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VTT Technical Research Centre of Finland Ltd., Espoo, Finland

Plant cells constitute an attractive platform for production of recombinant proteins as
more and more animal-free products and processes are desired. One of the challenges
in using plant cells as production hosts has been the costs deriving from expensive
culture medium components. In this work, the aim was to optimize the levels of most
expensive components in the nutrient medium without compromising the accumulation
of biomass and recombinant protein yields. Wild-type BY-2 culture and transgenic
tobacco BY-2 expressing green fluorescent protein–Hydrophobin I (GFP-HFBI) fusion
protein were used to determine the most inexpensive medium composition. One
particularly high-accumulating BY-2 clone, named ‘Hulk,’ produced 1.1 ± 0.2 g/l GFP-
HFBI in suspension and kept its high performance during prolonged subculturing.
In addition, both cultures were successfully cryopreserved enabling truly industrial
application of this plant cell host. With the optimized culture medium, 43–55% cost
reduction with regard to biomass and up to 69% reduction with regard to recombinant
protein production was achieved.

Keywords: tobacco, BY-2, recombinant protein, cost evaluation, GFP-hydrophobin I

INTRODUCTION

Use of plant cell cultures offers an attractive alternative for the production of biomolecules.
Compared to field-grown plants, cell cultures can be cultivated in a controlled and contained
environment. Plant cell culture technology is a fascinating tool for various biotechnological
applications offering possibilities for optimizing production, independently of climatic or
environmental effects. Plant cells display several unique features differing from microbial and
mammalian cells, e.g., in glycosylation pattern (Strasser, 2016) and the diversity of small molecules
produced (Verpoorte and Alfermann, 2013). However, often encountered hindrance in using plant
cells in biotechnological platforms is the economic burden, i.e., the contained cultivation of plant
cells is expensive mainly due to the specialized medium requirements and low multiplication rate
of the cells. Tobacco BY-2 (Nicotiana tabacum cv. ‘Bright Yellow’) cell line is highly synchronizable
and thus desirable for investigation of various aspects of plant cell biology and metabolism
(Shaul et al., 1996; Goossens et al., 2003; Nagata et al., 2004). BY-2 cells divide rapidly and may
increase their biomass up to 100-fold in 1 week. This is a clear advantage when it comes to
large-scale applications. Rapid accumulation of biomass and easy transformation has made the
BY-2 cells the most frequently used plant cell line for protein production (Doran, 2013). Proteins
ranging from antibodies, enzymes, and therapeutic to technical proteins (Sakamoto et al., 2008;
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Kirchhoff et al., 2012; Reuter et al., 2017) have been successfully
expressed in BY-2 cells. However, when it comes to industrial
production, two factors must be specifically ensured: stability of
the production host and the cost efficiency of the production
process (Kurppa et al., 2017).

Plant cell cultures are notorious for exhibiting somaclonal
variation, i.e., accumulating unwanted characteristics over
prolonged maintenance periods leading to loss of productivity
or metabolic competence (Larkin and Scowcroft, 1981).
Cryopreservation is a method where cells or tissues are stored
at ultra-low temperatures, usually in liquid nitrogen (−196◦C),
halting the whole metabolism and thus allowing cells to retain
their properties unchanged (Engelmann, 2004). Even though
successful cryopreservation methods for a number of plant
species have been established, empirical experimentation is
needed to optimize all steps in the cryopreservation procedure
according to species-specific requirements and product targets.

The culture medium for tobacco BY-2 cells was described
by Nagata and Kumagai (1999). The medium is based
on the Murashige and Skoog’s (1962) nutrients, but it
is supplemented with phosphate by threefold compared to
common MS medium (Nagata et al., 1992). When it comes to
recombinant proteins, nitrate metabolism has recently been in
focus since it is an essential building block for amino acids.
Indeed, supplementing the media with additional nitrogen has
increased the yield of secreted antibody up to 150-fold, at
the expense of the growth rate (Holland et al., 2010). Later
Vasilev et al. (2013) used factorial design to optimize media
for a cell line expressing a secretory antibody resulting in
significant increase in yield and substantially reduced packed
cell volume. However, until now the optimization studies
have solely focused on improving response parameters, such
as biomass and/or product yields, without evaluating the
cultivation costs caused by expensive nutrients in the culture
medium.

The aim of this work was to investigate protein production
following cryopreservation, to identify most cost-relevant
nutrients in the culture medium and to determine culture
medium compositions resulting in cheaper production of either
biomass and/or recombinant protein.

MATERIALS AND METHODS

Cell Lines
Nicotiana tabacum BY-2 cell suspension culture established
by Prof. Nagata at the University of Tokyo was maintained
as described (Nagata and Kumagai, 1999). The generation of
transgenic BY-2 lines expressing green fluorescent protein–
Hydrophobin I (GFP-HFBI) fusion protein was described
in detail in Reuter et al. (2014). The expression construct
(Joensuu et al., 2010) included CaMV35S promoter and signal
sequence to target GFP-HFBI expression to secretion pathway.
KDEL retrieval sequence was used to sequester GFP-HFBI
in endoplasmic reticulum. The BY-2 GFP-HFBI lines were
maintained as calli on modified MS-medium (Nagata and
Kumagai, 1999) supplemented with 25 mg/l kanamycin and

were subcultured every 3–4 weeks by visually selecting only
the most fluorescent fractions under UV-light to fresh plates.
This subcloning was performed over a period of 3 years
resulting in a very high expressing cell clone renamed as
‘Hulk.’ Suspension cultures were maintained in 50 ml of the
modified MS-medium supplemented with 50 mg/l kanamycin
and subcultured weekly by transferring 5% (v/v) of the culture
to fresh media.

Biomass Harvesting and Expression
Analysis
Amount of GFP-HFBI and total soluble protein were measured
from the freeze-dried samples (Reuter et al., 2014). Biomass was
harvested by centrifugation and freeze-dried (0.2 mbar, 48 h;
Christ Alpha 1-4 LD Plus, Osterode am Harz, Germany). Cells
were disrupted using steel beads and a Retsch mill (MM301,
Haan, Germany) and cell powder was mixed with extraction
buffer (1× phosphate-buffered saline; 12 mM Na2HPO4× 2H2O,
3 mM NaH2PO4 × H2O, 150 mM NaCl), 1 mM EDTA, 100 mM
sodium ascorbate, and 0.4 µM leupeptine hemisulfate (Sigma–
Aldrich, St. Louis, MO, United States), and insoluble material was
removed by centrifugation. Concentration of TSP was measured
using the Bradford assay (Bradford, 1976) with Bio-Rad reagent
(Bio-Rad, Hercules, CA, United States) and bovine serum
albumin (BSA; Sigma–Aldrich) as standard. Extracted proteins
were separated by SDS–PAGE on Bio-Rad Criterion-TGX and
Mini-PROTEAN precast gels. The GFP concentration in TSP
was determined by fluorometry. The fluorescence of the diluted
samples was determined at 485/527 nm using a VICTOR2 plate
reader (Perkin Elmer, Waltham, MA, United States) at 12 nm
bandwidth and 100 ms measurement time. Sample dilutions were
compared to a standard curve constructed with purified GFP
(BioVision, Milpitas, CA, United States).

Cryopreservation of BY-2
Tobacco BY-2 and BY-2 ‘Hulk’ were cryopreserved with the
modified method described by Ogawa et al. (2012). Briefly,
before cryopreservation, the culture was pre-cultivated for 7 days.
Packed cell volume (PVC) was adjusted to 30% by centrifuging
(150 g, 3 min) and adding LSP solution (2 M glycerol,
0.4 M sucrose, 86.9 mM proline). The obtained suspension was
incubated in standard growth conditions for 1 h, after which the
cell suspension was divided in 1.8 ml cryo-vials in 1 ml aliquots.
The samples were frozen with a controllable freezer (Planer
Kryo 560-16, PLD Finland). The freezing profile was adjusted as
follows: −5◦C/min into 0◦C, hold 5 min in 0◦C, −0.5◦C/min
into −35◦C, and hold 30 min in −35◦C. After freezing, the
samples were dipped into liquid nitrogen. The samples were
stored in liquid nitrogen for 24 h, after which they were placed
in a container filled with sterile water in a +40◦C water bath.
The vials were thawn for 2 min so that all visible ice was melted.
Excess LSP solution was pipetted off and the cell slurry was placed
on solid growth medium with two filter papers. The plates were
sealed with parafilm and incubated in dark for 24 h. The cells,
together with the filter paper, were placed on a fresh plate and the
incubation was continued as above.
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Stability Evaluation after
Cryopreservation
Cell suspension cultures of the cryopreserved cells and treated
cells (i.e., cells treated with cryopreservation solutions but
not frozen) were made suspending the cells from the plate
(approximately 1 g FW) in 20 ml liquid growth medium.
After 1 week, the growth curve experiment was started with
40 g (FW) suspended in 1-L culture medium. Suspension
was divided in 50 ml aliquots in 250 ml Erlenmeyer flasks.
Samples were taken at time points 3, 4, 5, 6, and 7 days
in three replicates. Cells were collected by filtering and
both cell and medium samples were separately frozen and
freeze-dried. The experiment was repeated for the original
cell suspensions (cryopreserved and treated cells) with 7-day-
old cultures after weekly subculturing in the laboratory for
3 months.

Culture Medium Optimization
A cost estimation was performed to identify the most expensive
nutrients in the culture medium. This involved the evaluation of
costs of macro- and microsalts, vitamins, and plant hormones
(Supplementary Table S1). Price evaluation of the culture
medium was performed based on the list prices of the
nutrients provided by Sigma–Aldrich. No other factors such as
production costs were included in the evaluation. Evaluation
resulted in altogether seven compounds, which were selected
as studied factors based on their final cost and relevance
pointed out earlier by Vasilev et al. (2013): KNO3, NH4NO3,
MgSO4

∗2H2O, KH2PO4, CaCl2∗2H2O, Myo-inositol, and 2,4-
D. The screening of the factors was performed with BY-
2 clone ‘Hulk’ against biomass production and GFP-HFBI
accumulation. The screening was carried out according to

experimental design (DoE) created with Modde11 software
(Umetrics, Sweden), the range of studied factors was−3. . .+1.3-
fold compared to the original medium (Table 1). Thus, altogether
19 experiments were included in the DoE using fractional
factorial design at two levels. The most promising medium
composition in respect of biomass production was subjected
to more detailed examination, i.e., the cost of the selected
media was compared and for the most cost-efficient media,
components were reduced from 100 to 50% levels in 10%
intervals. These experiments were performed with both BY-2
cell line and ‘Hulk.’ In addition, a test-set was performed in
which 2,4-D and myo-inositol were kept at the same level as
in original medium (0.2 and 100 mg/l, respectively). Finally,
the costs for the biomass and GFP-HFBI yields in the most

FIGURE 1 | BY-2 lines expressing GFP-HFBI as a visually selectable marker.
Only the most fluorescent cell fragments from the heterogeneous calli were
subcultured and continuous selection over period of 3 years resulted in
homogeneous BY-2 GFP-HFBI clones [Reprinted with permission of VTT Ltd.,
from Reuter (2016)].

TABLE 1 | Experimental design setup with the levels of salts (mg/l).

Experiment name KNO3 NH4NO3 MgSO4· 7H2O CaCl2· 2H2O KH2PO4 Myo-inositol 2,4-D Medium

N1 633 550 123 147 123 33 0.1 A1

N2 2470 550 123 147 481 33 0.26 A2

N3 633 2145 123 147 481 130 0.1 A3

N4 2470 2145 123 147 123 130 0.26 A4

N5 633 550 481 147 481 130 0.26 A5

N6 2470 550 481 147 123 130 0.1 A6

N7 633 2145 481 147 123 33 0.26 A7

N8 2470 2145 481 147 481 33 0.1 A8

N9 633 550 123 572 123 130 0.26 A9

N10 2470 550 123 572 481 130 0.1 A10

N11 633 2145 123 572 481 33 0.26 A11

N12 2470 2145 123 572 123 33 0.1 A12

N13 633 550 481 572 481 33 0.1 A13

N14 2470 550 481 572 123 33 0.26 A14

N15 633 2145 481 572 123 130 0.1 A15

N16 2470 2145 481 572 481 130 0.26 A16

N17 1551.5 1347.5 302 359.5 302 81.5 0.18 A17

N18 1551.5 1347.5 302 359.5 302 81.5 0.18 A17

N19 1551.5 1347.5 302 359.5 302 81.5 0.18 A17

N20 1900 1650 370 440 370 100 0.2 Original
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FIGURE 2 | BY-2 cell line ‘Hulk’ expressing high levels of GFP-HFBI. (A) The accumulating GFP-HFBI is visible in the suspension cells with naked eye in daylight.
(B) Protein accumulation over 1 week of cultivation. Error bars represent SDs (n = 3). (C) A Coomassie stained SDS–PAGE shows that GFP-HFBI (approximately
35 kD) builds the bulk of total protein. The parallel lanes represent three replicates. Same amount DW is loaded on the gel. (D) Growth of the cell line is similar to WT
BY-2 cells. (E) Accumulation of fresh biomass, dry weight, and GFP-HFBI over follow-up period of 19 passages. (F) A z-stack of confocal microscope images
showing accumulation of GFP-HFBI in protein bodies. Scale bar indicates 50 µm [Reprinted with permission of VTT Ltd., from Reuter (2016)].
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FIGURE 3 | Growth and GFP expression of ‘Hulk’ after cryopreservation.
Cultivation volume was 50 ml. Mean ( ± SD) of three biological replicates is
shown. Letters indicate statistical differences of the three lines in each
time-point with p < 0.01. (A) Comparison of the growth of ‘Hulk.’ Circle: after
cryopreservation; square: treated with cryopreservation agents but not
cryopreserved; triangle: original line. (B) GFP-HFBI measured in different time
points before and after cryopreservation. (C) GFP-HFBI/TSP measured after
3-month maintenance. Black: cryopreserved; gray: treated, not
cryopreserved; patterned: original culture.

cost-efficient media were compared to the original culture
medium.

Statistical Analysis
Statistical analyses were performed with SPSS Statistics 22 (IBM)
software, using one-way ANOVA and Tukey’s HSD unless
otherwise indicated. In case the ANOVA criteria for homogeneity
of variances were not fulfilled (Levene’s test p < 0.05), Tamhane’s
T2 test was used.

FIGURE 4 | Biomass (g DW) from the experiments (Table 1) N1-N19 and N20
(original culture medium). Samples N17-N19 are the three replicate points.
Four experiments resulted in even or higher biomass than with the original
medium and are circled with blue (N1, N8, N11, and N16).

TABLE 2 | Estimated prices of selected media.

Relative cost per liter (%)

Original medium 100

A1 37

A8 113

A11 80

A16 129

RESULTS

GFP-HFBI Production by ‘Hulk’
The subcloning by passing only the most fluorescent cells further
over a period of 3 years resulted in very homogenous BY-2
clones expressing GFP-HFBI (Figure 1). The best clone, named
‘Hulk,’ produced 1.1 ± 0.2 g/l (mean ± SD, n = 3) GFP-HFBI
in suspension culture corresponding to 50.1 ± 8.5% of TSP
or 8.3 ± 1.6% of the dry weight (Figures 2A–E). GFP-HFBI
accumulated in condensed protein bodies (Figure 2F) as earlier
observed (Reuter et al., 2014).

Accumulation of GFP-HFBI was followed over a period
of 19 passages in suspension culture. This corresponded to
a culture period of 5 months. Over this culture period,
the yield remained between 44 and 56% GFP-HFBI of TSP.
Notably during suspension culture period, the visual selection
was not applied and this indicated that ‘Hulk’ had indeed
stabilized and kept its high performance in accumulating GFP-
HFBI.

Cryopreservation of ‘Hulk’
The cryopreservation of ‘Hulk’ was successful and did not
influence the growth rate after thawing (Figure 3A). GFP-
HFBI expression was assayed before and after cryopreservation
(Figure 3B). The levels of GFP-HFBI/TSP were higher in
treated and cryopreserved samples in comparison with those
of control samples from day 4 on. TSP levels in these
samples were on similar range, without statistically different
changes.
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FIGURE 5 | Growth of BY-2 and ‘Hulk’ in medium A1. Cultivation volume was 25 ml. Error bars represent SD of three biological replicates. Asterisks indicate the
statistical difference against original medium, ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 (Student’s t-test, two-tailed). (A) Growth (mg DW) of BY-2 and ‘Hulk’ after
7 days of cultivation in medium A1 and its variations (A1 90% – A1 50%). Bar colors: black (BY-2), gray (‘Hulk’), striped (BY-2 in medium with fixed myo-inositol and
2,4-D), and dotted (‘Hulk’ in medium with fixed myo-inositol and 2,4-D). (B) Calculated cultivation medium costs for gram cells.

All cell lines were maintained as suspension cultures by regular
subculturing for 3 months and the measurements were repeated
in order to see whether the GFP-HFBI levels would remain
stable during time. Notably, the visual selection was not applied
during the subculturing regime. The differences seen right
after cryopreservation (Figure 3B) were not visible after longer
maintenance (Figure 3C), suggesting that cryopreservation and
cryopreservation pre-treatment caused temporary stress to cells
resulting in transient increase of GFP-HFBI expression levels.
The differences between the treated, cryopreserved, and control
lines were not significant after 3 months regular subculturing.

Design of Experiments (DoE) – Culture
Medium
The BY-2 clone ‘Hulk’ was cultivated in media containing
varying amounts of tested nutrients, as shown in Table 1. After

7 days cultivation, the samples were collected and biomass and
accumulation of GFP-HFBI were measured. None of the tested
factors was found to be significant either for accumulation
of biomass or GFP-HFBI. When analyzed against GFP yield
(g/l), a weak model was built with two significant factors
CaCl2 and KH2PO4 (Supplementary Figure S1). However,
model significance (R2) remained low with inadequate prediction
power (Q2) (R2 = 0.60; Q2 = 0.42; model validity = 0.86, and
reproducibility = 0.57, p < 0.05). For biomass, however, there
were several experimental points which showed higher or similar
values than the original culture medium (Figure 4).

The highest biomasses (N1, N8, N11, and N16; Table 1)
achieved with the corresponding media (A1, A8, A11, and A16)
were subjected to cost evaluation (Table 2). The most cost-
efficient medium was A1 (Table 2), incurring only 37% of the
cost of the original BY-2 medium. Next, the nutrients in A1
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were further lowered in 10% intervals from 100 to 50% levels
of the basic A1. Both BY-2 and ‘Hulk’ were assayed for biomass
production and ‘Hulk’ for GFP accumulation.

A1 Medium
A1 medium contains only one-third of the macro salts and
other studied factors compared to the levels in original medium.
The biomass accumulation was significantly reduced in all A1
media for both BY-2 and ‘Hulk’ (p < 0.05, Figure 5A). However,
when calculated against the cost, both BY-2 and ‘Hulk’ displayed
economic gains in A1 medium and its variations (Figure 5B), and
cost reduction in A1 media was significant for BY-2 (p < 0.01)
and ‘Hulk’ (p < 0.05). The production costs due to cultivation
medium per gram biomass for BY-2 and ‘Hulk’ in the A1 50%
medium were 55 and 43% lower than with the original medium,
respectively. In order to rule out the possible detrimental effects
of altered hormonal and nutritional supplement levels, the
growth was tested also by fixing the levels of 2,4-D and myo-
inositol at the levels of the original culture medium in every test
point (Figure 5A). However, fixed 2,4-D and myo-inositol levels
did not benefit the growth. The observation was supported by the
original DoE results where neither of the factors were significant
for the growth.

GFP-HFBI yield was highest in original medium, due to best
growth of ‘Hulk’ in that medium (Figure 6A). However, when
calculated against the cost, A1 70% medium resulted in up to
69% cost reduction for production of gram GFP-HFBI, compared
to the original medium (Figure 6B). A significant cost reduction
was achieved with A1 in general, pointing out the importance of
medium optimization in production process design.

DISCUSSION

The commercialization of plant-produced proteins has
progressed slowly over the past 15 years since the first
introduction of commercial product demonstrating feasibility
(β-glucuronidase and avidin), and today there are more than
30 proteins that have been commercialized (Howard and
Hood, 2014). Several factors determine whether a product is
commercially viable, including technological as well as regulatory
issues. One of the challenges in plant cell-based production
systems has been high production costs resulting from relatively
low production accumulation rates and expensive cultivation
medium compared to other recombinant protein production
platforms. In this work, the aim was to tackle the latter by
optimizing the most costly culture medium nutrients without
compromising the biomass and protein yields. Tobacco BY-2 cell
culture was used as a production host for hydrofobin-fused GFP
representing a typical platform for a model protein.

The GFP-HFBI titer of 1 g/l reached in this study with the
BY-2 clone ‘Hulk’ is the highest titer of recombinant protein ever
reported for BY-2 or any other plant suspension cell culture. The
production level is comparable to the yields generally reported
for yeasts and animal cells. The basic rule has been that a yield
of 10 mg/l must be reached before the system can be considered
for further R&D and the a yield of 100 mg/l should be in place to

FIGURE 6 | GFP-HFBI accumulation in ‘Hulk’ cultivated in medium A1. Error
bars represent SDs of three biological replicates each measured three times
(N = 9). Letters indicate statistical differences with p < 0.01. (A) GFP-HFBI
yields (g/l) after 7 days of cultivation in medium A1 and its variations (A1
90% – A1 50%). (B) Calculated cultivation medium costs for producing gram
GFP-HFBI.

gain the desired profit margin so that plant-based recombinant
protein expression system can be considered (Hellwig et al.,
2004). Thus, this work clearly shows that BY-2 cells can be of
economic interest for the production of recombinant proteins.

The factors causing the high expression level in ‘Hulk’ were
not studied further and remains to be discovered. One reason
behind the high accumulation rates can be that the integration
of the GFP-HFBI encoding gene(s) is/are in optimal locus (loci),
i.e., in a transcriptionally active spot of a chromosome. In
addition, it might be that during the careful subcloning period of
3 years, some additional mutation or even somaclonal variations
have gradually accumulated resulting in this superior production
clone.

Cryopreservation of BY-2 ‘Hulk’ cell suspension culture
was accomplished with a simple method earlier described by
Ogawa et al. (2012) with slight modifications. As expected,
cryopreservation did not alter the growth rate of the cell
culture as cryopreservation by definition should arrest
the cellular metabolism while it should allow the original
properties of the cells to remain unaltered after cryostorage
and thawing. Unexpectedly, the BY-2 cells expressing
GFP-HFBI showed higher accumulation of recombinant protein
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after cryopreservation right after thawing when compared to
original line. Since also the cells which were treated with
cryoprotectants but not frozen showed increased yields, it is
possible that in fact the stress caused by the treatment resulted
in increased accumulation of GFP-HFBI. Actually, this could be
one option to boost recombinant protein accumulation further
in this system. However, the costs and feasibility in industrial
scale operations should be carefully studied. The fact that
the increase in protein accumulation was not permanent but
stabilized to the levels of the non-treated cells along prolonged
subculturing, supports the hypothesis of stress effect. Recently,
we showed that organized cell cultures, such as hairy roots,
can preserve their metabolic capacity even during very long
continuous maintenance (Häkkinen et al., 2016). However, when
cells are maintained in their undifferentiated state, genetic
instability is often encountered in the form of rearrangements
at chromosomal or gene level (Larkin and Scowcroft, 1981;
Kaeppler et al., 2000). In this work, we showed that expression
levels of GFP-HFBI remained stable in BY-2 cells for 3 months.
The fluctuation in expression levels during longer period of time
has earlier been monitored during 20 cultivation passages with
the 10% standard error in GFP-HFBI/TSP ratio (Figure 2E),
indicating good stability of the protein expression level in BY-2.

As observed by Holland et al. (2010), the nutrient
requirements for high recombinant protein yields and high
growth rate of the cells are contradictory, it was not possible
to find conditions favorable to both responses without
compromising either one. In accordance, the results from the
current study show that since the growth in A1 medium remained
lower than in the original medium, the total GFP-HFBI yield
(g/l) remained as well lower. However, the aim of this study
was to find the most economic culture medium for production
of target protein and this goal was achieved with A1 medium
resulting in a significant reduction of the culture medium cost,
i.e., 69% reduction, per gram produced protein. In order to
determine the real cost structure of the production of other target
proteins, TEA (techno-economic assessment) or LCA (life cycle

analysis) should be conducted with actual desired recombinant
protein of commercial interest. However, this study demonstrates
an example how significant cost savings can be achieved with
reducing the consumption of most expensive components in the
culture medium.

AUTHOR CONTRIBUTIONS

STH, AR, NN, and HR designed the experiments; NN performed
the experiments for optimization and cryopreservation; AR and
LR established the ‘Hulk’ line; JJ designed GFP-HFBI fusion
system; STH, AR, and NN analyzed the data and STH and AR
wrote the manuscript.

ACKNOWLEDGMENTS

The authors thank Academy of Finland (Grant No. 252442) for
financial support. They also thank Siv Matomaa, Jaana Rikkinen,
and Riitta Suihkonen for technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2018.00045/
full#supplementary-material

FIGURE S1 | Contour plot of the effects of KH2PO4 and CaCl2 on GFP yield (g/l)
in ‘Hulk’. Model equation for GFP (g/l) = 0.0152 − 0.0001x + 0.0010y −
1.4464∗10−6y2, where x = [CaCl2]mg/l and y = [KH2PO4]mg/l. Model
parameters: R2 = 0.60; Q2 = 0.42; model validity = 0.86 and
reproducibility = 0.57, p < 0.05.

TABLE S1 | Amounts and list prices of the culture medium components. The
components selected to the optimization study are highlighted in
bold.aComponent concentration in the original medium. b List prices of Sigma for
1 kg of component (http://www.sigmaaldrich.com).

REFERENCES
Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of

microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3

Doran, P. M. (2013). Therapeutically important proteins from in vitro plant tissue
culture systems. Curr. Med. Chem. 20, 1047–1055.

Engelmann, F. (2004). Plant cryopreservation: progress and prospects. In Vitro Cell.
Dev. Biol. Plant 40, 427–433. doi: 10.1079/IVP2004541

Goossens, A., Hakkinen, S., Laakso, I., Seppanen-Laakso, T., Biondi, S., Sutter, V.,
et al. (2003). A functional genomics approach toward the understanding of
secondary metabolism in plant cells. Pnas 100, 8595–8600. doi: 10.1073/pnas.
1032967100

Häkkinen, S. T., Moyano, E., Cusidó, R. M., and Oksman-Caldentey, K.-M. (2016).
Exploring the metabolic stability of engineered hairy roots after 16 years
maintenance. Front. Plant Sci. 7:1486. doi: 10.3389/fpls.2016.01486

Hellwig, S., Drossard, J., Twyman, R. M., and Fischer, R. (2004). Plant cell cultures
for the production of recombinant proteins. Nat. Biotechnol. 22, 1415–1422.
doi: 10.1038/nbt1027

Holland, T., Sack, M., Rademacher, T., Schmale, K., Altmann, F., Stadlmann, J.,
et al. (2010). Optimal nitrogen supply as a key to increased and sustained

production of a monoclonal full-size antibody in BY-2 suspension culture.
Biotechnol. Bioeng. 107, 278–289. doi: 10.1002/bit.22800

Howard, J., and Hood, E. E. (2014). “The future of plant-produced pharmaceuticals
and industrial proteins,” in Commercial Plant-Produced Recombinant Protein
Products: Case Studies, eds J. A. Howard and E. E. Hood (Berlin: Springer),
261–274. doi: 10.1007/978-3-662-43836-7_14

Joensuu, J. J., Conley, A. J., Lienemann, M., Brandle, J. E., Linder, M. B., and
Menassa, R. (2010). Hydrophobin fusions for high-level transient protein
expression and purification in Nicotiana benthamiana. Plant Physiol. 152,
622–633. doi: 10.1104/pp.109.149021

Kaeppler, S. M., Kaeppler, H. F., and Rhee, Y. (2000). Epigenetic aspects of
somaclonal variation in plants. Plant Mol. Biol. 43, 179–188. doi: 10.1023/a:
1006423110134

Kirchhoff, J., Raven, N., Boes, A., Roberts, J. L., Russell, S., Treffenfeldt, W.,
et al. (2012). Monoclonal tobacco cell lines with enhanced recombinant
protein yields can be generated from heterogeneous cell suspension cultures
by flow sorting. Plant Biotechnol. J. 10, 936–944. doi: 10.1111/j.1467-7652.2012.
00722.x

Kurppa, K., Reuter, L. J., Ritala, A., Linder, M. B., and Joensuu, J. J. (2017). In-
solution antibody harvesting with a plant-produced hydrophobin-Protein A
fusion. Plant Biotechnol. J. doi: 10.1111/pbi.12780 [Epub ahead of print].

Frontiers in Plant Science | www.frontiersin.org 8 January 2018 | Volume 9 | Article 45

https://www.frontiersin.org/articles/10.3389/fpls.2018.00045/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2018.00045/full#supplementary-material
http://www.sigmaaldrich.com
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1079/IVP2004541
https://doi.org/10.1073/pnas.1032967100
https://doi.org/10.1073/pnas.1032967100
https://doi.org/10.3389/fpls.2016.01486
https://doi.org/10.1038/nbt1027
https://doi.org/10.1002/bit.22800
https://doi.org/10.1007/978-3-662-43836-7_14
https://doi.org/10.1104/pp.109.149021
https://doi.org/10.1023/a:1006423110134
https://doi.org/10.1023/a:1006423110134
https://doi.org/10.1111/j.1467-7652.2012.00722.x
https://doi.org/10.1111/j.1467-7652.2012.00722.x
https://doi.org/10.1111/pbi.12780
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-00045 January 24, 2018 Time: 18:6 # 9

Häkkinen et al. BY-2 As Recombinant Protein Host

Larkin, P. J., and Scowcroft, W. R. (1981). Somaclonal variation - a novel source
of variability from cell cultures for plant improvement. Theor. Appl. Genet. 60,
197–214. doi: 10.1007/BF02342540

Murashige, T., and Skoog, F. (1962). A revised medium for rapid growth and
bioassays with to- bacco tissue cultures. Physiol. Plant 15, 473–497. doi: 10.1111/
j.1399-3054.1962.tb08052.x

Nagata, T., and Kumagai, F. (1999). Plant cell biology through the window of
the highly synchronized tobacco BY-2 cell line. Methods Cell Sci. 21, 123–127.
doi: 10.1023/A:1009832822096

Nagata, T., Nemoto, Y., and Hasezawa, S. (1992). Tobacco BY-2 Cell line as the
‘HeLa’ cell in the cell biology of higher plants. Int. Rev. Cytol. 132, 1–30.
doi: 10.1016/S0074-7696(08)62452-3

Nagata, T., Sakamoto, K., and Shimizu, T. (2004). Tobacco by-2 cells: the
present and beyond. In Vitro Cell. Dev. Biol. Plant 40, 163–166. doi: 10.1079/
IVP2003526

Ogawa, Y., Sakurai, N., Oikawa, A., Kai, K., Morishita, Y., Mori, K., et al.
(2012). High-throughput cryopreservation of plant cell cultures for functional
genomics. Plant Cell Physiol. 53, 943–952. doi: 10.1093/pcp/pcs038

Reuter, L. J. (2016). Plant Cell Factories - Production of Hydrophobin Fusion Proteins
in Plant Cell Cultures. Available at: https://helda.helsinki.fi/bitstream/handle/
10138/173229/plantcel.pdf?sequence=1

Reuter, L. J., Bailey, M. J., Joensuu, J. J., and Ritala, A. (2014). Scale-up
of hydrophobin-assisted recombinant protein production in tobacco BY-2
suspension cells. Plant Biotechnol. J. 12, 402–410. doi: 10.1111/pbi.12147

Reuter, L. J., Shahbazi, M. A., Mäkilä, E. M., Salonen, J. J., Saberianfar, R.,
Menassa, R., et al. (2017). Coating nanoparticles with plant-produced
transferrin-hydrophobin fusion protein enhances their uptake in cancer cells.
Bioconjug. Chem. 28, 1639–1648. doi: 10.1021/acs.bioconjchem.7b00075

Sakamoto, Y., Nakade, K., Yano, A., Nakagawa, Y., Hirano, T., Irie, T., et al.
(2008). Heterologous expression of lcc1 from Lentinula edodes in tobacco

BY-2 cells results in the production an active, secreted form of fungal
laccase. Appl. Microbiol. Biotechnol. 79, 971–980. doi: 10.1007/s00253-008-
1507-1

Shaul, O., Mironov, V., Burssens, S., Van Montagu, M., and Inze, D. (1996). Two
Arabidopsis cyclin promoters mediate distinctive transcriptional oscillation in
synchronized tobacco BY-2 cells. Proc. Natl. Acad. Sci. U.S.A. 93, 4868–4872.
doi: 10.1073/pnas.93.10.4868

Strasser, R. (2016). Plant protein glycosylation. Glycobiology 26, 926–939.
doi: 10.1093/glycob/cww023

Vasilev, N., Grömping, U., Lipperts, A., Raven, N., Fischer, R., and Schillberg, S.
(2013). Optimization of BY-2 cell suspension culture medium for the
production of a human antibody using a combination of fractional factorial
designs and the response surface method. Plant Biotechnol. J. 11, 867–874.
doi: 10.1111/pbi.12079

Verpoorte, R., and Alfermann, A. W. (2013). Metabolic Engineering of
Plant Secondary Metabolism, eds R. Verpoorte and A. W. Alfermann
(Dordrecht: Kluwer Academic Publishers), doi: 10.1007/978-94-015-
9423-3

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Häkkinen, Reuter, Nuorti, Joensuu, Rischer and Ritala. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org 9 January 2018 | Volume 9 | Article 45

https://doi.org/10.1007/BF02342540
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1023/A:1009832822096
https://doi.org/10.1016/S0074-7696(08)62452-3
https://doi.org/10.1079/IVP2003526
https://doi.org/10.1079/IVP2003526
https://doi.org/10.1093/pcp/pcs038
https://helda.helsinki.fi/bitstream/handle/10138/173229/plantcel.pdf?sequence=1
https://helda.helsinki.fi/bitstream/handle/10138/173229/plantcel.pdf?sequence=1
https://doi.org/10.1111/pbi.12147
https://doi.org/10.1021/acs.bioconjchem.7b00075
https://doi.org/10.1007/s00253-008-1507-1
https://doi.org/10.1007/s00253-008-1507-1
https://doi.org/10.1073/pnas.93.10.4868
https://doi.org/10.1093/glycob/cww023
https://doi.org/10.1111/pbi.12079
https://doi.org/10.1007/978-94-015-9423-3
https://doi.org/10.1007/978-94-015-9423-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Tobacco BY-2 Media Component Optimization for a Cost-Efficient Recombinant Protein Production
	Introduction
	Materials And Methods
	Cell Lines
	Biomass Harvesting and Expression Analysis
	Cryopreservation of BY-2
	Stability Evaluation after Cryopreservation
	Culture Medium Optimization
	Statistical Analysis

	Results
	GFP-HFBI Production by 'Hulk'
	Cryopreservation of 'Hulk'
	Design of Experiments (DoE) – Culture Medium
	A1 Medium


	Discussion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


