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Abstract

Previously, our group reported the establishment of a white callus cell line of Buddleja cordata Kunth that is a high producer
of the secondary metabolite, verbascoside (VB, also named acteoside), under suspension culture conditions. Here, we present
experimental evidence of the sustained ability of that cellular line to grow and produce high amounts of VB for 5 years of
continuous culture. Cellular line profiles were determined at the early (at the beginning) and late stages (at the end of 5 years
of continuous subculturing) by analyzing relevant parameters of culture growth, i.e., specific growth rate [u], doubling time
[dt], and growth index [GI], as well as VB production. Late-stage cultures exhibited a 61% faster growth rate than early-stage
subcultures, and 25 and 3% lower doubling time and growth index. The extents of growth phases were found to be different.
Similar amounts of biomass were found (9.5 g and 9.4 g L™!). Verbascoside production increased parallel to cell growth;
maximal yield level occurred in the mid-exponential phase and lasted until the end of the stationary phase (i.e., from the
15th to the 25th day and from the 9th to the 21st day for the early and late stages, correspondingly). The content of VB was
higher in the late-stage culture (1.43 +0945 g L") than in the early-stage culture (1.21 +0.0286 g L™!). Productivity values
point out the potential use of B. cordata cell line in the biotechnological production of VB and for research focused on the
biochemistry of secondary metabolism.

Keywords Buddleja cordata - Long-term culture - Phenylpropanoid - Plant cell suspension cultures - Growth parameters -
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Introduction

A major goal of biotechnology is the exploitation of plant
metabolism to attain the large-scale production of second-
ary metabolites that hold potential as pharmaceutical drugs.
One possible key to fulfill this goal is using in vitro cul-
ture systems to maximize the biosynthetic activity of cells,
organs, or tissues grown in isolation from the whole plant.
Among these systems, cell suspension cultures allow cells
to grow in a tridimensional space supplied with constant
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aeration and defined nutrient conditions. Once initiated, sus-
pension cultures are maintained by periodically subcultur-
ing cell samples in a fresh nutrient medium. By repeating
subculture rounds, researchers may stimulate growth over
extended periods while simultaneously selecting for fast cell
division rates and clonality within cultures. Another impor-
tant advantage of this culturing system is the possibility of
exposing cell populations to chemicals in growth and meta-
bolic response tests, and to experimentally evolve the adap-
tation to long-term growth as a preamble to the upscaling to
bioreactor culturing (Bourgaud et al. 2001).
Notwithstanding the above advantages, cell suspension
culture systems should be screened for the appearance of
unexpected traits that may limit the biotechnological use
of a cell line. Low tolerance to stress, decreased robustness
against aging, and gradual loss of biosynthetic activities may
result from the gene expression changes by which cells dedi-
fferentiate and stabilize in the liquid environment (Hirasuna
et al. 1991; Scragg 1995; Qu et al. 2005, 2011; Roberts
2007; Kolewe et al. 2008; Sdnchez-Sampedro et al. 2009;
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Dubrovina and Kiselev 2012; Wilson and Roberts 2012;
Kwiatkowska et al. 2014). Physiological and biochemical
changes are also expected to happen as a by-product of con-
tinuous growth (i.e., long-term culturing and/or several num-
bers of subcultures) in a constant environment lacking cues
for the maintenance of genome functionality resulting from
molecular mechanisms (i.e., genetic and epigenetic factors)
(Phillips et al. 1994; Kolewe et al. 2008). Genetic changes
that take place during the plant cell culture are known as
somaclonal variation (Jain 2001; Smykal et al. 2007; Neela-
kandan and Wang 2012; Kiselev et al. 2013; Kwiatkowska
et al. 2014; Dubrovina and Kiselev 2016; Yue et al. 2016).

Visual screening of cultures and growth-kinetics analyses
are standard procedures which indicate cellular metabolic
and growth variation under certain culture conditions. Its
performance is necessary to minimize environmental cues
leading to cell-line instability (Kwiatkowska et al. 2014; Isah
et al. 2018). By comparing culture samples over extended
periods, it can be determined whether the cell line maintains
high growth efficiency and metabolic vigor (Bouque et al.
1998; Bourgaud et al. 2001). Biomass accumulation and
secondary metabolite biosynthesis measurements are par-
ticularly significant as evidence of sustained metabolic abil-
ity. As a whole, these comparative analyses may be used as
descriptions of trait trajectories to facilitate the selection and
maintenance of a phenotypically robust and high-yielding
cell line suitable for the upscaling of secondary metabolites
production (Yue et al. 2016).

Buddleja cordata Kunth (Scrophulariaceae) is a plant
species endemic to Mexico, where it is known as Tepozdn
and has widespread use in traditional medicine (Martinez
1989). Its therapeutic properties are believed to depend on
major compounds of the phenylpropanoid biosynthetic path-
way (Estrada-Zuiiiga et al. 2009), among which verbasco-
side (VB) stands out for its anti-oxidant, anti-inflammatory,
anti-parasitic, anti-proliferative, and anti-microbial activities
(Alipieva et al. 2014; He et al. 2011; Sipahi et al. 2016, and
references therein). VB has shown few side effects and thus
is a target of research focused on developing sustainable
methods for its large-scale production (Santoro et al. 2008;
He et al. 2011; Santos-Cruz et al. 2012; Perucatti et al. 2018;
Vazquez-Marquez et al. 2019).

Our group previously established a white callus cell
line of B. cordata that biosynthesizes high amounts of VB
(86.26 mg g~! dry weight [DW]). Importantly, higher lev-
els of VB (116 mg g~! DW, equivalent to 1.44 g L™!) are
observed after inducing the cell line to grow for a short time
(10 subcultures) in liquid medium (Estrada-Ziiiga et al.
2009). In the present work, we evaluated the ability of that
cell line to grow and biosynthesize VB in a long-term cell
suspension culture that was maintained for 5 years.

The capability to accumulate high amounts of biomass
and verbascoside prevailed over time. We propose that the
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cell line is well suited for its use in the biotechnological
production of VB and the experimental determination of
secondary metabolite biosynthesis.

Materials and methods

We used the B. cordata cell line previously established in a
semisolid medium by Estrada-Zuiiiga et al. (2009). Follow-
ing the methodology of these authors, a cell suspension cul-
ture was initiated in 2014 and maintained by transferring cal-
lus cell aggregates from a semisolid culture into Erlenmeyer
flasks containing liquid medium. We used half-strength MS
liquid medium (Murashige and Skoog 1962) supplemented
with 0.45 uM 2.,4-dichlorophenoxyacetic acid (2,4-D),
2.32 uM kinetin (KIN), 3% (w/v) sucrose, 100 mg L~ citric
acid, and 150 mg L™" ascorbic acid. Incubation was carried
out at 26 +2 °C with constant shaking at 110 rpm and a
photoperiod of 16 h light (30 umol m~2s™1).

Cell growth was renewed at 18-day intervals by subcul-
turing inocula of weighed biomass. This long-term culture
was maintained for approximately 100 subculture rounds
(summing 5 years of continuous growth) and served as bio-
mass source to prepare sample subcultures for experimenta-
tion. To determine the stability of the cell line, we performed
growth kinetics to determine growth parameters (u, dt, and
GI) at the early (at the beginning) and late stages (at the
end of the 5-year culturing period) (hereafter, we refer to
these sample cultures as early- and late-stage cultures). Each
stage consisted of three consecutive kinetic rounds. Fresh
and dry weight measurements were made at 3-day inter-
vals during 30 days of culture; sampling was carried out in
triplicate by transferring 3 g of fresh biomass to 250-mL
Erlenmeyer flasks containing 50 mL of liquid medium. Cal-
culations were performed according to Godoy-Hernandez
and Véazquez-Flota (2012).

Growth index (GI) is a relative estimation of the growth
capacity of a cellular line; it provides information about
the ratio of the gained and the initial biomass. The gained
biomass correlates the difference between the final and the
initial masses:

WF - WO
W()
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where Wy and W, represent the final and the initial masses,
respectively.

Specific growth rate (u) is defined as the rate of growth of
biomass of a cellular population per unit of biomass concen-
tration. It is calculated during the exponential growth phase
in which the growth in the cell population fits a straight line
equation:
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Inx = pt + Inx,,

Inx — Inx,
H = f’
where X is the initial biomass and x is the biomass at time ¢.
Doubling time (dt) is defined as the time necessary for the
accumulation of biomass in a cellular population to dupli-
cate itself:

=2,

u

where u represents the specific growth rate.

VB extraction from biomass samples, its detection and
quantification, HPLC assays, and specific VB production
rate calculations were performed as in Estrada-Zifiiga et al.
(2009).

Specific production rate (qp) is defined as the rate of
metabolite production in a cellular population per unit of
product concentration. When metabolite production is asso-
ciated with growth, qp is calculated during the growth phase
as well as in the cellular growth case, and production in the
cell population fits a straight line.

Inp = ut + Inp,,

Inp — Inp,
H= 7,

where p, is the initial product and p is the product at time z.

The productivity of a culture (g product L™! cul-
ture day~!) results from the sum of its growth rate, yield
(product accumulation) and biomass accumulation (Scragg
1995).

OpenLAB software (version A.01.05 Agilent Technolo-
gies Inc., Santa Clara, CA, USA) was used to acquire and
interpret chromatographic data. The NCSS software v.10
was used for statistical analyses of VB concentration and

(b)

Fig. 1 Visual characteristics (a) and cellular morphology (b) of long-
term cell suspension cultures of B. cordata . Cells were stained with
Evans blue (dead cells were blue-stained). Cellular morphology was

growth parameters. A p <0.05 was assumed for significant
differences.

Results and discussion

The B. cordata cell suspension culture system was easily ini-
tiated. Visual inspection of the first seven subculture rounds
revealed no compact aggregates. Only a fast-proliferating,
white, friable cell suspension was observed, similar to the
appearance of cell suspension cultures reported by Estrada-
Zuiiga et al. (2009). Also, cellular morphology was recog-
nized by microscopic analysis as seen in Fig. 1. To determine
whether the cell line was suitable enough for bioprocess
engineering, we analyzed its growth behavior after 5 years
of continuous culturing. Since culture age and cell density,
among other environmental factors, are known to affect the
growth behavior and biosynthetic activity of suspension
cultures, we strictly controlled the timing, media composi-
tion, and the amount of biomass used as inoculum in each
subculture round. An indication of methodological success
was the invariable growth behavior shown by the cell line in
successive subculture rounds at the early and late stages of
the experiment. This stability was analytically ascertained
by measuring the parameters of growth efficiency during
three consecutive subculture rounds for each case (i.e., early-
and late-stage culture) (Bourgaud et al. 2001). As shown in
Table 1, no statistically significant differences were observed
among the successive subcultures that made up the early
stage, as well as among those for the late stage. These results
indicate that the cell line holds the ability to become rapidly
stabilized in the liquid environment and to grow robustly
over long periods. However, the mean values of the meas-
ured parameters differed significantly between the early and
late stages of the experiment, pointing to changes in growth
behavior over the 5 years of continuous culturing.

Figure 2 represents the statistically significant differ-
ences in the values obtained for the growth criteria tested
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consistent during the five years of continuous culturing. Cells were
observed at 100X
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Table 1 Growth-efficiency measurements in the early- and late-stages
of the long-term cell suspension culture of B. cordata

Subculture Growth parameter Value
Early-stage Late-stage
Ist u (day™h 0.102 0.153
td (days) 5.293 4.536
GI 4.766 4.588
2nd u (day™h 0.109 0.177
td (days) 5.129 3918
GI 4.787 4.706
3rd u (day™") 0.099 0.168
td (days) 5.496 4.121
GI 4.787 4.647
Mean u (day™") 0.103+0.015 0.166+0.012
td (days) 5.306+0.184  4.192+0.315
GI 4.780+0.012 4.647+0.048

Results are the means + SD values of triplicate measurements

between early- and late-stage cultures. Regarding specific
growth rate (u), (i.e., 0.103+£0.015 day~' for early- and
0.166+0.012 day~' for late-stage cultures), the cell line
showed a 61% higher rate of biomass accumulation over
time. Differences also were observed in the ability of the
cell line to accumulate enough biomass to undergo cell
division. The doubling time (dt) of the early-stage cul-
ture (dt=5.306+0.184 days) was 25% higher than that
of the late-stage culture (dt=4.192+0.315). As a whole,
the increased u and decreased dt values in late-stage cul-
ture suggest that the cell line increased its rate of biomass

accumulation, but decreased its rate of cell division after
5 years of continuous growth. We used the growth index
(GI) to estimate the ability of the cell line to accumulate
biomass independently of the allocation of resources for cell
division. The GI in the late-stage culture (4.647 +0.048) was
3% lower than that of the early-stage culture (4.780+0.012).

The growth behavior of the cell line was characterized
further by plotting the growth kinetics of the early- and late-
stage cultures (Fig. 3). Both cultures accumulated similar
amounts of biomass (9.5 ¢ DW L™! and 9.4 g DW L7},
respectively), but they exhibited significant differences in
the extent of each stage of their growth kinetics (see the
summary of differences shown in Table 2). Unlike early-
stage cultures, the late-stage cultures exhibited a faster expo-
nential phase and attained maximum growth earlier; after
the stationary phase, they lost viability over a period that
was 1.8 times longer than that of the early-stage cultures.
Furthermore, late-stage cultures did not exhibit a discernible
lag phase at the time of renewing growth. These changes in
growth behavior indicate that after 5 years of culture mainte-
nance, the cell line was channeling a higher metabolic output
into growth and viability.

An important concern in this work consisted of determin-
ing whether that metabolic ability persisted after 5 years of
continuous subculturing, which was assessed by comparing
the kinetics of VB production in the early- and late-stage
cultures (Fig. 3). In both tested cultures, the highest level
of VB occurred at the mid-exponential phase and lasted
until the end of the stationary phase. However, following
the growth-behavior differences described in the preceding
paragraphs, the late-stage cultures exhibited maximum VB

(@) 92 (IO)6 () >
0.15 L 45 - =
> 01 - % 4
© ©
0.05 3.5
0 + Y 3 4 .
u Gl
(d) 2 (€)os (f)os
15 | 0.4 - 0.4 -
- “‘>. 0.3 - @ 0.3
= 1 -~ ©
s T 0.2 % 02 =
0 0 ) 0
VB concentration Productivity

Fig.2 A comparison of changes in growth parameters (a—c) and ver-
bascoside production (d—f) between early- (black bars) and late-stage
cultures (grey bars) of the long-term cell suspension culture of B.
cordata. Results are the means+SD of a specific growth rate (1), b
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doubling time (dt), ¢ growth index (GI), d VB concentration, e spe-
cific production rate (qp) and f productivity measurements made on
biomass samples in triplicate
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Fig.3 Growth kinetics and VB production profiles of the long-term
cell suspension culture of B. cordata at the early- and late-stage of
culture. Growth: (open triangles) at the early- and (open squares)
at the late-stage. VB production: (filled triangles) at the early- and
(filled squares) at the late-stage. Results are mean values +SD of trip-
licate measurements

Table2 A comparison of growth phases extent in the early and late
stages of the long-term cell suspension culture of B. cordata

Phase of growth Long-term culture

Early-stage Late-stage
Extent (days)
Lag 3 0
Log 14 11
Stationary 6 7
Death 6 12

production from the 9th to the 21st day of growth, whereas
the corresponding period for the early-stage cultures was
from the 15th to the 25th day. Additionally, we confirmed
that VB production increased parallel to cell growth,
since specific production rates were similar to specific
growth values in each stage, i.e., qp (0.127+0.011 day™})
and p (0.103+£0.015 day~!) for early-stage and qp
(0.177+0.007 day~") and u (0.166+0.012 day~") for late-
stage cultures. VB production associated with growth had
been observed previously in the original cell line (Estrada-
Zuiiga et al. 2009).

The ability of the cell line to sustain high levels of VB
production was determined by measuring the levels of VB by
HPLC analysis (Fig. 4). VB content in the late-stage cultures
(1.43 +£0.0945 g L1) was increased by 18% as compared to
early-stage cultures (1.21 +0.0286 g L™!). This production
level is similar to the previously reported value (1.44 g L™!)
when the cell line was first tested by Estrada-Zuiiiga et al.
(2009) for its ability to grow and produce VB in suspension
culture conditions. The calculation of the specific rate of VB

Absorbance (AU, 330 nm)
3
1

21588 &

Time (min)

Fig.4 Chromatographic profile of an extract from long-term B. cor-
data cell suspension culture. Reprensented in the spectra are verbas-
coside (A) and internal standard (B)

production (gp) showed that VB was produced at a lower
rate in early-stage cultures (qp=0.127+0.011 day™") than in
late stage-cultures (qp=0.177 +0.007 day~!). Thus, by the
end of the 5-year experiment, the cell line produced VB at
a 39% faster rate. Moreover, as seen in Table 3, VB produc-
tivity rates also showed differences over time. In early-stage
cultures, a combination of 9.5 g L™! biomass and a yield of
12.73% corresponded to the productivity of 0.08 g L™! day™!
with a 15-day run time. For late-stage cultures, 9.4 g L™!
biomass and a yield of 13.83% corresponded to the produc-
tivity of 0.14 g L™ day~' with a 9-day run time. In the case
of the original line (established in 2009), a combination of
12.93 ¢ L' biomass and a yield of 11.13% corresponded to
the productivity of 0.1 g L™ day™' with 14-day run time. At
the end of the 5 years of continuous culture, the B. cordata
cell line increased 75% the productivity rate of VB.

The exploitation of high-value plant-derived chemicals
by developing plant cell suspension cultures is often lim-
ited by the gradual loss of viability and metabolic abilities
(i.e., low secondary metabolites production rates), mainly
due to genetic changes that take place during the plant cell
culture, particularly when growth is extended over long peri-
ods (Scragg 1995; Phillips et al. 1994; Kolewe et al. 2008;
Neelakandan and Wang 2012; Wilson and Roberts 2012).
Overcoming these limitations is feasible by improving cul-
ture conditions and monitoring cell population behavior,
but the success of any methodological adjustment is mostly
conditioned by inherent traits of the selected cell line. In this
work, we assessed the long-term suitability of a cell line of
B. cordata that previously showed the ability to continuously
produce the secondary metabolite VB in coordination with
cellular growth in a cell suspension culture system (Estrada-
Zuiiga et al. 2009). Interestingly, this growth-dependent
pattern of VB biosynthesis has been observed in other spe-
cies such as Aphelandra spp., Cistanche deserticola, and
Scrophularia striata (Nezbedova et al. 1999; Ouyang et al.
2005; Khanpour-Ardestani et al. 2015). However, none of
these works determined whether the pattern may persist in
a long-term cell suspension culture. In the present work, we
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Table 3 Productivity in a long-

! Stage of culture Biomass (g L) Time (days) Yield (%) Yield (g L7 Productivity
term cell suspension culture of (gL' day™)
B. cordata in different stages of
culture Early-stage 95 15 12.73 1.21+0.0286  0.08

Late-stage 9.4 9 13.83 1.43+0.0945 0.14
Line in 2009* 12.93 14 11.13 1.44 0.1

*Values from ‘Line in 2009’ according to Estrada-Zuiiiga et al. (2009)

determined that the association between growth and VB pro-
duction persisted for 5 years of continuous culturing, indicat-
ing that the cell line of B. cordata holds inherent metabolic
robustness suitable for its biotechnological application in
VB production.

The long-term performance of the cell line may be partly
associated with its low tendency to form aggregates, because
aggregation may lead to the generation of metabolically
heterogeneous cell subpopulations (Hulst et al. 1989; Naill
and Roberts 2004, 2005; Kolewe et al. 2008; Wilson and
Roberts 2012) by limiting the gas and nutrient diffusion to
cells (Dixon 1985). Both the early- and late-stage cultures
exhibited low growth variation upon subculturing (Table 1),
indicating that population heterogeneity was successfully
minimized (Fig. 1).

By the end of the 5 years of continuous growth, the cell
line showed that its specific growth rate improved by 61%,
whereas its doubling time was 25% reduced. Kinetic growth
scrutiny showed, on the one hand, no discernible lag phase
and, on the other, a substantially longer aging phase. Alto-
gether, these results are suggestive of a high degree of trait
plasticity regarding growth and viability. The cell line also
exhibited 18% higher content of VB and a 39% increase in
the rate of production of this secondary metabolite. Thus,
changes in growth behavior were positively correlated with
those in the biosynthetic activity. Our observations suggest
that in some plant species, the underlying genetic circuitries
controlling growth and VB production are partially over-
lapped. We posit that in the 5 years of careful subculturing,
growth was renewed from an increasingly fit cell population
that displayed plasticity for the allocation of resources to cell
division and viability; this trait plasticity directly affected
the biosynthesis of VB due to the genetic architecture of
the cell line.

Diverse factors, other than those related to molecular
changes (i.e., genetic variation), may contribute to phe-
notypic plasticity. For instance, it could be inherent to the
biological specimen from which the cell line was originally
derived, i.e., immature leave tissue. It has been noted else-
where that the developmental phases of cultured plant cells
resemble those of the leaves of herbaceous plants (Fountain
et al. 2003; Kwiatkowska et al. 2014). Plant cells in culture
can alter their molecular programs to endure and, ultimately,
determine line fitness and adaptability to in vitro artificial
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conditions (i.e., temperature, agitation speed, and espe-
cially culture medium composition); that ability could be
greatly influenced by plant growth regulators (Neelakandan
and Wang 2012). In the particular case of our line, culture
media content may exert a relevant role in maintaining the
stability of the line, which could be predisposed to adjust
its genetic and epigenetic programs in response to the plant
growth regulators 2,4-D (a synthetic auxin) and KIN (a syn-
thetic cytokinin) that were added to the culture medium,
first, to induce callus development and, then, to maintain
callus morphology and VB production. These two organic
compounds are known regulators of the cell cycle and serve
to induce cell dedifferentiation under in vitro growth condi-
tions, but have shown also to be beneficial for the produc-
tion of secondary metabolites such as alkaloids, terpenes,
and phenolic compounds (Miller et al. 1955, 1956; Leguay
and Guern 1975; Yang et al. 2002; Raghavan et al. 2006;
Barciszewski et al. 2007; Perrot-Rechenmann 2010; Neela-
kandan and Wang 2012; Kieber and Schaller 2014; Jamwal
et al. 2017; Isah et al. 2018). Also, plant growth regulators
have been pointed out as a determining factor in the con-
tinuous production of secondary metabolites in long-term
cultures. Sierra et al. (1992) reported that the stable alkaloid
production and cellular growth in long-term cell suspension
cultures of Tabernaemontana divaricata mainly depended
on the type and concentration of plant growth regulators
present in the culture medium. They noted that a given con-
centration of growth regulator grants a relatively constant
production yield. However, changes in the medium (i.e.,
change in growth regulators) resulted in productivity loss,
which then could be restored to the original level after some
subcultures in the starting production medium. The latter
led authors to conclude that no genetic change took place
during the period the culture was maintained in suspension,
or that, at least, the capacity for production of alkaloids in
“high’ yields remained. To ascertain the adequate environ-
mental conditions that confer and allow the development
of cell lines is fundamental to achieve higher biomass and
improve the productivity of bioactive compounds (Coppede
et al. 2014; Jamwal et al. 2017; Isah et al. 2018).
Long-term culture is frequently considered disad-
vantageous for the industrial production of secondary
metabolites as it results in decreased biomass produc-
tion, in inconsistent patterns or gradual loss of metabolite
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production over time, as has been the case of long-term
cultures for anthocyanins, alkaloids, taxanes, paclitaxel,
and resveratrol production (Dubrovina and Kiselev 2016;
Le et al. 2019). In contrast, successful examples of cell
and organ cultures used for the stable and long-term pro-
duction of bioactive compounds have been reported, like
the production of alkaloids in cell suspension cultures of
T. divaricata (Sierra et al. 1992), betaxanthins in callus
cultures of Beta vulgaris (Trejo-Tapia et al. 2008), as well
as the production of ginsenosides in long-term cultures of
Panax ginseng (Le et al. 2019).

In this study, the long-term cell suspension cultures of
B. cordata showed a reduction in growth index and bio-
mass production over time, instead of variations in VB
production during the culture period (i.e., long-term cul-
tures produced more VB than short-term cultures). Total
VB concentration in long-term cultures was comparable to
the value reported when the line was originally generated
(Estrada-Zuiiiga et al. 2009). Le et al. (2019) reported in
long-term cell suspension and adventitious root cultures
of Panax ginseng that while biomass production decreased
over time, ginsenoside production remained constant. On
the other hand, Coppede et al. (2014) showed that in a
10-year-old cell suspension culture of Maytenus ilicifolia,
the capacity to synthesize and accumulate quinone meth-
ide triterpenoids was higher than in 5-year-old cultures.

Concluding remarks

In this work, we provided experimental evidence that sup-
ports the ability of a B. cordata cell line to grow and produce
verbascoside under long-term suspension culture conditions.

Although biomass decreased in long-term cultures,
and VB production varied over time, total verbascoside
production in long-term cultures was comparable to the
production reported by Estrada-Zuiiga et al. in 2009 for
the original cell line; however, productivity yield in long-
term cultures increased.

Since the cell line retained the capacity to biosynthesize
VB in high production rates after being subcultured for 5
continuous years, it represents a suitable in vitro system
for biotechnological purposes. Further improvements of
VB production could be attained by testing the cell line’s
response to exogenous precursor and elicitor molecules.
Due to its metabolic robustness, the cell line also holds
potential as a model system for basic research focused on
the biochemical and molecular basis of the biosynthesis
of VB and other phenylpropanoids.
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