BEC microprocessor-based conductivity meter (BEC-11AW,
Bell Analysis Instrument Co., Ltd.) (Ge et al. 2010).

Measurement of the consumption of nutrient
and sugar

The method of molybdenum blue was employed to measure
the content of phosphate of the culture medium. Salicylic acid
spectrophotometry was adopted to determine the content of
nitrate, whereas, ninhydrin assay was utilized for measuring
the level of ammonium salt content. The total content of solu-
ble sugar was estimated by the anthrone colorimetric method
(Qian et al. 2016).

The kinetics of consumption of sugar was calculated by the
following formula:

mYy/st
- Yx/s
3
e Yx/.;
s
Y.

X/S

Cs = C0 —
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where Y* /, Tepresents yield in theory, m is maintenance factor

of cells, Y,/ is macro-yield, ¢, refers to initial concentration
of substrate (mg/l DW), c, refers to concentration of sub-
strate (mg/1), and ¢ is time of culture (d).

Measuring the influence of passage on B-EC content

The B-EC content of the cells of A. multiflora Bunge was
measured in the initial inoculation (passage 1), and then
preceding every passage at once, which was conducted by
the inoculation of 5 g of cells in 50 ml of liquid medium per
10 days for 15 passages.

Measuring the influence of exogenous substrates
on the growth of cells and content of B-EC

In order to evaluate the influence of a-pinene, MVA, L-Phe
or terpineol on the growth of cells and content of B-EC,
cells of A. multiflora Bunge at passage 11 were inoculated
(5 g) in 50 ml of liquid medium with the supplement of
indicated additives separately or in combination and cultured
for 7 days. Both the growth of cells and content of B-EC
were measured during the measurement, every treatment
was repeated three times.

The L-Phe (0.1652 g) was diluted with sterile ddH,0
(10 ml) at the concentration of 0.1 mol/l, then it was added
to the culture medium to yield a final concentration of 0,
0.1, 0.2, and 0.4 mmol/l. The MVA was diluted with KOH
(0.1 N) at the concentration of 50 g/l, then it was added to
the culture medium to yield a final concentration of 0, 5,
10, 20, and 60 mg/l. The a-pinene was diluted with 100%
ethanol (ratio of a-pinene to ethanol = 8:2 in volume), then
it was added to the culture medium to yield a final concen-
tration of 0, 3, 6, and 12 mmol/l. The terpineol (8.4 ml) was
diluted with 1.6 ml of 100% ethanol, then it was added to
the culture medium to yield a final concentration of 0, 0.5,
1,2, and 3 mmol/l. After 2 days growth of cells, the activity
of cells and content of f-EC were measured.

In order to evaluate the influence of NO on the growth
of cells and content of B-EC, cells of A. multiflora Bunge at
passage 11 were inoculated (5 g) in 50 ml of liquid medium
and cultured for 7 days. Sodium nitroprusside (SNP, 1 mol/l,
29.80 g SNP in 100 ml ddH,0), the donor of NO, was added
to the culture medium to yield a final concentration of 0, 0.1,
0.5, 1, 3, 5, 10 mmol/l (0.5 mol/l of SNP that can release
2.0 pmol/I NO). After 2 days growth of cells, the activity of
cell and content of f-EC were measured.

The assay of tetrazolium chloride (TTC) was adopted to
evaluate the activity of cells. The fresh cells (0.4 g) were
incubated with phosphate buffered solution (PBS) (2.5 ml,
pH 7) and 0.4% TTC (2.5 ml) for 14 h in the dark. Then the
suspension was centrifuged, the supernatant was abandoned,
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and the cells were rinsed with ddH,O for three times. 95%
ethanol (5 ml) was added to washed pellet and the cells were
decolorized in water bath at 60 °C for 30 min (the flask
was agitated for 5 min at each step). The absorbance was
measured at 485 nm by using one spectrophotometer (Qian
et al. 2016).

Experimental design and statistical analysis

In this study, three samples (same culture time) were
assessed in each group, to assess the cell DW and FW, $-EC
content in the culture medium, the impact of passage on
B-EC content, pH of the culture medium, electric conductiv-
ity, soluble sugar, phosphate, nitrate, and ammonium salt.
The results are the mean value of three samples. The mean
value (MV) and standard deviation (SD) was calculated
by Microsoft Excel 2007 (Microsoft Co. Redmond, USA).
Experimental data were sorted and recorded by Microsoft
Excel 2007 (Microsoft Co. Redmond, USA). Kinetic fitting
of B-EC production and sugar consumption was performed
by OriginLab 9 (OriginLab Co. Northampton, USA). The
significant variation between each group was analyzed by
Duncan’s multiple range test (DMRT), significant differ-
ences were determined at p = 0.01 and p = 0.05 level with
the aid of SPSS 22 (SPSS Inc. Chicago, USA).

Results

Growth curve of Ajuga multiflora Bunge cells
under basic liquid culture medium

The growth cycle of the cells of A. multiflora Bunge lasted
for 17 days, and the growth curve was in S-shape. In lag
phase (1st to 3rd day), cells grew and biomass accumu-
lated at a slow speed. Between 3rd and 11th days, the
logarithmic growth phase occurred. From 11th to 15th
days, the cell growth waned gradually, entering the station-
ary phase, when the biomass accumulation (FW) reached
33.67 +0.17 g - 50 m/1; this was 6.734-fold of the inoculum
amount. The stationary phase lasted until the 15th day, after
which, the cells entered into the declining phase, and the
accumulation of biomass was reduced (Fig. 1).

Electric conductivity of cell culture, cell DW,
and B-EC content in the culture medium

During the suspension culture of A. multiflora Bunge, the
conductivity of culture medium was lowered, whereas the
DW of cells were raised (Fig. 2). On day 11, DW reached its
zenith, 0.663 + 0.045 g, and relevant electric conductivity
was 1.69 + 0.036 ms/cm. After cells entered into stationary
phase, the electric conductivity went down. The variations
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Fig. 1 Dynamic changes of cell fresh weight in A. multiflora Bunge
culture. Note: basic liquid medium consisted of MS media, 0.6 mg/l
of 2,4-D. a, b, c, d, e: different letter means differences are signifi-
cant; the same letter means differences are not significant; capital let-
ters indicate a very significant difference (p < 0.01), lowercase letters
indicate a significant difference (p < 0.05)

in DW and growth of cells were suitable for the following
equation:
Xmax B XO
X=Xy+ ———.
1=ty
1+ e(T)

The parameters acquired in data fitting were as follows:
Xy = 0.67643, X, = 0.1504, 1, = 4.97272d, dt = 2.94306,
and the correlation coefficient R? = 0.98086, which demon-
strated that the model well reflected the kinetics of the cell
growth of A. multiflora Bunge in suspension culture.

074
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0.3 4

Cell dry weight (g/1)

0.24
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Time (d)

Fig.2 Cell dry weight in A. multiflora Bunge culture (spots indicate
the cell dry weight at different culture times, curve is cell dry weight
kinetics)

The content of B-EC had a negatively correlation with
the electric conductivity of medium (Fig. 3). When electric
conductivity rose to 1.69 + 0.036 ms/cm, the B-EC con-
tent peaked at 5.068 + 0.382 mg/g. In stationary phase, the
electric conductivity was continually reduced until reach the
declination phase, which was a potential result of the out
flow of intracellular ions after the rupture of cell membrane.

The correlation coefficient R* = 0.8931, P,,,, = 0.204 and
k = 1.3505 was included in the parameters which described
the accumulation of B-EC in suspension culture and were
acquired in data fitting (Fig. 4). In HPLC experiment, the
zenith of standard f-EC appeared at 9.214 min (Fig. 5).

The pH variation of the cell culture medium
during A. multiflora Bunge cell culture process

Throughout the whole growth cycle, the medium pH varied
and immediately declined after the inoculation. On day 3
after inoculation, the pH value reached a minimum, which
was 4.67 + 0.24, following which, it increased gradually
within the range 4.74-5.84. On day 17, the pH had raised to
5.84 + 0.21 (Fig. 6).

Substrate consumption during A. multiflora Bunge
culture process

The curve comparison of the growth of cells and con-
sumption of substrate suggested that these two indicators
had a significant association. The contents of phosphate,
sugar, ammonium salt and nitrate were found to slowly
decline with the growth of cells in suspension culture
(Fig. 7). However, on day 17, 12.64% of the medium
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Fig.3 Dynamic changes in cell suspension electric conductivity and
B-EC content. Note: a, b, ¢, d, e: different letter means differences are
significant; the same letter means differences are not significant; capi-
tal letters indicate a very significant difference (p < 0.01), lowercase
letters indicate a significant difference (p < 0.05)
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Fig.4 PB-EC content accumulation in A. multiflora Bunge culture at
different times (spots indicate the f-EC production at different culture
times, curve is f-EC accumulation kinetics)

nitrates remained unabsorbed, whereas 8.67% of the
ammonium salts were unabsorbed. The consumption of
total sugar conformed to the kinetic model of the con-
sumption of sugar; Y;‘/‘Y = 8.2909, m = 0.1033 (Fig. 8). The

correlation coefficient, R = 0.9988, showed that the
curve well reflected the consumption rate of sugar in the
process of suspension culture.

VWD1 A, Wavelength=242 nm (B2.D)

The impact of cell passaging on B-EC accumulation

The B-EC content in A. multiflora Bunge suspension culture
cells increased from the first to fifth subcultures and reached
to 4.27 + 0.48 mg/g at passage 5. Nevertheless, from pas-
sages 7—15, the content of B-EC decreased (p < 0.05)
(Fig. 9), and the content of B-EC at passage 11 accounted
for only 42.72% of that at passage 5.

The impact of exogenous substrates on the activity
of A. multiflora Bunge and accumulation of B-EC

The exogenous culture additives were supplemented to pas-
sage 11 A. multiflora Bunge culture to estimate their influ-
ence. At this passage, we observed less f-EC production
than in the younger cells, thereby, speculating that the exog-
enous additives increased the accumulation of f-EC.

The impact of L-Phe on A. multiflora Bunge cell
activity and B-EC accumulation

Supplemented with 0—0.4 mmol/l. L-Phe, the activity of cells
at passage 11 A. multiflora Bunge suspension culture was
increased significantly (p < 0.01; Table 1). Nevertheless, the
impact of L-Phe was not significant on the content of $-EC.
Taking the influence of subculture into account, the activ-
ity of cells with 0.2 mmol/l L-Phe was 2.2-fold that of the
control and could be used as an activator of the suspension
cells at passage 11.
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Fig.5 The HPLC chromatogram of $-EC
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Fig.6 The pH values in A. multiflora Bunge cells suspension culture
at different times. Notes: pH initial change from 5.30 to 4.67 attrib-
uted to the cells absorb ammonium ion to adapt the suspension cul-
ture environment. a, b, ¢, d, e: different letter means differences are
significant; the same letter means differences are not significant; capi-
tal letters indicate a very significant difference (p < 0.01), lowercase
letters indicate a significant difference (p < 0.05)

The impact of MVA on A. multiflora Bunge cell
activity and B-EC accumulation

The cell activity of A. multiflora Bunge cell suspension,
supplemented with 0-60 mg/l MVA increased significantly
(p < 0.01; Table 1). The addition of 5 or 10 mg/l MVA
promoted the synthesis of f-EC, enhanced the content of
B-EC by 1.527- and 2.297-fold that of the control, respec-
tively (p < 0.05 and p < 0.01, respectively). However, the
growth of cell was inhibited by 20 or 60 mg/l MVA dose-
dependently, while the ordinary growth was enhanced by the
cell suspension system supplemented with 20 mg/l MVA,
and the color of medium was gray. On the other hand, the
color cell suspension culture incubated with 60 mg/l MVA
was brown, even death, and the accumulation of f-EC was
dramatically decreased.

The impact of a-pinene on the cell activity A.
multiflora Bunge and accumulation of 3-EC

Adding 12 mmol/l a-pinene into A. multiflora Bunge cell
culture medium reduced the growth of cells (Table 1); how-
ever, 3 and 6 mmol/l a-pinene enhanced the cell activity
(p < 0.05). In presence of 6 mmol/l a-pinene (p < 0.01), the
accumulation of B-EC was elevated to 2.801 + 0.1253 mg/g,
which was 1.9-fold than that of the control.

The impact of terpineol on A. multiflora Bunge cell
activity and B-EC accumulation

Supplementing the A. multiflora Bunge cell culture with
1 mmol/l terpineol significantly stimulated the synthesis of
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Fig.7 The nutrients consumption of A. multiflora Bunge culture.
Note: a, b, c, d, e: different letter means differences are significant;
the same letter means differences are not significant; capital letters
indicate a very significant difference (p < 0.01), lowercase letters
indicate a significant difference (p < 0.05)

B-EC synthesis, elevating the content 1.81-fold that of the
control (p < 0.01; Table 1). However, when the concentra-
tion was > 2 mmol/l, terpineol reduced the cell growth and
activity, as well as resulted in browning and death.
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Fig.8 Sugar kinetics of A. multiflora Bunge culture
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Fig.9 The impact of subculture times on f-EC accumulation in sus-
pension culture within 15 days. Notes: a, b, c, d, e: different letter
means differences are significant; the same letter means differences
are not significant; capital letters indicate a very significant differ-
ence (p < 0.01), lowercase letters indicate a significant difference
(» <0.05)

The impact of NO on A. multiflora Bunge cell activity
and B-EC accumulation

Distinct differences were not observed in the f-EC accu-
mulation at 0.1 and 0.5 mmol/l in the presence of SNP. The
B-EC accumulation reached 2.46 + 0.4753 mg/g in presence
of 1 mmol/l SNP (p < 0.05). However, B-EC accumulation
reached 2.87 + 0.2493 mg/g in presence of 3 mmol/l SNP
(» < 0.01). In addition, B-EC accumulation was decreased
slightly in presence of 5 mmol/l SNP, but did not achieve sta-
tistical significance (Fig. 10).
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Discussion

The pH of the culture media is critical for the regulation
and maintenance of cellular activities (Teo et al. 2014).
The cells and tissues of plants need an optimal pH to grow
and develop in cultures. The pH can affect the nutrients
absorption and hormonal and enzymatic activities in plant
cells (Bhatia and Ashwath 2005). In this study, pH var-
ied throughout the entire growth cycle. During the lag
phase, the decreased pH from 5.30 to 4.67 in the culture
medium might be attributed to the adaptation of cells to
the environment of suspension culture. After a short lag
period, during which the suspension cells adapt to the cul-
ture condition, the pH begins to rise resulting from the
absorption of ammonium ions by the cells. When exposed
to an environment with unstable ambient pH, for growth
and metabolism, the cells adjusted to maintain a relatively
stable environment (OH et al. 2008).

The electric conductivity has been used successfully
to monitor the cell growth as the increase in biomass
can decrease the medium electric conductivity (Wen and
Zhong 1996). In the culture medium, the electric con-
ductivity can reflect the concentration of ions in culture
medium in a direct manner and the nutrient contents
occurring as ions in indirect manner. Along with cell
growth and secondary metabolism, the nutrition in the
cell culture was consumed gradually, thereby depleting
the quantity in the suspension culture. The present study
found that with an increased B-EC accumulation, the
electric conductivity decreased, which was similar to the
result from the study of electric conductivity in the culture
medium of suspension culture of Ajuga lobata D. Don
for 20-hydroxyecdysone accumulation (Qian et al. 2016).
This phenomenon might be a characteristic of both Ajuga
lobata D. Don and A. multiflora Bunge belonging to the
Ajuga genus. Therefore, the culture medium electric con-
ductivity can reflect cell growth and f-EC accumulation
in A. multiflora Bunge cell suspension culture.

In this study, the relationship between consumption of
nutrient, growth of cells, and accumulation of biomass
was analyzed, and it was found that the growth curve of
cells corresponded to nutrient consumption curve. Nev-
ertheless, the consumption of nitrate and ammonium salt
was not synchronous; the consumption rate of ammonium
salt was faster than that of the nitrate during the initial
3 days of the lag phase, but slower in both logarithmic
and stationary growth phases. The consumption of these
substrates came to stop after cells entered into declining
phase. At the end of the culture, the content of the residual
nitrates and ammonium salts differed significantly in the
culture medium, which might be attributed to the mecha-
nisms underlying the growth of A. multiflora Bunge cells
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Table 1 Effect of additives

. Additives Concentration Cell growth Cell activity MV + SD B-EC (mg/l) MV + SD
on A. m{zlnﬂora Bunge cell (mmol/l or mg/1)
suspension culture on the
seventh day L-Phe 0 ++ 0.31 +0.045Cd 1.82 + 0.0569Aa
0.1 ++ 0.45 + 0.015Bc 1.808 + 0.0515Aa
0.2 ++ 0.68 +0.01Aa 1.914 + 0.1948Aa
04 ++ 0.57 + 0.08ABb 1.865 + 0.656Aa
MVA 0 ++ 0.31 + 0.045Bb 1.82 + 0.0569Dd
5 ++ 0.34 + 0.026Bb 4.59 + 0.2094Bb
10 + 0.38 + 0.036ABb 6.012 + 0.4252Aa
20 - 0.45 + 0.03Aa 3.235 + 0.5723Cc
60 - - -
a-Pinene 0 ++ 0.31 + 0.045Bc 1.82 + 0.0569Cc
3 + 0.38 + 0.02Bb 1.961 + 0.0929Cc
6 + 0.59 + 0.0Aa 2.801 +0.1253Aa
12 - 0.36 + 0.039Bbc 2.413 + 0.1812Bb
Terpineol 0 ++ 0.31 + 0.045Aa 1.82 + 0.0569Cc
0.5 + 0.3 +0.033Aa 2.761 + 0.1503Bb
1 + 0.28 + 0.057Aa 5.147 + 0.4819Aa

1.422 + 0.2696Cc

1.382 + 0.2927Cc

“++” cells are growing very well; “+” cells are growing

a, b, c, d, e: different letter means differences are significant; the same letter means differences are not sig-
nificant; capital letters indicate a very significant difference (p < 0.01), lowercase letters indicate a signifi-

cant difference (p < 0.05)

35
Aa
3 ABa
25
3 2 BCb BCb
& BCb cb
B 15
[--%
1
05
0
ck 0.1 05 1 3 5

SNP (mmol/l)

Fig. 10 The impact of sodium nitroprusside (SNP) at different con-
centrations on B-EC accumulation in suspension culture. Notes: a, b,
¢, d, e: different letter means differences are significant; the same let-
ter means differences are not significant; capital letters indicate a very
significant difference (p < 0.01), lowercase letters indicate a signifi-
cant difference (p < 0.05)

requiring ammonium salt. On the other hand, the f-EC
accumulation was significantly associated with nitrate in
the logarithmic growth period. A study also found that
NH,* and NO;" absorbed by cells were assimilated imme-
diately because the high concentration of NH,* renders
toxicity that will inhibit the synthesis of ATP and hydroly-
sis during photoreaction (Oh et al. 2008). The study of

growth kinetics of Sorbus aucuparia L. culture suspension
suggested that kinetics can optimize the cell culture con-
ditions (Xiao et al. 2013). For example, Subhashini et al.
(2014) utilized growth kinetics in order to establish a cell
suspension culture for sea grass Halodule pinifolia. The
growth kinetics also laid the foundation for the stimulation
of cell growth of A. lobata D. Don. The curve of growth
indicated that the cells of A. lobata D. Don fit the logistic
function that represented the kinetics of cell growth (Qian
et al. 2016).

Owing to the complexity of the biochemical reactions,
none of the models could incorporate all the influencing
factors during cell growth. Thus, in this study, only sucrose
was utilized as the limiting factor, supposing that the accu-
mulation of biomass was synchronous with -EC synthesis.
Therefore, in order to design suitable cell culture medium,
a kinetic model of sucrose consumption was established.

Furthermore, not only environmental factors and hor-
mones but also cell groups, cell tissues, and cell culture can
influence the in vitro-cultured plant cells, such as loss of
metabolites or cell death during passage (Hu et al. 2003;
Fang et al. 2005). In this study, f-EC production was weak-
ened in A. multiflora Bunge cells after subculture. Thus,
in order to stimulate the secondary metabolism, precursor
concentration, temperature, nutrient and hormone additives
were altered in the suspension culture conditions; also,
new suspension culture cycle could be established by new
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callus tissue. Herein, exogenous culture additives were sup-
plemented to the culture of A. multiflora Bunge cells, so
that the influencing capacity of these exogenous additives
of culture could be measured. At passage 11 of A. multiflora
Bunge cells, f-EC production was less than that in younger
cells. The additives indicated above were added to passage
11 aspiring to measure the influence of those exogenous
additives on B-EC accumulation.

Precursors are defined as those primary metabolisms that
participate in the synthesis of target secondary metabolisms
directly (Qian et al. 2016). Zhou et al. (2002) found that
the precursors of serine (2-amino-3-hydroxypropanoic acid)
and sodium benzoate (E211, benzoate of soda) enhanced
the accumulation of taxol in Taxus chinensis (Pilger) Rehd
cell suspension. Another study also found that the precur-
sors such as L-Phe, tyrosine, and cinnamic acid enhanced the
accumulation of glycyrrhizic flavone in Glycyrrhiza inflata
Bat cell suspension culture (Yang et al. 2007). MVA directly
enhanced the accumulation of plant secondary metabolites
(Sun et al. 2000). In this study, the growth of A. multiflora
cells in suspension was inhibited; however, the activity of
the cells was increased, and the accumulation of B-EC was
significantly enhanced after MVA was added to the culture.
Nevertheless, the cells might display browning and even
result in mortality as a result of high concentrations of MVA
added to the culture system. This result was similar to that
obtained from the study, wherein MVA was applied for the
accumulation of 20-hydroxyecdysone in A. lobata D. Don
suspension culture (Qian et al. 2016). This phenomenon
might be attributed to the toxicity induced by the high con-
centration of MVA in suspension cells, which in turn, might
inhibit the absorption of nutrient substances or influence the
synthesis of metabolites.

Some substances can be used as inhibitors of the activity
of specific enzymes involved in metabolism. As a result, the
cells can be promoted to synthesize a specific compound.
Many studies postulated that the addition of inhibitors alter-
nated the pathways by stimulating the secondary metabo-
lism. A study found that the inhibitors added to the Arte-
misia annua L. cell suspension culture could enhance the
accumulation of artemisinin (Li et al. 1999). Another study
also found that inhibitors, gibberellic acid and ancymidol,
added to the cell culture of Taxus brevifolia could enhance
the accumulation of taxol (Collins-Pavao et al. 1996). In
present study, the MAV and DOXP/MEP-based pathways
were redirected to enhance the accumulation of B-EC by
the addition of inhibitors, such as derivative terpineol and
a-pinene. The two inhibitors could enhance the accumu-
lation of B-EC; however, the high concentration of these
two inhibitors inhibited the cell activity as well as the accu-
mulation of B-EC. This result was similar to that obtained
from the study of accumulation of 20-hydroxyecdysone in
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the suspension culture of A. lobata D. Don using these two
inhibitors (Qian et al. 2016).

The elicitors constitute the series of substances that can
alter the metabolic pathways or induce the defense responses
of plants. The NO is generally accepted as one elicitor for
the secondary metabolism during the suspension culture
of plant cells. The primary role of NO is to regulate the
metabolic process of specific enzyme activity and the tran-
scription level of some key enzymes; thus, NO served as a
molecular switch (Zang et al. 2006; Wang et al. 2015; Qian
et al. 2016). A study found that lipoxygenase played a major
role in stimulating the elicitors. The activity of lipoxygenase
had a positive correlation with the yield of paclitaxel, while
methyl jasmonate was a principal product in the lipoxyge-
nase pathway. The addition of methyl jasmonate induces
the synthesis of taxol by lipoxygenase pathway, which in
turn, synthesizes several molecules with activity for signal
transmission (Huang et al. 2005).

The NO added to the A. lobata cell suspension culture
promotes the cell growth and influences the f-EC accumula-
tion (Qian et al. 2015). In this study, the high concentration
of NO did not enhance the accumulation of B-EC efficiently.
A. multiflora Bunge suspension cells treated with 5 mmol/l
SNP exhibited the low level of secondary metabolites and
B-EC content than the cells treated with 3 mmol/l SNP. The
level of B-EC in A. multiflora Bunge suspension cells treated
by 1 or 3 mmol/l SNP was remarkably higher than that in
control group.

This study provided an experimental insight into the mas-
sive production of B-EC, which can be used as a safe and
pollution-free biological pesticide; however, whether the
combination of the different precursors, inhibitor, and elici-
tors, could enhance the accumulation of B-EC in A. multi-
flora Bunge cell suspension necessitates further exploration.

Conclusions

Since there is a high demand for pest control using envi-
ronmentally friendly methods, B-EC has a great potential
as an effective substance to control pests. But mass produc-
tion of B-EC is difficult and costly. In our present study,
different culture conditions have been studied to optimize
the B-EC production. Furthermore, we found that including
many additives (MVA, L-Phe, a-pinene, terpineol, and NO)
at specific concentration to the suspension culture medium
not only could significantly promote the cell growth and
stimulate B-EC accumulation, but also these additives can
be easily obtained. The implication of this study is that the
production cost of this environmentally friendly substance
can be brought down. Also the study makes massive produc-
tion of B-EC become possible.
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