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Abstract 19 

Mass production of value-added molecules (incl. native and heterologous therapeutic 20 

proteins and enzymes) by plant cell culture has been demonstrated as an efficient 21 

alternative to classical technologies [i.e. natural harvest and chemical (semi)synthesis]. 22 

Numerous proof-of-concept studies have demonstrated the feasibility of scaling up plant 23 

cell culture-based processes (most notably to produce paclitaxel) and several commercial 24 

processes have been established so far. The choice of a suitable bioreactor design (or 25 

modification of an existing commercially available reactor) and the optimization of its 26 

internal environment have been proven as powerful tools toward successful mass 27 

production of desired molecules. This review highlights recent progress (mostly in the 28 

last 5 years) in hardware configuration and optimization of bioreactor culture conditions 29 

for suspended plant cells.  30 

 31 

Keywords  32 

Bioreactor, Flow cytometry, Metabolomics, Plant cell culture, Pulsed aeration, Single-use 33 

reactors 34 

 35 

Introduction   36 

Humans have been highly dependent on plants for thousands of years. Plants have been 37 

exploited to feed people and produce beverages, but also provide essential materials for 38 

clothing and shelter, writing and coloring, hunting and even for use in religious 39 

ceremony. Moreover, plants accumulate a vast array of chemicals, some of which have 40 

rich ethnopharmacological applications (De Luca et al. 2012; Newman and Cragg 2012). 41 
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Natural products have played a pivotal role in drug development, especially in the 42 

therapy of oncologic diseases, metabolic syndrome disorders and immunosuppression 43 

(Butler 2005). Nowadays, the turnover of the most important commercially relevant 44 

phyto-pharmaceuticals is valued at over $25 billion/year in the USA alone (De Luca et al. 45 

2012). Paclitaxel (antineoplastic), artemisinin (antimalarial) and galanthamine 46 

(cholinesterase inhibitor), among others, are good examples in this direction and amongst 47 

the blockbuster drugs worldwide. In addition, in recent years, a handful of biotech 48 

companies have been turning plants (and relevant cell suspension cultures) into drug 49 

factories to produce proteins that could not be made otherwise, or to make them cheaper 50 

(Wolfson 2013). 51 

 One of the main problems with the commercial supply of plant-derived molecules 52 

is the limited availability of the compounds (Wilson and Roberts 2012). Generally, 53 

secondary metabolites account for less than 1% of the dry weight of plant cells, and 54 

sometimes even less, as the paclitaxel content in Taxus bark, for instance, is only 0.01%. 55 

Therefore, mass production of plant-derived molecules via natural harvest leads to 56 

several difficulties, resulting mainly from seasonal, geographical, and soil issues. 57 

Moreover, the isolation of secondary metabolites on a commercial scale is time- and 58 

labor- consuming, and in some cases might create serious ecological liability. For 59 

instance, it is estimated that 340 tons Taxus bark or 38 000 150-years-old trees need to be 60 

sacrificed in order to meet the 25 kg/year-demand for the anticancer drug paclitaxel 61 

(Wilson and Roberts 2012; Onrubia et al. 2013). The continuously increasing demand for 62 

therapeutic molecules, produced by ever greener processes, along with dramatic 63 
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reductions in natural diversity, are driving efforts to develop alternative routes for the 64 

sustainable production of phyto-pharmaceuticals (Georgiev et al. 2009b). 65 

Plant cell culture technology possesses an immense potential for a sustainable 66 

supply of value-added molecules. A century has passed since the first attempt at artificial 67 

cultivation of plant cells. During this period we have witnessed significant progress in 68 

plant cell culture-based technology (Georgiev et al. 2009b; Wilson and Roberts 2012; 69 

Rischer et al. 2013). Nowadays, it is possible to induce callus culture from virtually any 70 

plant species, though some plants are considered more recalcitrant than others. Moreover, 71 

the manipulation of nutrient content and conditions (Karwasara and Dixit 2013), and/or 72 

application of different strategies such as elicitation (Donnez et al. 2011), in situ product 73 

removal (Cai et al. 2012), immobilization (Nakashima et al. 2013), and engineering 74 

various enzymatic pathways (Miralpeix et al. 2013) have resulted in significantly 75 

enhanced secondary metabolite production (frequently much higher than in the intact 76 

plant) and the development of the so-called “green cell factories” concept (Georgiev et al. 77 

2009b; Wilson and Roberts 2012). In addition, plant cell culture is the only economically 78 

feasible and sustainable way of producing some high-value metabolites from rare and/or 79 

threatened plant species. 80 

Bioreactor cultivation and subsequent up-scaling actually represent the final steps 81 

in the development of plant cell culture-based bioprocesses (Fig. 1). In general, the basic 82 

function of a bioreactor is to provide optimal conditions for cell physiology and 83 

metabolism by strict regulation of various environmental (chemical and physical) factors 84 

(Georgiev et al. 2013). The main criteria to be met for designing bioreactors suitable for 85 
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plant cells are 1) adequate oxygen and mass transfer, and 2) to provide a low shear stress 86 

environment (Zhong 2011). 87 

Place Fig. 1 here, please. 88 

 In this review we highlight the bioreactor-related aspects of plant cell culture 89 

technology with a particular emphasis on 1) hardware configuration and set-up, and 2) 90 

optimization of the bioreactor’s internal environment as key factors toward the successful 91 

mass production of desired molecules.  92 

 93 

Recent advances in hardware configuration: who needs new designs if you have a 94 

stirred tank reactor? 95 

Nowadays, stirred tank reactors (STRs) are the most widely used bioreactors for culturing 96 

plant cells. Their several advantages include easy scale-up, good fluid mixing and oxygen 97 

transfer capacity, availability of numerous impeller types and easy compliance with 98 

current Good Manufacture Practices (cGMP) requirements (Georgiev et al. 2013). 99 

Unsurprisingly, most of the existing industrial processes utilize STRs of different scale 100 

(Fig. 1). Industrial scale processes for mass production of paclitaxel, shikonin, berberine, 101 

ginseng biomass, Echinacea polysaccharides and several therapeutic proteins have been 102 

developed during the past 30 years (Huang and McDonald 2012; Wilson and Roberts 103 

2012; Georgiev et al. 2013). The world’s largest plant cell culture cGMP facility (situated 104 

in Ahrensburg, Germany) is used to produce paclitaxel on a 75 000 L
 
scale. Plant cell 105 

culture-based paclitaxel production was also achieved by Samyang Genex Corporation 106 

(Taejon, South Korea) on a m
3
 scale (Zhong 2002). The immense market for taxanes is 107 

continuously expanding, with worldwide sales of paclitaxel remaining well above $1 108 
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billion per year. If taxane analogs are also considered, the total market for these 109 

anticancer compounds is worth over $5 billion (Onrubia et al. 2013). 110 

 The STR type of bioreactors, however, have several limitations, such as high 111 

power consumption and shear environment, nutrients and temperature gradients in large 112 

scale vessels, and concerns about sealing and stability of shafts in tall bioreactors. 113 

Compared to microorganisms, plant cells are much more shear sensitive, so considerable 114 

efforts are required to modify and optimize the impeller system to balance the mixing and 115 

mass transfer requirements, against the potential damage by hydrodynamic force 116 

(Georgiev et al. 2013). Numerous modifications of conventional stirred tank reactors 117 

have been made by, for instance, designing new impellers (Zhong 2011). On the other 118 

hand, in some cases a higher shear rate might have a beneficial elicitor effect and thus 119 

boost the plant secondary metabolism (or specific branches of it). Del Carmen Oliver-120 

Salvador et al. (2013) investigated the cysteine protease production by Jacaratia 121 

mexicana cell suspension cultures in airlift, bubble column and STRs and found out that 122 

the greater microturbulence occurring in the STR led to both higher protein accumulation 123 

and proteolytic activity compared with those of the other two bioreactor systems. 124 

Similarly, Georgiev et al. (2009a) observed a 2-fold increase in superoxide dismutase 125 

(EC 1.15.1.1) and catalase (EC 1.11.1.6) in Lavandula vera MM cell suspensions grown 126 

in an STR, compared to the shaken flask cultivation stage. 127 

Pneumatically driven bioreactors are gas-liquid dispersion systems, which consist 128 

of cylindrical vessels, where the gas travels upward from the bottom of the vessel 129 

(distributed via nozzles, perforated plates or a ring sparger) to ensure aeration, mixing 130 

and fluid circulation, without moving mechanical parts. This type of bioreactors has some 131 
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advantages over classical STR cultivation systems: namely, a more homogeneous energy 132 

dissipation and they are easy to construct and scale-up at a low cost, though usually 133 

accompanied by imperfect mixing (Eibl and Eibl 2008; Georgiev et al. 2013).  134 

A glass-column bioreactor, operated with pulsed aeration, was designed for 135 

hosting plant cell cultures of Harpagophytum procumbens (Fig. 2). It was found that the 136 

air balloon type of aeration (created through pulsed aeration) significantly reduces cell 137 

exposure to local zones of high shear stress. Moreover, such aeration (also called slug 138 

bubble or Taylor-like) ensures the mass transfer of oxygen into the liquid medium and 139 

homogenization of the culture medium (Georgiev et al. 2011). As a result, both 140 

accumulated biomass and the pharmaceutically important verbascoside productivity in 141 

the glass-column reactor were higher than that observed in shaken flasks and STRs. 142 

Consequently, the biomass productivity (g biomass/L/day) was ~15-28% higher in the 143 

pulse-sparged column bioreactor than in the STR cultivation system. The fast growth of 144 

the cells and their high productivity show that the pulse-aerated glass-column bioreactor 145 

might be a very suitable system for hosting plant cell cultures. The construction of the 146 

bioreactor from glass also allows cultivation of phototrophic and/or photomixotrophic 147 

cultures (Georgiev et al. 2011). A similar type of bioreactor, named the “slug bubble 148 

reactor”, has been developed for the cultivation of Nicotiana tabacum cell suspension 149 

cultures (Terrier et al. 2007). The slug bubble reactor is made of flexible gamma-150 

sterilized biopharmaceutical grade polyethylene and can be operated in a single-use 151 

cultivation mode.  152 

Place Fig. 2 here, please. 153 

 154 
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Air-lift bioreactors with various configurations have been constructed for use in 155 

plant cell culture-based processes. In the 1970s, when the first dedicated attempts at 156 

cultivating plant cell cultures in bioreactors were made, only air-lift reactors were 157 

considered suitable, because of the high shear sensitivity of plant cells (Georgiev et al. 158 

2009b). Consequently, the first industrial process based on plant cell culture of 159 

Lithospermum erythrorhizon was established in a 750-L air-lift bioreactor (Georgiev et 160 

al. 2013). In low density cultures (below 30 g biomass/L), air-lift reactor systems might 161 

be a good solution for shear-sensitive cell lines, while STRs are preferable for culturing 162 

plant cell suspensions at high cell densities (Eibl and Eibl 2008). 163 

 Single-use bioreactors, which are typically utilized in a disposable manner, have 164 

become increasingly accepted for biotechnological processes on a small and medium 165 

scale during the past decade. This wide acceptance is attributed to their several 166 

advantages, including savings in time and costs, and environmental benefits such as 167 

reduced contamination and waste (Eibl and Eibl 2008; Georgiev et al. 2013). For 168 

instance, Protalix BioTherapeutics (Israel) uses a next-generation recombinant protein 169 

expression system platform (ProCellEX
®
) to produce a wide range of complex and 170 

biologically equivalent human proteins in transgenic carrot and tobacco cell cultures in 171 

disposable plastic-bag-bioreactors (www.protalix.com/procellex-platform/overview-172 

procellex-platform.asp; accessed on 09.12.2013). Kwon et al. (2013) recently reported 173 

the development of two disposable reactor systems - air-lift reactors and wave bioreactors 174 

- for the cultivation of transgenic rice cell cultures and production of recombinant human 175 

cytotoxic T-lymphocyte antigen 4-immunoglobulin (hCTLA4Ig). In both disposable 176 

cultivation systems similar values of maximum cell density (11.9-12.6 g dry weight/L), 177 
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doubling time (4.8-5.0 days), and maximum hCTLA4Ig concentration (~43 mg/L) were 178 

attained, which outlines the possibility of employing these cultivation systems in scale-up 179 

studies with transgenic plant cell cultures.   180 

 Wave-mixed, single-use bioreactors are widely used for plant cell culture-based 181 

processes of different applications (reviewed recently in Georgiev et al. 2013). Several 182 

studies have shown their high suitability for the production of therapeutic foreign proteins 183 

by transgenic plant cell culture (Huang and McDonald 2012) and raw substances for the 184 

cosmetics industry (Georgiev et al. 2013). However, up-scaling might pose a challenge, 185 

mainly due to the fact that the bags are not geometrically similar and existing optical 186 

sensors need improvements (Georgiev et al. 2013). 187 

 188 

Optimization of the bioreactor internal environment: a powerful tool for mass 189 

production of high-value molecules 190 

Bioreactors should provide optimum conditions (e.g. temperature, pH, oxygen transfer, 191 

mixing, and substrate concentration), in addition to their basic function of containment. 192 

Plant cellular metabolism is influenced by local concentrations in the reactor, which has a 193 

major impact on many aspects of the processes. For bioreactor operation, cellular 194 

metabolism must be considered together with the flow profile and the mass transfer 195 

characteristics of the reactor because they interact with each other. Optimization of the 196 

internal environment of the bioreactor is essential in order to maximize the cost-197 

effectiveness and economic feasibility of any bioprocess (Georgiev et al. 2009b; 198 

Georgiev et al. 2013). 199 
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Compared to microorganisms, plant cells are much bigger, with a rigid cellulose-200 

based cell wall. Plant cells have one or more large, distinct vacuoles, which may occupy 201 

up to 95% of the cell volume. Secondary metabolites, waste products and water are 202 

generally stored in the vacuole, therefore forming a fluid that is far less viscous than the 203 

cytoplasm (Wilson and Roberts 2012). Thus, plant cells are much more sensitive to the 204 

destructive shear forces than smaller microbial cells. Although the hydrodynamic forces 205 

might have a detrimental effect on cell viability and biomass accumulation, an increased 206 

secondary metabolite production is sometimes observed as a response to the elevated 207 

stress levels. For instance, Rubia tinctorum suspension cultures were able to grow in a 208 

1.5-L STR, at an agitation speed of 450 rpm, and responding to the hydrodynamic stress 209 

with a higher concentration of anthraquinones  (233% higher than in the shaken flasks; 210 

Busto et al. 2008).  211 

Aggregates of cells are commonly formed in suspension cultures (consisting of 212 

several hundred cells in clumps of 0.5 cm diameter or more). Although a certain degree 213 

of cell aggregation is required for cell growth and production of metabolites, this feature 214 

of plant cells has a detrimental effect on the mass transfer of potentially limiting 215 

substrates (oxygen and the carbon source) to the cells and/or secretion of potentially 216 

inhibiting (by-) products from them (Georgiev et al. 2009b). Several techniques to ensure 217 

a fine cell suspension culture are thoroughly summarized by Mustafa et al. (2011). 218 

Recently, Kolewe et al. (2012) developed a conceptual model to describe changes in the 219 

aggregate size distribution that are observed over the course of a Taxus cell suspension 220 

batch culture. This model could be eventually used in the design of rational strategies to 221 

control cell aggregation and optimize process performance. 222 
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Oxygen transfer is another important parameter in aerobic biological systems. The 223 

oxygen consumption of plant cells is lower than that of microorganisms, but the 224 

limitation in oxygen transfer might be a constraining factor for plant cell growth at a high 225 

density. Maintaining an optimal dissolved oxygen concentration (dO2) in the culture 226 

broth is equally important for cell growth and product formation (Georgiev et al. 2013). 227 

Nisi et al. (2010) observed that a constant aeration of 20% dO2 in a 5-L STR was the most 228 

suitable for the growth of Arabidopsis suspension cultures. Interestingly, when the 229 

Arabidopsis cells were subjected to a 4-h anoxic shock (by suspending the aeration and 230 

flushing the vessel with nitrogen), tocopherol levels increased at the end of the treatment, 231 

indicating that complete oxygen deprivation induces a defense response through an 232 

elevated antioxidant metabolism.  233 

The temperature of cultivation to some extent influences both plant cell growth 234 

and secondary metabolism. This is attributed to the fact that metabolite biosynthesis is 235 

regulated by key enzymes with different temperature optima (Georgiev et al. 2009b). For 236 

cell suspension cultures of L. vera, grown in 3-L STR, it was found that the optimal 237 

temperature for growth was 30 °C, while the volumetric production of rosmarinic acid 238 

was highest at 28 °C (Georgiev et al. 2004). In another study with a N. tabacum BY-2 239 

cell suspension culture, grown in a 4-L STR, maximal activity of a heat shock protein 240 

promoter (NtHSP3A) was observed at 37 °C, while at 25 °C no expression controlled by 241 

this promoter was observed (Navarre et al. 2011).  242 

In contrast to microbial biotechnology, where optimization of the bioreactor 243 

environment is a routine-like procedure, customizing the culture conditions for plant cell 244 

culture-based processes has been scarcely investigated. A general approach to culture 245 
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conditions optimization is to use multivariate data analysis. At the first stage, the 246 

cultivation conditions (e.g. dO2, air-flow rate, impeller tip speed, mixing time, 247 

temperature, etc.) are varied and physiological/cellular and metabolic responses in terms 248 

of cell growth and targeted metabolite(s) accumulation/volumetric production are 249 

determined. Multivariate data analysis is then applied to explore the interactive 250 

“bioreactor environmental conditions-plant cell-product” relationship. Based on the 251 

statistical analysis of these relationships, different cultivation strategies can then be 252 

applied, including two-stage processes (Georgiev et al. 2009b). For instance, polynomial 253 

regression models for describing rosmarinic acid volumetric production in a 3-L stirred 254 

tank reactor as a function of the dO2 concentration, agitation speed and temperature of 255 

cultivation were developed, followed by statistical optimization using a modified 256 

Simplex method (Pavlov et al. 2005). Customization of culture conditions resulted in a 2-257 

fold enhancement of the rosmarinic acid volumetric yield, compared to the relevant 258 

shaken flask culture. A dynamic model for Eschscholzia californica cell metabolism was 259 

developed for a rational analysis of plant production potential in in vitro cultures and 260 

calibrated with data from 3-L bioreactor studies (Cloutier et al. 2009a,b). Simulations 261 

showed that a stabilization of intracellular glucose and nitrogen reserves could lead to a 262 

116% increase in the specific production of secondary metabolites compared to the 263 

standard culture protocol. These attempts highlight an important need to optimize the 264 

basic operational parameters as a powerful strategy to enhance biomass accumulation 265 

and/or the volumetric yields of desired metabolites/therapeutic proteins. 266 

Cost-effective bioreactor operating strategies should provide optimal cell growth 267 

and maximal volumetric productivity resulting in minimum operational time. A major 268 
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disadvantage of standard batch processes is that a huge portion of time is taken by filling 269 

and emptying the system, cleaning of the bioreactor and its sterilization. In order to 270 

enhance the cost-effectiveness of plant cell culture-based processes, various operational 271 

modes such as a multi-stage batch, fed-batch, semicontinuous, single- or multi-stage 272 

continuous, and perfusion regime have been developed so far (some case studies are 273 

summarized in Georgiev et al. 2013). 274 

For wider industrialization of plant cell culture-based processes, several 275 

challenges are yet to be addressed, mainly related to their cultivation in vitro and high 276 

sensitivity to different stress factors/conditions (or better understanding of the cellular 277 

responses to the bioreactor environment). The influence of the cultivation conditions has 278 

been mainly investigated in the frame of single compound production, while the impact 279 

on the whole metabolic network has been more or less neglected. Metabolomics is 280 

generally defined as both the qualitative and quantitative analysis of all metabolites in an 281 

organism, at given conditions. The metabolomics platform (e.g. GC-MS, LC-MS and 282 

NMR-based) is a tool to gain macroscopic insights into the metabolome of a plant and is 283 

of great interest for systems biology studies in all kinds of biological processes (Kim et 284 

al. 2011). Today, in the postgenomic era, systems biology opens novel avenues to fully 285 

explore the total biochemical machinery of plants. Cell suspension cultures of L. vera, N. 286 

tabacum and Helianthus annuus were grown in shaken flasks both as free suspensions 287 

and in two-phase systems (in the presence of Amberlite XAD-4 resin), as well as in a 3-L 288 

STR, and their volatile metabolic profiles were studied using gas chromatography mass 289 

spectrometry. Comprehensive metabolite profiling revealed that the cultivation mode 290 

strongly influences the production and active transport (secretion into the culture 291 
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medium) of the low-molecular mass volatile metabolites (Georgiev et al. 2010). Although 292 

extended studies are needed, the chemical fingerprints left by metabolic processes might 293 

serve as a powerful tool to understand the cellular responses to bioreactor environments 294 

toward a better management of plant cell culture-based bioprocesses.   295 

Conventional biomonitoring is based on the indirect measurement principle, as 296 

usually a number of physical and chemical parameters are measured. Further, biological 297 

parameters are derived from the course of their development. One prominent example of 298 

the indirect growth estimation is the measurement of the medium conductivity, as this 299 

parameter is frequently correlated to the growth of the plant cells (Haas et al. 2008; 300 

Georgiev et al. 2011). However, through the necessity to apply a correlation, the derived 301 

biological values may be erroneous. Further, these parameters provide only average 302 

values of the culture, while the culture in the bioreactor – consisting of billions of 303 

individuals – is heterogeneous, influencing the overall performance of the process 304 

(Kottmeier et al. 2008). Additionally, the number of biological parameters that can be 305 

addressed by indirect measurement is limited. These parameters are of pivotal importance 306 

to the productivity and, hence, economy of the process. 307 

One way out of this dilemma is the application of flow cytometry for 308 

biomonitoring (Fig. 3). The flow cytometer is an instrument that allows the detection of 309 

optical properties of single cells at high speeds. By specific staining of biological 310 

properties of cells, certain parameters can be analyzed for numerous individual cells. 311 

Flow cytometry provides information of direct biological parameters (e.g. quantification 312 

of the DNA content in the cells) and their distribution over the culture. Hence, it could be 313 

effectively used for the biomonitoring of plant cell culture-based processes (Haas et al. 314 
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2008). The detection of ploidy, mixoploidy and aneuploidy is important for screening and 315 

optimization of the cell culture (Weber et al. 2008).   316 

Place Fig. 3 here, please. 317 

The pattern of endopolyploidy in plant in vitro cultures may be another example 318 

for the selection and optimization of plant cell cultures. For instance, Beta vulgaris red 319 

and yellow calli, which were generated by mechanical separation of a heterologous callus 320 

consisting of red and yellow cells, exhibited differences in their respective 321 

endopolyploidy. So it may be hypothesized that the endopolyploidy patterns reflect 322 

morphological differences (Weber et al. 2010). Correlation between the DNA patterns 323 

and the morphology of the cells may allow a fast screening of plant in vitro cultures by 324 

flow cytometric DNA analysis. 325 

The biomass concentration and the growth rate are the most important parameters 326 

for the control and development of bioprocesses (Jenzsch et al. 2006). Again, the 327 

classical approaches to the determination of biomass concentration and growth consider 328 

biomass as an unsegregated homogenous parameter. However, growth behavior of the 329 

individual cell can vary significantly from the average. As a result, the determined 330 

growth may be an average of cells ranging from fast-dividing individuals to quiescent 331 

cells that do not run through the cell division cycle at all. Further, methods like settled 332 

cell volume cannot distinguish between growth by division of the cell and growth by 333 

increase of volume of the cell, e.g. by increasing the volume of the vacuoles. 334 

By analyzing the distribution of the DNA content of the cells in the bioreactor by 335 

flow cytometry, it is possible to distinguish between cells running through the cell cycle 336 

from those that are quiescent. The measurement of the cell division cycle is therefore a 337 
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valid parameter for the proliferation activity of the culture. This is of special importance 338 

for bioprocesses involving plant cell cultures, where the molecule of interest is frequently 339 

a secondary metabolite, whose production is usually non-growth associated. Far more of 340 

these substances accumulate in a stationary phase where a secondary substrate becomes 341 

limiting and the division of the cell cycle ceases. With the determination of the cell 342 

division cycle, the fraction of the potentially producing quiescent cells in the early, 343 

unlimited phase and the starting limitation of a batch culture can be determined. Both the 344 

fractions of quiescent cells, as well as the point where the limitation becomes effective, 345 

influence cell productivity.  346 

The distributions of the cell cycle phases in the course of batch cultivations were 347 

determined for Helianthus annuus (Haas et al. 2008) and Harpagophytum procumbens 348 

(Stancheva et al. 2011) in STRs. As the fraction of cells in the G2 phase can be correlated 349 

with the growth of the culture one would expect this fraction to increase at the early stage 350 

of a batch experiment and decrease when the substrate is depleted. However, these 351 

measurements exhibited fairly constant fractions of cell cycle phases in the course of the 352 

batch. This means that only a portion of the cells contributes to the increase in biomass. 353 

To obtain deeper insights, a Harpagophytum procumbens cell suspension batch culture 354 

was further analyzed with a two parametric cell division cycle protocol. Here, not only 355 

the DNA content of the cells is determined, but also the synthesis of new DNA is 356 

measured (by the presence of BrdU in the DNA that is incorporated as a thymidine 357 

analogue during the semiconservative replication of the DNA strands). This presence of 358 

BrdU in the DNA is then detected by the quenching of a DNA stain. The data of the 359 

batch process analyzed indicate that the majority of the cells perform the cell division 360 
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cycle, while ca. 10% remain quiescent (Haas et al. 2014). An interesting observation of 361 

this study is that most of the cycling took place between 24 h and 48 h of the 7-day 362 

cultivation period. This implies that the growth, in terms of cell division, predominantly 363 

takes place in the early phase of the batch, while later the increase of biomass is 364 

dominated by growth in volume. These data may give a first clue to the cell cycle kinetics 365 

of plant in vitro cultures for the production of valuable metabolites. However, these 366 

values are just a starting point and more detailed research is needed to achieve a holistic 367 

view. 368 

 369 

Perspectives  370 

The main issue with plant cell culture, at present, is that this platform is still considered 371 

as an alternative to existing technology and not the primary production route (excluding 372 

the paclitaxel case). The “classical technologies”, however, are to a certain extent neither 373 

sustainable, nor eco-friendly. The global overharvest of several valuable medicinal and 374 

aromatic plant species along with the significant reduction of plant biodiversity is forcing 375 

the development of innovative technologies, which will bring plant cell culture 376 

technology to the forefront. Several challenges are yet to be solved, e.g. better 377 

understanding of the biochemical machinery of plant cells and management of the 378 

biosynthetic process. Undoubtfully, the aforementioned successful commercialization 379 

cases illustrate the significance of suitable hardware configuration of bioreactors and 380 

optimization of the bioreactor environment (among others) for suspended plant cells in 381 

order to achieve maximal production of desired secondary metabolites or native/foreign 382 

proteins. 383 
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Fig. 1 Plant cell culture up-scaling platform and structures of some high-value 504 

metabolites produced by suspended cells 505 

Fig. 2 Schematic design of a glass-column bioreactor with pulsed aeration (reprinted 506 

from Georgiev et al. 2011 with permission of Springer Science+Business Media) 507 

Fig. 3 Flow cytometry allows segregated and direct measurement of the biological 508 

parameter ‘proliferation’ in a bioreactor by determination of the DNA content. The 509 

bioreactor is sampled, in the flow cytometer the cells are hydrodynamically focused by a 510 

sheath stream and then interrogated by a laser. The DNA content is measured by 511 

propidium iodide fluorescence 512 
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Abstract 19 

Mass production of value-added molecules (incl. native and heterologous therapeutic 20 

proteins and enzymes) by plant cell culture has been demonstrated as an efficient 21 

alternative of to classical technologies [i.e. natural harvest and chemical (semi)synthesis]. 22 

Numerous proof-of-concept studies have demonstrated the feasibility of scaling up plant 23 

cell culture-based processes (most notably to producee paclitaxel case) and several 24 

commercial processes have been established so far. The choice of a suitable bioreactor 25 

design (or modification of an existing commercially- available reactor) and the 26 

optimization of its internal environment have been proven as powerful tools toward 27 

successful mass production of desired molecules. This review highlights recent progress 28 

(mostly for in the last 5 years) in hardware configuration and optimization of bioreactor 29 

culture conditions for suspended plant cells.  30 

 31 

Keywords  32 

Bioreactor, Flow cytometry, Metabolomics, Plant cell culture, Pulsed aeration, Single-use 33 

reactors 34 

 35 

Introduction   36 

Humans have been highly dependent on plants for thousands of years. Plants have been 37 

exploited to feed people and to produce beverages, but also provide essential materials 38 

for clothing and shelter, for writing and coloring, for hunting and even for use in religious 39 

ceremony. Moreover, plants accumulate a vast array of chemicals, some of which have 40 

rich ethnopharmacological applications (De Luca et al. 2012; Newman and Cragg 2012). 41 
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Natural products have played a pivotal role in drug development, especially in the 42 

therapy of oncologic diseases, metabolic syndrome disorders and immunosuppression 43 

(Butler 2005). Nowadays, the turn over of the most important commercially relevant 44 

phyto-pharmaceuticals is valued at over $25 billion/year in the USA alone (De Luca et al. 45 

2012). Paclitaxel (antineoplastic), artemisinin (antimalarial) and galanthamine 46 

(cholinesterase inhibitor), among others, are good examples in this direction and amongst 47 

the blockbuster drugs worldwide. In addition, in the recent years, a handful of biotech 48 

companies have been turning plants (and relevant cell suspension cultures) into drug 49 

factories to produce proteins that could not be made otherwise, or to make them cheaper 50 

(Wolfson 2013). 51 

 One of the main problems with the commercial supply of plant- derived- 52 

molecules is the limited availability of the compounds (Wilson and Roberts 2012). 53 

Generally, secondary metabolites account for less than 1% of the dry weight of plant 54 

cells, and sometimes even much less, as the paclitaxel content in Taxus bark, for instance, 55 

is only 0.01%. Therefore, mass production of plant-derived molecules via natural harvest 56 

leads to several difficulties, resulting mainly from seasonal, geographical, and soil 57 

issuesfeatures, and etc. Moreover, the isolation of secondary metabolites at on a 58 

commercial scale is time- and labor- consuming, and in some cases might create serious 59 

ecological liability. For instance, it is estimated that 340 tons Taxus bark or 38 000 150-60 

years-old trees need to be sacrificed in order to meet the 25 kg/year-demand for the 61 

anticancer drug paclitaxel (Wilson and Roberts 2012; Onrubia et al. 2013). The 62 

continuously increasing demand for therapeutic molecules, produced by ever greener 63 

processes, along with dramatic reductions in natural diversity, are driving efforts to 64 
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develop alternative routes for the sustainable production of  phyto-pharmaceuticals 65 

(Georgiev et al. 2009b). 66 

Plant cell culture technology possesses an immense potential for a sustainable 67 

supply of value-added molecules. A century has passed since the first attempt for at 68 

artificial cultivation of plant cells. During thise period we have witnessed a significant 69 

progress in plant cell culture-based technology (Georgiev et al. 2009b; Wilson and 70 

Roberts 2012; Rischer et al. 2013). Nowadays, it is possible to induce callus culture from 71 

virtually any plant species, though some plants are considered more recalcitrant than 72 

others. Moreover, the manipulation of nutrient content and conditions (Karwasara and 73 

Dixit 2013), and/or application of different strategies such as elicitation (Donnez et al. 74 

2011), in situ product removal (Cai et al. 2012), immobilization (Nakashima et al. 2013), 75 

and engineering various enzymatic pathways (Miralpeix et al. 2013) have resulted in 76 

significantly enhanced secondary metabolites production (frequently much higher than in 77 

the intact plant) and the development of the so-called “green cell factories”- concept 78 

(Georgiev et al. 2009b; Wilson and Roberts 2012). In addition, plant cell culture is the 79 

only economically feasible and sustainable way of producing some high-value 80 

metabolites from rare and/or threatened plant species. 81 

Bioreactor cultivation and subsequent up-scaling actually represent the final steps 82 

in the development of plant cell culture-based bioprocesses (Fig. 1). In general, the basic 83 

function of a bioreactor is to provide optimal conditions for cell physiology and 84 

metabolism by strict regulation of various environmental (chemical and physical) factors 85 

(Georgiev et al. 2013). The main criteria to be met for designing bioreactors suitable for 86 
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plant cells are 1) adequate oxygen and mass transfer, and 2) to provide a low shear stress 87 

environment (Zhong 2011). 88 

Place Fig. 1 here, please. 89 

 In this review we highlight the bioreactor- related aspects of plant cell culture 90 

technology with a particular emphasis on 1) hardware configuration and set-up, and 2) 91 

optimization of the bioreactor’s internal environment as key factors toward the successful 92 

mass production of desired molecules.  93 

 94 

Recent advances in hardware configuration: who needs new designs if you have a 95 

stirred tank reactor? 96 

Nowadays, stirred tank reactors (STRs) are the most widely used bioreactors for growing 97 

culturing plant cells. T, because of their several advantages such asinclude easy scale-up, 98 

good fluid mixing and oxygen transfer capacity, availability of numerous impellers types 99 

and easy compliance with current Good Manufacture Practices (cGMP) requirements 100 

(Georgiev et al. 2013). Reasonably,Unsurprisingly, most of the existing industrial 101 

processes utilize STRs of different scale (Fig. 1). Industrial scale processes for mass 102 

production of paclitaxel, shikonin, berberine, ginseng biomass, Echinacea 103 

polysaccharides and several therapeutic proteins were have been developed during the 104 

past 30 years (Huang and McDonald 2012; Wilson and Roberts 2012; Georgiev et al. 105 

2013). The world’s largest plant cell culture cGMP facility (situated in Ahrensburg, 106 

Germany) is used to produce paclitaxel at on a 75 000 L
 
scale. The Pplant cell -culture-107 

based paclitaxel production was also achieved by Samyang Genex Corporation (Taejon, 108 

South Korea) at on a m
3
 scale (Zhong 2002). The immense market for taxanes is 109 
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continuously expanding, with worldwide sales of paclitaxel remaining well above $1 110 

billion per year. If taxane analogs are also considered, the total market for these 111 

anticancer compounds is worth over $5 billion (Onrubia et al. 2013). 112 

 The STRs type of bioreactors, however, hasve several limitations, such as high 113 

power consumption and shear environment, nutrients and temperature gradients in large 114 

scale vessels, and concerns about sealing and stability of shafts in tall bioreactors. 115 

Compared to microorganisms, plant cells are much more shear sensitive, so considerable 116 

efforts are required to modify and optimize the impeller system to balance the mixing and 117 

mass transfer requirements, against the potential damage by hydrodynamic force 118 

(Georgiev et al. 2013). Numerous modifications of conventional stirred tank reactors 119 

have been made by, for instance, designing new impellers for instance (Zhong 2011). On 120 

the other hand, in some cases a higher shear rate might have a beneficial elicitor effect 121 

and thus to boost the plant secondary metabolism (or specific branches of it). Del Carmen 122 

Oliver-Salvador et al. (2013) investigated the cysteine proteases production by Jacaratia 123 

mexicana cell suspension cultures in airlift, bubble column and STRs and found out that 124 

the more intensivegreater microturbulence occurring in the STR, lead to both higher 125 

protein accumulation and proteolytic activity compared with those of the other two 126 

bioreactor systems. Similarly, Georgiev et al. (2009a) observed a 2-fold increase in 127 

superoxide dismutase (EC 1.15.1.1) and catalase (EC 1.11.1.6) in Lavandula vera MM 128 

cell suspensions grown in an STR, compared to the shaken flasks cultivation stage. 129 

Pneumatically driven bioreactors are gas-liquid dispersion systems, which consist 130 

of cylindrical vessels, where the gas travels upward from the bottom of the vessel 131 

(distributed via nozzles, perforated plates or a ring sparger) to ensure aeration, mixing 132 
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and fluid circulation, without moving mechanical parts. Such This type of bioreactors has 133 

some advantages, over classical STR cultivation systems: namely, the a more 134 

homogeneous energy dissipation and they are easyiness to construct and scale-up with at 135 

a low cost, though usually accompanied by imperfect mixing (Eibl and Eibl 2008; 136 

Georgiev et al. 2013).  137 
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A glass-column bioreactor, operated with pulsed aeration, was designed for 138 

hosting plant cell cultures of Harpagophytum procumbens (Fig. 2). It was found that the 139 

air balloon type of aeration (created through pulsed aeration) significantly reduces the 140 

cells’ exposure to local zones of high shear stress. Moreover, such aeration (also called 141 

slug bubble or Taylor-like) ensures the mass transfer of oxygen into the liquid medium 142 

and homogenization of the culture medium (Georgiev et al. 2011). As a result, both 143 

accumulated biomass and the pharmaceutically -important verbascoside productivity in 144 

the glass-column reactor were higher than that observed in shaken flasks and in STRs 145 

cultivations. Consequently, the biomass productivity (g biomass/L/day) was ~15-28% 146 

higher in the pulse-sparged column bioreactor than in the STR cultivation system. The 147 

fast growth of the cells and their high productivity show that the pulse-aerated glass-148 

column bioreactor might be a very suitable system for hosting plant cell cultures. The 149 

construction of the bioreactor from glass also allows cultivation of phototrophic and/or 150 

photomixotrophic cultures (Georgiev et al. 2011). A similar type of bioreactor, named the 151 

“slug bubble reactor”, has been developed for the cultivation of Nicotiana tabacum cell 152 

suspension cultures (Terrier et al. 2007). The slug bubble reactor is made of flexible 153 

gamma-sterilized biopharmaceutical grade polyethylene and could can then be operated 154 

in a single-use cultivation mode.  155 

Place Fig. 2 here, please. 156 

 157 

Air-lift bioreactors with various configurations have been constructed for use in 158 

plant cell cultures-based processes. In the 1970es, when the first dedicated attempts for at 159 

cultivating plant cell cultures in bioreactors were performedmade, only the air-lift 160 
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reactors were considered suitable for growing them, because of the high shear sensitivity 161 

of plant cells (Georgiev et al. 2009b). Consequently, the first industrial process based on 162 

plant cell culture of Lithospermum erythrorhizon was established in a 750-L air-lift 163 

bioreactor (Georgiev et al. 2013). In low density cultures (below 30 g biomass/L), air-lift 164 

reactor systems might be a good solution for shear-sensitive cell lines, while STRs are 165 

preferable for culturing plant cell suspensions at high cell densities (Eibl and Eibl 2008). 166 

 Single-use bioreactors, which are typically utilized in a disposable manner, have 167 

become increasingly accepted for biotechnological processes at on a small and medium 168 

scale during the past decade. This wide acceptance is attributed to their several 169 

advantages, as including savings in time and costs, and environmental benefits such as 170 

reduced contamination rates,and time and costs savings, reduced waste and thus mark a 171 

significant environmental benefit (Eibl and Eibl 2008; Georgiev et al. 2013). For 172 

instance, Protalix BioTherapeutics (Israel) uses a next-generation recombinant protein 173 

expression system platform (ProCellEX
®
) to produce a wide range of complex and 174 

biologically equivalent human proteins in transgenic carrot and tobacco cell cultures in 175 

disposable plastic-bag-bioreactors (www.protalix.com/procellex-platform/overview-176 

procellex-platform.asp; accessed on 09.12.2013). Kwon et al. (2013) recently reported 177 

the development of two disposable reactor systems - air-lift reactors and wave bioreactors 178 

- for the cultivation of transgenic rice cell cultures and production of recombinant human 179 

cytotoxic T-lymphocyte antigen 4-immunoglobulin (hCTLA4Ig). In both disposable 180 

cultivation systems similar values of maximum cell density (11.9-12.6 g dry weight/L), 181 

doubling time (4.8-5.0 days), and maximum hCTLA4Ig concentration (~43 mg/L) were 182 
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attained, which outlines the possibility to employof employing these cultivation systems 183 

in scale-up studies with transgenic plant cell cultures.   184 

 Wave-mixed, single-use, bioreactors are widely used for plant cell culture-based 185 

processes of different applications (reviewed recently in Georgiev et al. 2013). Several 186 

studies have shown their high suitability for the production of therapeutic foreign proteins 187 

by transgenic plant cell culture (Huang and McDonald 2012) and raw substances for the 188 

cosmetics industry (Georgiev et al. 2013). However, Uup-scaling might be,pose however, 189 

a challengeing issue, mainly due to the fact that the bags are not geometrically similar 190 

and existing optical sensors need improvements (Georgiev et al. 2013). 191 

 192 

Optimization of the bioreactor internal environment: a powerful tool for mass 193 

production of high-value molecules 194 

Bioreactors should provide optimum conditions (e.g. temperature, pH, oxygen transfer, 195 

mixing, and substrate concentration), in addition to its their basic function of 196 

containment. Plant cellular metabolism is influenced by local concentrations in the 197 

reactor, which has a major impact on many aspects of the processes. For bioreactor 198 

operation, cellular metabolism must be considered together with the flow profile and the 199 

mass transfer characteristics of the reactor because they interact with each other. 200 

Optimization of the internal environment of the bioreactor is essential in order to 201 

maximize the cost-effectiveness and economic feasibility of any bioprocess (Georgiev et 202 

al. 2009b; Georgiev et al. 2013). 203 

Compared to microorganisms, plant cells are much bigger, with a rigid cellulose-204 

based cell wall. Plant cells have one or more large, distinct vacuoles, which may occupy 205 
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up to 95% of the cell’s volume. Secondary metabolites, waste products and water are 206 

generally stored in the vacuole, and therefore forming a fluid that is far less viscous than 207 

the cytoplasm (Wilson and Roberts 2012). Thus, plant cells are much more sensitive to 208 

the destructive shear forces than the smaller microbial cells. Although the hydrodynamic 209 

forces might have a detrimental effect on cell viability and biomass accumulation, an 210 

increased secondary metabolites production is sometimes observed as a response to the 211 

elevated stress levels. For instance, Rubia tinctorum suspension cultures were able to 212 

grow, in a 1.5-L STR, at an agitation speed of 450 rpm, and responding to the 213 

hydrodynamic stress with a higher concentration of anthraquinones  (233% higher than 214 

that in the shaken flasks; Busto et al. 2008).  215 

Aggregates of cells are commonly formed in suspension cultures (consisting of 216 

several hundred cells in clumps of 0.5 cm diameter or more). Although a certain degree 217 

of cell aggregation is required for cell growth and production of metabolites, this feature 218 

of plant cells has a detrimental effect on the mass transfer of potentially limiting 219 

substrates (oxygen and the carbon source) to the cells and/or secretion of potentially 220 

inhibiting (by-) products from them (Georgiev et al. 2009b). Several techniques to ensure 221 

a fine cell suspension culture are thoroughly summarized by Mustafa et al. (2011). 222 

Recently, Kolewe et al. (2012) developed a conceptual model to describe changes in the 223 

aggregate size distribution that are observed over the course of a Taxus cell suspension 224 

batch culture. This model could be eventually used in the design of rational strategies to 225 

control cells’ aggregation and to optimize process performance. 226 

Oxygen transfer is another important parameter in the aerobic biological systems. 227 

The oxygen consumption of plant cells is lower than that of microorganisms, however but 228 
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the limitation in oxygen transfer might be a constraining factor for plant cells growth at a 229 

high density. Maintaining an optimal dissolved oxygen concentration (dO2) in the culture 230 

broth is equally important for cell growth and product formation (Georgiev et al. 2013). 231 

Nisi et al. (2010) observed that a constant aeration of 20% dO2 in a 5-L STR was the most 232 

suitable for the growth of Arabidopsis suspension cultures. Interestingly, when the 233 

Arabidopsis cells were subjected to a 4-h anoxic shock (by suspending the aeration and 234 

flushing the vessel with nitrogen), tocopherol levels increased at the end of the treatment, 235 

indicating that the complete oxygen deprivation induces a defense response through an 236 

elevated antioxidant metabolism.  237 

The temperature of cultivation to some extent influences, to some extent, both the 238 

plant cells’ growth and their secondary metabolism. This is attributed to the fact that the 239 

metabolites’ biosynthesis is regulated by key- enzymes with, which have di different 240 

temperature optima (Georgiev et al. 2009b). For cell suspension cultures of L. vera, 241 

grown in 3-L STR, it was found that the optimal temperature for growth was 30 °C, while 242 

the volumetric production of rosmarinic acid was highest at 28 °C (Georgiev et al. 2004). 243 

In another study with a N. tabacum BY-2 cell suspension culture, grown in a 4-L STR, 244 

maximal activity of a heat shock protein promoter (NtHSP3A) was observed at 37 °C, 245 

while at 25 °C no expression controlled by this promoter was observed (Navarre et al. 246 

2011).  247 

In contrast to microbial biotechnology, where optimization of the bioreactor 248 

environment is a routine-like procedure, customizing the culture conditions for plant cell 249 

culture-based processes has been scarcely investigated. A general approach for to culture 250 

conditions optimization is to use multivariate data analysis. At the first stage, the 251 
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cultivation conditions (e.g. dO2, air- flow rate, impeller tip speed, mixing time, 252 

temperature, and etc.) are varied and physiological/cellular and metabolic responses in 253 

terms of cell growth and targeted metabolite(s) accumulation/volumetric production are 254 

determined. Multivariate data analysis is then applied to explore the interactive 255 

“bioreactor environmental conditions-plant cell-product” relationship. Based on the 256 

statistical analysis of these relationships, different cultivation strategies could can then be 257 

applied, including. two-stage processes (Georgiev et al. 2009b). For instance, polynomial 258 

regression models for describing rosmarinic acid volumetric production in a 3-L stirred 259 

tank reactor as a function of the dO2 concentration, agitation speed and temperature of 260 

cultivation were developed, followed by statistical optimization using a modified 261 

Simplex method (Pavlov et al. 2005). Customization of culture conditions resulted in a 2-262 

fold enhancement of the rosmarinic acid volumetric yield, compared to the relevant 263 

shaken flask culture. A dynamic model for Eschscholzia californica cell metabolism was 264 

developed for a rational analysis of plant production potential in in vitro cultures and 265 

calibrated with data from 3-L bioreactor studies (Cloutier et al. 2009a,b). Simulations 266 

showed that a stabilization of intracellular glucose and nitrogen reserves could lead to a 267 

116% increase in the specific production of secondary metabolites compared to the 268 

standard culture protocol. These attempts highlight an important need to optimize the 269 

basic operational parameters as a powerful strategy to enhance biomass accumulation 270 

and/or the volumetric yields of desired metabolites/therapeutic proteins. 271 

Cost-effective bioreactor operating strategies should provide optimal cell growth 272 

of the cells and maximal volumetric productivity resulting in minimum operational time. 273 

A major disadvantage of standard batch processes is that a huge portion of time is taken 274 
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by filling and emptying the system, cleaning of the bioreactor and its sterilization. In 275 

order to enhance the cost-effectiveness of plant cell culture-based processes, various 276 

operational modes such as a multi-stage batch, fed-batch, semicontinuous, single- or 277 

multi-stage continuous, and perfusion regime have been developed so far (some case 278 

studies are summarized in Georgiev et al. 2013). 279 

For wider industrialization of plant cell culture-based processes, several 280 

challenges are yet to be addressed, mainly related to their cultivation in vitro and high 281 

sensitivity to different stress factors/conditions (or better understanding of the cellular 282 

responses to the bioreactor environment). The influence of the cultivation conditions was 283 

has been mainly investigated in the frame of single compound production, while the 284 

impact on the whole metabolic network is has been more or less neglected. Metabolomics 285 

is generally defined as both the qualitative and quantitative analysis of all metabolites in 286 

an organism, at given conditions. The metabolomics platform (e.g. GC-MS, LC-MS and 287 

NMR-based) is a tool to gain macroscopic insights into the metabolome of a plant and is 288 

of great interest for systems biology studies in all kinds of biological processes (Kim et 289 

al. 2011). Today, in the postgenomic era, systems biology opens novel avenues to fully 290 

explore the total biochemical machinery of plants. Cell suspension cultures of L. vera, N. 291 

tabacum and Helianthus annuus were grown in shaken flasks both as free suspensions 292 

and in two-phase systems (in the presence of Amberlite XAD-4 resin), as well as in a 3-L 293 

STR, and their volatile metabolic profiles were studied using gas chromatography mass 294 

spectrometry. Comprehensive metabolite profiling revealed that the cultivation mode 295 

strongly influences the production and active transport (secretion into the culture 296 

medium) of the low-molecular- mass volatile metabolites (Georgiev et al. 2010). 297 
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Although extended studies are needed, the chemical fingerprints left by metabolic 298 

processes might serve as a powerful tool to understand the cellular responses to 299 

bioreactor environments toward a better management of plant cell culture-based 300 

bioprocesses.   301 

Conventional bio-monitoring is based on the indirect measurement principle, as 302 

usually a number of physical and chemical parameters are measured. Further, biological 303 

parameters are derived from the course of their development biological parameters are 304 

derived. One prominent example for of the indirect growth estimation is the measurement 305 

of the medium conductivity, as this parameter is frequently correlated to the growth of 306 

the plant cells (Haas et al. 2008; Georgiev et al. 2011). However, Tthrough the necessity 307 

to apply a correlation, the derived biological values may be , however, erroneous. 308 

Further, these parameters provide only average values of the culture, while the culture in 309 

the bioreactor – consisting of billions of individuals – is heterogeneous, influencing the 310 

overall performance of the process (Kottmeier et al. 2008). Additionally, the number of 311 

biological parameters that can be addressed by indirect measurement is limited. In 312 

addition, tThese parameters are of pivotal importance to the productivity and, hence, 313 

economy of the process. 314 

One way out of this dilemma is the application of flow cytometry for bio-315 

monitoring (Fig. 3). The flow cytometer is an instrument that allows the detection of 316 

optical properties of single cells at high speeds. By specific staining of biological 317 

properties of cells, certain parameters can be analyzed for numerous individual cells. 318 

Flow cytometry provides information of direct biological parameters (e.g. quantification 319 

of the DNA content in the cells) and their distribution over the culture. Hence, it could be 320 
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effectively used for the bio-monitoring of plant cell culture-based processes (Haas et al. 321 

2008). The detection of ploidy, mixoploidy and aneuploidy is important for screening and 322 

optimization of the cell culture (Weber et al. 2008).   323 

Place Fig. 3 here, please. 324 

The pattern onf endopolyploidy of in plant in vitro cultures may be another 325 

example for the selection and optimization of plant cell cultures. For instance, Beta 326 

vulgaris red and yellow callius, which were generated by mechanical separation of a 327 

heterologous callus consisting of red and yellow cells, exhibited differences in their 328 

respective endopolyploidy. So it may be hypothesized that the endopolyploidy patterns 329 

reflect the morphological differences (Weber et al. 2010). Correlation between the DNA 330 

patterns and the morphology of the cells may allow a fast screening of plant in vitro 331 

cultures by flow cytometric DNA analysis. 332 

The biomass concentration and the growth rate are the most important parameters 333 

for the control and development of bio-processes (Jenzsch et al. 2006). Again, the 334 

classical approaches for to the determination of biomass concentration and growth 335 

consider biomass as an unsegregated homogenous parameter. However, growth behavior 336 

of the individual cell can vary significantly from the average. As a result, the determined 337 

growth determined may be an average of cells ranging from fast- dividing individuals to 338 

quiescent cells that do not run through the cell division cycle at all. Further, methods like 339 

settled cell volume cannot distinguish between growth by division of the cell and growth 340 

by increase of volume of the cell, e.g. by increasing the volume of the vacuoles. 341 

By analyzing the distribution of the DNA content of the cells in the bioreactor by 342 

flow cytometry, it is possible to distinguish from between cells running through the cell 343 
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cycle from those who that are quiescent. The measurement of the cell division cycle is 344 

therefore a valid parameter for the proliferation activity of the culture. This is of special 345 

importance for bioprocesses involving plant cell cultures, where: frequently the molecule 346 

of interest is frequently a secondary metabolite, whose. Their production is usually non-347 

growth associated,. F far more of these substances accumulate in a stationary phase 348 

where a secondary substrate becomes limiting and the division of the cell cycle ceases. 349 

With the determination of the cell division cycle, the fraction of the potentially producing 350 

quiescent cells in the early, unlimited phase and the starting limitation of a batch culture 351 

can be determined. Both the fractions of quiescent cells, as well as the point where the 352 

limitation becomes effective, influence the cell productivity of the cells.  353 

The distributions of the cell cycle phases in the course of batch cultivations were 354 

determined for Helianthus annuus (Haas et al. 2008) and Harpagophytum procumbens 355 

(Stancheva et al. 2011) in STRs. As the fraction of cells in the G2 phase can be correlated 356 

with the growth of the culture one would expect this e fraction of G2 cells to increase at 357 

the early stage of a batch experiment and to decrease when the substrate is depleted. 358 

However, these measurements exhibited fairly constant fractions of cell cycle phases in 359 

the course of the batch. This eventually means that only a portion of the cells contributes 360 

to the increase in biomass. To get obtain deeper insights, a Harpagophytum procumbens 361 

cell suspension batch culture was further analyzed with a two parametric cell division 362 

cycle protocol. Here, not only the DNA content of the cells is determined, but also the 363 

synthesis of new DNA is measured (by the presence of BrdU in the DNA that is 364 

incorporated as a thymidine analogue during the semiconservative replication of the 365 

DNA strands). This presence of BrdU in the DNA is then detected by the quenching of a 366 
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DNA stain. The data of the batch process analyzed indicate that the majority of the cells 367 

perform the cell division cycle, while ca. 10% remained quiescent (Haas et al. 2014). An 368 

interesting observation of the mentionedthis study is that the most of the cycling take 369 

took place between 24 h and 48 h of the 7-day-long cultivation period. This implies that 370 

the growth, in terms of cell division, predominantly takes place in the early phase of the 371 

batch, while later the increase of biomass is dominated by growth in volume. These data 372 

may give a first clue on to the cell cycle kinetics of plant in vitro cultures for the 373 

production of valuable metabolites. However, these values are just a starting point and 374 

more detailed research is needed to achieve a holistic view. 375 

 376 

Perspectives  377 

The main issue with plant cell culture, at present, is that this platform is still considered 378 

as an alternative of to existing technology and not the primary production route 379 

(excluding the paclitaxel case eventually). The “classical technologies”, however, are to a 380 

certain level extent neither sustainable, nor eco-friendly. The global overharvest of 381 

several valuable medicinal and aromatic plant species along with the significant reduction 382 

of plant biodiversity would is forcinge the development of innovative technologies, 383 

which will bring plant cell culture technology to the forefront. By thenS several 384 

challenges are yet to be solved, e.g. better understanding of the biochemical machinery of 385 

plant cells and management of the biosynthetic process. Undoubtfully, the above 386 

aforementioned successful commercialization cases illustrate the significance of suitable 387 

hardware configuration of bioreactors and optimization of the bioreactor environment 388 
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(among others) for suspended plant cells in order to achieve maximal production of 389 

desired secondary metabolites or native/foreign proteins. 390 
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Fig. 1 Plant cell culture up-scaling platform and structures of some high-value 511 

metabolites produced by suspended cells 512 

Fig. 2 Schematic design of a glass-column bioreactor with pulsed aeration (reprinted 513 

from Georgiev et al. 2011 with permission of Springer Science+Business Media) 514 

Fig. 3 Flow cytometry allows segregated and direct measurement of the biological 515 

parameter ‘proliferation’ in a bioreactor by determination of the DNA content. The 516 

bioreactor is sampled, in the flow cytometer the cells are hydrodynamically focused by a 517 

sheath stream and then interrogated by a laser. The DNA content is measured by 518 

propidium iodide fluorescence 519 
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