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Abstract Cyclodextrins are cyclic oligosaccharides

consisting of D-glucopyranose units bound via a-(1,4)-

glycosidic linkages. They are obtained from starch

enzymatic degradation by the action of cyclodextri-

nases or glycosyltransferases. Among the modified-

cyclodextrins, 2-hydroxypropylated and methylated

b-cyclodextrins are produced on industrial scale.

Particularly, methylated b-cyclodextrins are more

suitable than native b-cyclodextrins to form stable in-

clusion complexes with organic molecules of low

molecular weight, making these complexes more

soluble in aqueous solutions. Cyclodextrins have often

been considered useful carriers of antitumor- and

immuno-regulatory drugs, and they have also been

used as additives for food industry. It is also important

to note that cyclodextrins are used for improving

bioactive compound production in plant cell cultures

because of cyclodextrins ability as ‘‘hosts’’ of bioac-

tive compounds favoring their accumulation in aque-

ous media. In fact, the treatment of plant cell cultures

with cyclodextrins and their derivatives increases the

production of secondary metabolites such as resver-

atrol, ajmalicine, serpentine, lutein, arachidin, among

other antioxidant compounds, enhancing the capabil-

ity of plant in vitro cultures to produce high levels of

different bioactive compounds which have beneficial

properties for human health. In addition, metabolomic,

transcriptomic, and proteomic studies have been

carried out on both control and cyclodextrins-treated

cell cultures offering important clues about how

cyclodextrins are capable of substantially increasing

the production of bioactive compounds in plant

in vitro cultures. This review focuses on the effect of

cyclodextrins on both bioactive compound production

and their accumulation, which could be of great

interest for chemical and pharmaceutical industries.
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Abbreviations
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MJ Methyl jasmonate
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ROS Reactive oxygen species
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Introduction

Cyclodextrins (CD) are cyclic oligosaccharides con-

sisting of D-glucopyranose units bound via a-(1,4)-

glycosidic linkages (Fig. 1). CD can be classified as

a-, b, or c-CD cyclohexa-, hepta or octaamylose,

respectively (Fig. 1). They are obtained from starch

enzymatic degradation by the action of a group of

amylases such as cyclodextrinases or

glycosyltransferases (Gentili 2020). Moreover, there

are other types of CD which are generated syntheti-

cally by the modification of their functional groups. As

regard to the CD structures, they have a hydrophilic

outer surface and a hydrophobic inner cavity. The

hydrophilic character comes from the OH groups

while hydrophobicity of the internal cavity is due to

the presence of ethereal oxygen from the glucopyra-

nose units and the hydrocarbon skeleton of CD

Fig. 1 Chemical structure of cyclodextrins. a-cyclodextrin (a-CD), b-cyclodextrin (b-CD), and c-cyclodextrin (c-CD) composed of

six, seven, and eight a-(1,4)-linked glycosyl units, respectively
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structure. These features give CD the ability of hosting

several compounds via non-covalent interactions

(Landy et al. 2012).

On the other hand, the water solubility at room

temperature of the different a, b and c-CD corre-

sponds to 13, 2 and 26% (w/w), respectively (Atwood

et al. 1996). The addition of alcohols or acetonitrile

increase the solubility of CD in water; however, these

compounds are insoluble in most organic solvents

except for pyridine, dimethyl formamide and dimethyl

sulfoxide. In addition, CD can be modified to improve

their ability of formation of inclusion complexes or

increase their solubility in both, organic and aqueous

solutions. Among the modified-CD, 2-hydroxypropy-

lated and methylated b-CD are produced at industrial

scale. Particularly, methylated b-CD are more suit-

able than the native b-CD to form stable inclusion

complexes with organic molecules of low molecular

weight making them more soluble in aqueous solu-

tions. The most common inclusion complexes (that is,

bioactive compound-CD) are of type 1:1, 1:2 and 2:1.

Several studies have shown that b-CD form inclusion

complexes of 1:1 type with resveratrol and gallates,

being the phenolic ring inserted into the b-CD cavity

(Morales et al. 1998; Martı́nez-Alonso et al. 2015).

On the other hand, b-CD are considered useful

carriers of antitumor- and immuno-regulatory drugs

(Gidwani and Vyas 2014). Also, a-, b- and c-CD can

be used as additives for alimentary use since they were

included in the European list as E-457, E-459 and

E-458, respectively. Several reviews have described

the use of CD in food industry and their impact on the

compound sequestration, food packaging and mainte-

nance of sensory food (Cravotto et al. 2006; Astray

et al. 2009).

It is also important to highlight the use of b-CD for

improving bioactive compound production in plant

cell cultures (Ramı́rez-Estrada et al. 2016; Bru et al.

2006), because of CD ability as ‘‘hosts’’ of bioactive

compounds favoring their accumulation in aqueous

medium (Bru et al. 2006). Moreover, b-CD increase

the ability of hydrophobic compounds to cross cell

membranes, and they act as elicitors in plant cell

cultures due to their structural similarity to pectic

oligosaccharides which are released from cell walls as

a result of fungal infection, and thus, promoting the

biosynthesis of plant bioactive compounds (Bru et al.

2006; Almagro et al. 2016; Zamboni et al. 2006). In

this way, several studies have reported the capability

of methylated-b-CD to increase the production of

some bioactive compounds (Torres and Corchete

2016; Miras-Moreno et al. 2016; Rojas et al. 2005;

Almagro et al. 2014a; Belchı́-Navarro et al. 2012;

Tisserant et al. 2016, among others). This review has

been focused on the action of b-CD producing and

accumulating compounds which result of great inter-

est for chemical and pharmaceutical industries.

Use of cyclodextrins to increase the production

of phenolic compounds in plant in vitro cultures

Phenolic compounds are considered one of the most

important secondary metabolites in plants (Randhir

et al. 2004). These compounds, which are derived

from the shikimate, pentose phosphate, and phenyl-

propanoid pathways, are involved in key physiological

and morphological processes for the plants. In fact,

they play an important role in plant growth and

development, mainly participating in plant defense

reactions (Cheynier 2012) since their biosynthesis

increases against insect and pathogen attack, high

levels of UV radiation or even wounding (Kennedy

and Wightman 2011). As regards their structure,

phenolic compounds are formed by an aromatic ring

bearing one or more hydroxyl groups (Chirinos et al.

2009), formally named as simple phenols or polyphe-

nols, if they contain more than one phenol unit. In

general, phenolic compounds can be classified in

simple phenols, lignans, lignins, tannins, coumarins,

phenolic acids and flavonoids (Soto-Vaca et al. 2012).

Phenolic compounds have human health benefits

due to their physiological properties, such as anti-

atherogenic, anti-microbial, anti-inflammatory, anti-

thrombotic, antioxidant, anti-allergenic, vasodilatory

and cardioprotective effects (Manach et al. 2005;

Puupponen-Pimiä et al. 2001). Owing to the multiple

beneficial properties of phenolic compounds for the

humans, it is important to describe strategies that

allow a sustainable production of these compounds. In

this way, methylated-b-CD have been widely used in

order to increase the production of phenolic com-

pounds in different plant in vitro systems (Belchı́-

Navarro et al. 2012; Zamboni et al. 2006; Vidal-Limón

et al. 2018; Tisserant et al. 2016; Hidalgo et al. 2017).

More specifically, numerous studies have shown that

methylated-b-CD increased the production of trans-

resveratrol, a simple molecule of stilbene nature
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(3,5,40-trihydroxystilbene) which has beneficial

effects on human health (Vang et al. 2011). Morales

et al. (1998) described for the first time that b-CD

increased trans-resveratrol production in Vitis vinifera

cell cultures. These authors observed that 5 mM

dimethylated-b-CD induced the biosynthesis of

trans-resveratrol reaching the maximal levels of

10 mg/g DW at 48 h of incubation in V. vinifera cv

Gamay (Table 1). Bru et al. (2006) also observed that

50 mM methylated-b-CD caused higher levels of

trans-resveratrol in the same cultivar grown in dark-

ness (337.40 mg/g DW) than in V. vinifera cv

Monastrell grown under light conditions (8.89 mg/g

DW or in V. vinifera cv Gamay (305.5 mg/g DW)

(Table 1). Moreover, the capability of dimethylated-

b-CD to induce the production of trans-resveratrol

was also tested in other different Vitis cell cultures

(Zamboni et al. 2006). The levels of trans-resveratrol

were of 0.51, 4.31, 225.22 and 911.25 mg/L in V.

vinifera cv. Pinot Noir, V. vinifera cv. Merzling, V.

amurensis and V. riparia 9 V. berlandieri, respec-

tively (Table 1). Considering the variability of the

response to dimethylated-b-CD treatment in the four

grape genotypes analyzed, it was confirmed that it is

very important to select what genotypes can naturally

produce high levels of trans-resveratrol. Likewise,

Zamboni et al. (2009) analyzed the transcriptome

changes of V. riparia 9 V. berlandieri cell cultures in

response to dimethylated-b-CD at 2 and 6 h after

treatment by using microarray analysis. At both time

points, these authors identified a specific set of induced

genes belonging to the general phenylpropanoid

metabolism, including stilbenes and hydroxycinna-

mates, and defense proteins such as pathogenesis-

related proteins. At 6 h, they also observed a down-

regulation of the genes involved in both cell wall

loosening and cell division. Moreover, a high increase

in trans-resveratrol production was observed when

dimethylated-b-CD and methyl jasmonate (MJ) were

jointly added to V. vinifera cv. Monastrell cell cultures

(Lijavetzky et al. 2008). Dimethylated-b-CD and MJ

also increased the expression of genes involved in

trans-resveratrol biosynthetic pathway (this means,

phenylalanine ammonia lyase, cinnamate 4-hydroxy-

lase, 4-coumarate CoA ligase and stilbene synthase)

but only dimethylated-b-CD enhanced the production

of trans-resveratrol (over 57 mg/g DW) (Table 1).

The joint action of dimethylated-b-CD and MJ

provoked the highest values of extracellularT
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Table 2 Effect of cyclodextrins on the production of alkaloids and terpenes (identified and quantified) in plant in vitro cultures

Material Species CD type Production in the

presence of CD

Production

in control

treatment

Fold

increased

respect to

control

References

Cell

cultures

Catharanthus
roseus

50 mM methylated-b-CD 21.6 mg/g DW

ajmalicine

8 mg/g DW Over 2.7-

fold

increase

Almagro et al.

(2011)

50 mM methylated-b-

CD ? 100 lM MJ

93 mg/g DW

ajmalicine

8 mg/g DW Over 11.6-

fold

increase

Cell

cultures

Catharanthus
roseus

50 mM methylated-b-CD 20 mg/g DW

ajmalicine

1 mg/g DW 20-fold

increase

Almagro et al.

(2014b)

8.02 mg/g DW

catharanthine

0.2 mg/g

DW

40-fold

increase

Cell

cultures

Catharanthus
roseus

50 mM methylated-b-

CD ? 100 lM MJ

85 mg/g DW

ajmalicine

1 mg/g DW 85-fold

increase

Almagro et al.

(2014b)

16.2 mg/g DW

catharanthine

0.2 mg/g

DW

81.1-fold

increase

Cell

cultures

Catharanthus
roseus

10 mM b-CD ? 150 lM MJ 58.9 mg/L

ajmalicine

25 mg/L 2.3-fold

increase

Zhou et al.

(2015)

1.76 mg/L

catharanthine

0.5 mg/L 3.5-fold

increase

7.4 mg/L

vindoline

2.1 mg/L 3.5-fold

increase

Cell

cultures

Mentha
piperita

60 mM c-CD 100 mg/L

menthol

ND – Chakraborty and

Chattopadhyay

(2008)60 mM c-CD ? 35 lM mentone 148 mg/L

menthol

ND –

Hairy

root

cultures

Solanum
tuberosum

100 mg/L b-CD 213 lg/g DW

rishitin

ND – Komaraiah et al.

(2003)

171 lg/g DW

lubimin

ND –

50 lg/g DW

phytuberin

ND –

100 lg/g DW

phytuberol

ND –

Cell

cultures

Capsicum
annum

50 mM randomly methylated-b-

CD

46.1 lg/g DW

aromadendrene

ND – Sabater-Jara

et al. (2010)

63.7 lg/g DW

solavetivone

ND –

Cell

cultures

Capsicum
annum

50 mM randomly methylated-b-

CD ? 100 lM MJ

2353 lg/g DW

aromadendrene

ND – Sabater-Jara

et al. (2010)

1094 lg/g DW

solavetivone

ND –

Cell

cultures

Artemisia
annua

50 mM dimethylated-b-CD 7.1 mg/g DW

artemisin

0.025 mg/g

DW

292-fold

increase

Durante et al.

(2011)

50 mM dimethylated-b-

CD ? 100 lM MJ

7.7 mg/g DW

artemisin

0.025 mg/g

DW

319-fold

increase
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Table 2 continued

Material Species CD type Production in the

presence of CD

Production

in control

treatment

Fold

increased

respect to

control

References

Cell

cultures

Taxus media 50 mM randomly methylated-b-

CD

15.9 mg/L

taxanes

Over

1.70 mg/

L

8.8-fold

increase

Sabater-Jara

et al. (2014a)

50 mM randomly methylated-b-

CD ? 100 lM MJ

140 mg/L

taxanes

Over

1.70 mg/

L

83.2-fold

increase

Cell

cultures

Taxus media 50 mM randomly methylated-b-

CD ? 1 lM coronatine

Over 75 mg/L

taxanes

Over

4.26 mg/

L

17.6-fold

increase

Ramirez-Estrada

et al. (2015)

Cell

cultures

Taxus globosa 50 mM randomly methylated-b-

CD ? 1 lM coronatine

Over 35 mg/L

taxanes

0.87 mg/L 40-fold

increase

Ramirez-Estrada

et al. (2015)

Cell

cultures

Taxus baccata 50 mM methylated-b-

CD ? 1 lM coronatine

303.75 lg/g DW

taxanes

54 lg/g

DW

5.62-fold

increase

Kashani et al.

(2018)

Cell

cultures

Taxus media 50 mM randomly methylated-b-

CD ? 1 lM

coronatine ? 575 ml/L

perfluorodecalins

9.4 mg/L

taxanes

2.85 mg/L 3.3-fold

increase

Vidal-Limón

et al. (2018)

Cell

cultures

Solanum
lycopersicum

50 mM randomly methylated-b-

CD

35 lg/g DW

isofucosterol

Over 10 lg/

g DW

Over 3.5-

fold

increase

Briceño et al.

(2012)

20 lg/g DW b-

sitosterol

Over 20 lg/

g DW

–

219 lg/g DW

taraxasterol

Over 21 lg/

g DW

Over 10.5-

fold

increase

Cell

cultures

Daucus carota 50 mM randomly methylated-b-

CD

6530 lg/g DW

phytosterols

ND – Sabater-Jara and

Pedreño (2013)

Cell

cultures

Daucus carota 50 mM randomly methylated-b-

CD

27.27 lg/g DW

a-tocopherol

ND – Miras-Moreno

et al. (2016)

Cell

cultures

Linum
usitatissimum

50 mM hydroxypropylated-b-

CD ? 40 lM (z) 3-hexenol

257 lg/g DW a-

tocopherol

ND – Almagro et al.

(2016)

50 mM hydroxypropylated-b-

CD ? 1 mg/L b-glucan

174 lg/g DW a-

tocopherol

ND –

Cell

cultures

Artemisia
annua

50 mM dimethylated-b-CD 10 lg/L b-

carotene

(extracellular)

ND – Rizzello et al.

(2014)

140 lg/L lutein

(extracellular)

ND –

Cell

cultures

Artemisia
annua

50 mM dimethylated-b-CD Over 21 lg/L b-

carotene

(intracellular)

Over 19 lg/

L

1.1-fold

increase

Rizzello et al.

(2014)

Over 270 lg/L

lutein

(intracellular)

Over 28 lg/

L

9.7-fold

increase

Cell

cultures

Daucus carota 50 mM randomly methylated-b-

CD

424.15 lg/L

lutein

(extracellular)

ND – Miras-Moreno

et al. (2016)

DW dry weight; CD cyclodextrins; MJ methyl jasmonate; ND not detected
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resveratrol which was almost one order of magnitude

higher than in the presence of dimethylated-b-CD

alone (about 364.8 mg/g DW, Table 1), and this

production was highly correlated with maximum

expression values for genes of trans-resveratrol

biosynthetic pathway. Belchı́-Navarro et al. (2012)

analyzed the effect of different factors on extracellular

trans-resveratrol production in V. vinifera cv Monas-

trell cell cultures, concluding that the optimal condi-

tions for its maximal production (304.7 mg/g DW)

were the elicitation with 50 mM randomly methy-

lated-b-CD, 100 lM MJ, and 20 g/L sucrose in the

culture medium during 168 h of treatment using a cell

density of 10 g DW/L (Table 1). In order to dissect the

basis of the interactions among the elicitation

responses triggered by randomly methylated-b-CD

and MJ, a transcriptional analysis of V. vinifera cell

cultures treated with both elicitors individually, or in

combination was performed (Almagro et al. 2014a).

The results showed that the induction of genes

encoding enzymes from stilbene biosynthetic pathway

induced by randomly methylated-b-CD alone was

strongly increased in the presence of MJ, which

correlated with their effects on trans-resveratrol

production. Likewise, cell cycle regulation and protein

translation were more highly down-regulated in ran-

domly methylated-b-CD-treated cells than in MJ-

treated cells, and this response was increased in the

presence of both elicitors. Salicylic acid and jas-

monate signaling transcription factors were activated

only in the presence of randomly methylated-b-CD

and MJ, respectively (Almagro et al. 2014a). More-

over, the combined action of randomly methylated-b-

CD and MJ provoked the up-regulation of MYB15,

NAC and WRKY transcription factors, protein kinases

and calcium signal transducers. The results obtained

by Almagro et al. (2014a) suggested that both elicitors

provoked an activation of the secondary metabolism

(mainly in the production of trans-resveratrol) in

detriment of primary metabolism. Apart from the

studies on the transcriptomic profile, Belchı́-Navarro

et al. (2019a) analyzed the changes in the secretome of

V. vinifera cv Monastrell cell cultures elicited with MJ

and/or randomly methylated-b-CD by using label-free

quantitative approaches. Treatments with randomly

methylated-b-CD reinforced the defensive arsenal and

enhanced the accumulation of peroxidase V, b-1,3-

glucanase and xyloglucan endotransglycosylase,

whereas the presence of randomly methylated-b-CD

and MJ increased the accumulation of proteins such as

peroxidase IV, reticulin oxidase, heparanase and

xyloglucan endotransglycosylase. Therefore, these

proteins could be used as potential defense biomarkers

in grapevine. Similar studies were carried out by

Martı́nez-Esteso et al. (2009) in V. vinifera cv Gamay

cell cultures treated with randomly methylated-b-CD

and/or MJ. The results showed 25 spots of proteins

which were differentially expressed in 2-D gels, and

they were identified as secretory peroxidases, b-1,3-

glucanases, thaumatin-like proteins, chitinase-III,

SGNH plant lipase-like, xyloglucan endotransglyco-

sylase NtPR27-like, and subtilisin-like protease. In

addition, a chitinase III and a class III secretory basic

peroxidase were strongly induced in the presence of

randomly methylated-b-CD alone or in combination

with MJ. Some of the proteins induced under

randomly methylated-b-CD treatment were also

induced in other species by activators of systemic

acquired resistance, which is considered a form of

plant immunity (Cusido et al. 2014 and references

therein). These results suggested that treatment with

randomly methylated-b-CD resembles the effect of

systemic acquired resistance induction agents in

grapevine cell cultures.

On the other hand, trans-resveratrol (72 mg/L at

day 13) and c-viniferin (48.4 mg/L at day 20) were

obtained from V. labrusca L cell cultures treated with

800 lM MJ and 13 mM methylated-b-CD (Nivelle

et al. 2017). Moreover, Lambert et al. (2019) observed

that a scale-up to 20 L-stirring-bioreactor gave similar

growth rates to those observed in shake flask cultures,

with a high production of trans-resveratrol (4230 mg/

L) and c-viniferin (760 mg/L) in V. labrusca cell

cultures treated with 500 lM MJ and 50 mM methy-

lated-b-CD.

Moreover, the same elicitation conditions (50 mM

methylated-b-CD and 100 lM MJ) were used in V.

vinifera Pinot Noir hairy root cultures for 96 h

(Tisserant et al. 2016). In this study elicited V. vinifera

cv Pinot Noir hairy roots produced and secreted to the

culture medium, a wide variety of stilbenes being e-

viniferin and trans-resveratrol the two major com-

pounds although other stilbenes were also detected in a

low concentration (piceatannol, pallidol, scirpusin A,

maackin, and vitisin B). The total sum of stilbenes

presented in the culture medium of V. vinifera cv Pinot

Noir hairy roots was 9.2 mg/g fresh weight (FW)

whereas the intracellular production, in these hairy
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roots was 3.1 mg/g FW (Table 1). Similarly, the

elicitation of Arachis hypogaea hairy root cultures

with 100 lM MJ and 6.87 mM methylated-b-CD led

to an increase of trans-resveratrol (5.02 lg/g DW),

arachidin-1 (7.81 lg/g DW), and arachidin-3

(17.19 lg/g DW) in the culture medium (Table 1).

In addition, methylated-b-CD and MJ induced a

synergistic effect on stilbene synthase gene expres-

sion, which could explain the higher levels of trans-

resveratrol found when these elicitors were jointly

added in comparison with A. hypogaea hairy root

cultures were treated with methylated-b-CD or MJ

alone (Yang et al. 2015). Furthermore, Pietrowska-

Borek et al. (2014) observed that diadenosine triphos-

phate (5 lM Ap3A) in combination with randomly

methylated-b-CD enhanced both, the transcript level

of genes encoding enzymes involved in phenyl-

propanoid pathway, and the extracellular production

of trans-resveratrol (over 80 mg/g DW) in V. vinifera

cv Monastrell (Table 1). In fact, the expression

analysis of transcripts showed that both elicitors

increased the expression levels of phenylalanine

ammonia lyase, cinnamate 4-hydroxylase, 4-couma-

rate CoA ligase and stilbene synthase. The maximum

accumulation of transcripts was found for the stilbene

synthase gene at 12 h of treatment, being 15-fold and

20-fold higher in Ap3A and randomly methylated-b-

treated cells, respectively, than in control cells. More

recently, Vidal-Limón et al. (2018) observed that

perfluorodecalins (a fluorocarbon in which all the

hydrogen atoms are replaced by fluorine atoms) in

combination with 100 lM MJ and 50 mM randomly

methylated-b-CD increased trans-resveratrol levels

(98.3 mg/g DW) compared to the joint action of

100 lM MJ and 50 mM randomly methylated-b-CD

(90.3 mg/g DW), which means a trans-resveratrol

production enhanced of 8% (Table 1). Besides, to

analyze the relationship between gene expression and

trans-resveratrol production, the expression levels of

genes encoding enzymes involved in the trans-

resveratrol biosynthesis were also studied. The results

indicated that the phenylalanine ammonia lyase,

cinnamate 4-hydroxylase, 4-coumarate CoA ligase

and stilbene synthase genes were strongly up-regu-

lated in the elicitation conditions, with maximum

expression observed in the MJ and randomly methy-

lated-b-CD treatment, with or without perfluorode-

calins. The elicitors led a reprogramming of the gene

expression in V. vinifera cell cultures, which likely

accounts for the differentially increased production of

trans-resveratrol.

Metabolic engineering is another strategy that has

been used to increase the production of stilbenes under

b-CD elicitation (Pilaisangsuree et al. 2018). Thus, a

highly stable and productive hairy root cultures from

peanut was transformed with Agrobacterium rhizoge-

nes strain K599, and elicited with 6.87 mM methy-

lated-b-CD being the productivity of trans-resveratrol

(64.46 lg/g DW), arachidin-1 (223.81 lg/g DW), and

arachidin-3 (20.18 lg/g DW) increased in the culture

medium (Pilaisangsuree et al. 2018) (Table 1). In

addition, the combination of 6.87 mM methylated-b-

CD and 100 lM MJ slightly increased the production

of trans-resveratrol (71.95 lg/g DW) in this trans-

genic hairy root line (Pilaisangsuree et al. 2018).

Moreover, heterologous resveratrol production in

Silybum marianum cell cultures was carried out using

CD strategy (Hidalgo et al. 2017). For that, S.

marianum cell cultures were transformed with stilbene

synthase gene from V. vinifera, which allowed an

accumulation of trans-resveratrol (12 mg/L) in the

extracellular medium at 72 h of treatment in the

presence of 30 mM randomly methylated-b-CD

(Table 1).

On the other hand, lignans are a class of phenolic

compounds produced by oxidative dimerization of two

phenylpropanoid units. Lignans are found in nature

mainly in their free form, while their glycosylated

forms are minority (Saleem et al. 2005). Lignans are

found in different plant families and tissues such as

seeds, roots, stems, rhizomes, leaves, and fruits.

However, these plant sources do not provide sufficient

commercial quantities of lignans which are often used

for their biological properties. More specifically,

podophyllotoxin, a lignan biosynthesized in roots

and rhizomes of Podophyllum sp. is an effective drug

for the treatment of venereal wart condyloma acumi-

natum. In addition, podophyllotoxin and their ana-

logues have anti-HIV, immunomodulatory, anti-

leishmaniasis, antipsoriasis, antiasmatic, and anti-

malarial activities (Qian Liu et al. 2007 and references

therein). In this sense, Woerdenbag et al. (1990)

observed an increase of 0.05% on day 13 of incubation

when P. hexandrum cell cultures were treated with b-

CD and feeding with 3 mM coniferyl alcohol which

formed inclusion complexes with them. Likewise,

silymarin, a group of flavolignans of the milk thistle S.

marianum increased until 45 mg/L in the culture
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medium when S. marianum cell cultures were elicited

with methylated-b-CD, whereas the combination of

this elicitor with 100 lM MJ increased even more its

production (75 mg/L), which means 5.2 times greater

than those of control treatments (Belchı́-Navarro et al.

2011) (Table 1). The gene expression of chalcone

isomerase, flavanone 3-hydroxylase, flavonol 3�-hy-

droxylase and cinnamyl alcohol dehydrogenase

involved in flavonolignan biosynthesis was notably

induced under CD elicitation, indicating that the

presence of methylated-b-CD acted as true elicitors

on the flavonolignan production in S. marianum cell

cultures (Torres and Corchete 2016). Moreover, the

DIGE technique was used to detect statistically

significant changes in the proteome of S. marianum

cell cultures elicited with methylated-b-CD (Corchete

and Bru 2013). The results showed that MJ and

methylated-b-CD, separately or in combination, acti-

vated the expression of defense-related proteins and

proteins related to transport mechanisms which

accompanies extracellular accumulation of secondary

metabolites. Remarkably, a Ras related protein

Rab11C like protein of the Rab family was up-

regulated by the three elicitor treatments, pointing to a

possible involvement of a vesicular transport mecha-

nism in trafficking of secondary metabolites in plant

cell cultures.

In another study, Capsicum frutescens cell cultures

accumulated vanillin when these cell cultures were fed

with its precursor isoeugenol (Rao and Ravishankar

1999). Maximum levels of vanillin were 14.15 mg/L

at day 6 in 2.5 mM isoeugenol-treated immobilized

cells. The addition of 2.5 mM b-CD and 2.5 mM

isoeugenol resulted in an increase in the production of

vanillin (22.97 mg/L) at day 4 of elicitation, which

means 1.62 times higher than in cells treated only with

isoeugenol (Rao and Ravishankar 1999) (Table 1). In

the same way, the maximum levels of eugenol,

isoeugenol and vanillin in D. carota cell cultures

treated with randomly methylated-b-CD were 21.25,

75.99 and 380.22 lg/L, respectively (Miras-Moreno

et al. 2016) (Table 1). These authors described for the

first time the production of eugenol and isoeugenol in

plant cell cultures in a CD-treatment. Furthermore, the

application of 50 mM 2-methyl-b-CD to Pimpinella

anisum cell cultures also led to a strong extracellular

accumulation of two phenolic compounds, eugenin

and bergapten (150 and 8 mg/L, respectively), being

their accumulation 50 and 8 times more than those

found in control cells (Soto-Argel et al. 2018)

(Table 1).

Finally, b-CD are also useful to increase flavonoids

and anthraquinones in plant in vitro cultures from

Crassulaceae family (Perassolo et al. 2016; Garcı́a-

Pérez et al. 2019). Garcı́a-Pérez et al. (2019) analyzed

the effects of methylated-b-CD and hydroxypropy-

lated-b-CD on the extra- and intracellular accumula-

tion of flavonoids and phenols in Bryophyllum sp. cell

suspensions. Their results showed CD increased the

extracellular production of polyphenols favoring their

accumulation outside the cells. The maximal levels of

total phenolic compounds were detected, both inside

and outside the cells, in the presence of methylated-b-

CD at day 7 of treatment (233 and 130 gallic acid

equivalents/L), whereas both types of CD (b-methyl-

and hydroxypropyl-CD) induced the same levels of

intra- and extracellular flavonoids (57 and 35 mg

catechin equivalent/L, respectively). Perassolo et al.

(2016) showed that 100 lM MJ and 20 mM hydrox-

ypropylated-b-CD enhanced intracellular anthraqui-

none levels in both Rubia tinctorum (10 mg/g DW)

and Morinda citrifolia cell cultures (13.25 mg/g DW)

(Table 1). However, the combination of both elicitors

did not increase the release of anthraquinones to the

culture media. Jaisi and Panichayupakaranant (2020)

also observed the combination of chitosan (150 mg/L)

with methylated-b-CD (2 mM) significantly increased

plumbagin production (14.33 mg/g DW) in Plumbago

indica L. root cultures as compared to untreated root

cultures (1.76 mg/g DW) (Table 1).

Taking into account all of the above, it can be

concluded that modified b-CD are agents capable of

increasing the biosynthesis of phenolic compounds in

plant in vitro cultures, that sometimes even increase

the gene expression related to their biosynthetic

pathways, and therefore, act as true elicitors. More-

over, as indicated previously, the chemical structure of

modified b-CD allowed them to form inclusion

complexes with hydrophobic phenolic compounds,

favoring their excretion from cells and facilitating

their separation from the culture medium (Belchı́-

Navarro et al. 2012).

123

Phytochem Rev (2020) 19:1061–1080 1071



Use of cyclodextrins to increase the production

of alkaloids in plant in vitro cultures

Alkaloids are secondary metabolites which contain

nitrogen in their structure, frequently in a heterocyclic

ring (Roberts 2013). Alkaloids can be isolated from

higher plants that belong to different plant families,

but also from fungi, algae, bacteria, and even from

mammals (Liu et al. 2019). However, the main sources

of alkaloids are plants with flowers, mainly dicotyle-

donous species. The biosynthetic pathways of alka-

loids in plants involve many steps, which are catalyzed

by different enzymes that belong to an extensive range

of protein families. The functional characterization of

the enzymes involved in alkaloid biosynthetic path-

ways has been intensively studied in recent years

(Tatsis et al. 2017; Parage et al. 2016; Carqueijeiro

et al. 2018).

Alkaloids are involved in plant defense reactions

against pathogens and herbivores (Ramawat and

Mérillon 2013). This group of secondary metabolites

has very complex molecular structures, and numerous

physiological activities in both animals and humans.

Due to their wide range of biological activities, these

compounds have been used as pharmaceutical com-

pounds. In fact, numerous studies have revealed that

alkaloids can be used against different types of cancer,

including breast and human melanoma and colon,

liver, oral, and pancreatic cancer (Yoo et al. 2019;

Zhang et al. 2019; Wang et al. 2018). Owing to their

wide range of biological activities, several strategies

to increase alkaloid production have been carried out

including the use of plant in vitro cultures, and the

metabolic engineering of alkaloid biosynthetic path-

ways (Almagro et al. 2013). More specifically, 50 mM

methylated-b-CD were able to enhance the production

of ajmalicine reaching values of 216 ± 18 mg/L in

Catharanthus roseus cell cultures (Almagro et al.

2011, Table 2). In addition, the joint use of methy-

lated-b-CD and MJ induced the maximal levels of

ajmalicine which increased linearly until 192 h of

treatment (930 ± 16 mg/L, Table 2). Moreover,

Almagro et al. (2014b) also observed that randomly

methylated-b-CD significantly enhanced the gene

expression (geraniol-10-hydroxylase, tryptophan

decarboxylase, secologanin synthase and strictosidine

synthase), as well as ajmalicine and catharanthine

production in C. roseus cell cultures treated with

100 lM MJ and/or 50 mM methylated-b-CD for

8 days. The presence of both elicitors induced a

significant synergistic reprogramming of gene expres-

sion in C. roseus cell cultures, which is probably the

reason why high production levels of catharanthine

and ajmalicine were detected under these elicitation

conditions. In the same way, Zhou et al. (2015) also

confirmed that 10 mM b-CD and 150 lM MJ induced

the highest yields of ajmalicine (58.98 mg/L), catha-

ranthine (1.76 mg/L) and vindoline (7.45 mg/L) in C.

roseus cambial meristematic cell cultures growth in

5-L stirred airlift bioreactors (Table 2). They also

observed that both elicitors increased the expression of

geraniol synthase, geraniol 10-hydroxylase, trypto-

phan decarboxylase, strictosidine synthase, stricto-

sidine b-D-glucosidase, and desacetoxyvindoline-4-

hydroxylase, ORCA3, loganic acid O-methyltrans-

ferase, and iridoid synthase genes which are involved

in monoterpenoid indole alkaloid biosynthetic path-

ways (Zhou et al. 2015). Moreover, the highest levels

of gene expression were detected in the presence of b-

CD alone or in combination with MJ (Zhou et al.

2015).

All these results demonstrated that b-CD were able

to increase the production of alkaloids, at least

monoterpenoid indole alkaloids, in C. roseus cell

cultures.

Use of cyclodextrins to increase the production

of terpene in plant in vitro cultures

Terpenes are a wide group of plant natural products

including at least 30.000 different compounds with a

wide variety of chemical structures (Connolly and Hill

1991). In fact, hundreds of different terpenes are

classified according to the number of carbons they

have in the molecule, as monoterpene (C10),

sesquiterpene (C15), diterpene (C20), triterpene

(C30), tetraterpenes (C40), and polyterpenes (more

than C40) (Degenhardt et al. 2009 and references

therein). The wide variety of terpenoid compounds is

mainly attributed to the action of terpene synthases. In

fact, this high terpene diversity is due to the great

number of different terpene synthases existing in

nature, and the fact that these enzymes can biosyn-

thesize multiple compounds. These terpene synthases

transform the squalene skeleton and acyclic prenyl

diphosphates into a high amount of cyclic and acyclic

forms. Terpenes are found in different parts of plants
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such as roots, leaves, fruits, flowers, and barks, and

these compounds can be produced in differentiated

tissues and cells (Fojtová et al. 2008). Terpenes are

considered secondary metabolites since they are

produced by plants as a part of defense mechanisms

against pathogens, and for their brilliant colour acting

as pollinator attractants (Gershenzon and Dudareva

2007). In addition, terpenes also have beneficial

effects on human health because they have antitu-

moral, neuroprotective or antiinflammatory activities

(Cho et al. 2017).

The most commonly strategies used to obtain

terpenes are their direct extraction from plant raw

material, and the use of in vitro cultures (Tange et al.

2017). In this context, different elicitors including CD

have been used to enhance the production of terpenes

(De Alwis et al. 2009; Zare-Hassani et al. 2019) in

plant in vitro cultures (Komaraiah et al. 2003; Sabater-

Jara et al. 2010, 2014a, b; Durante et al. 2011; Rizzello

et al. 2014). In fact, different CD have been used to

enhance the production of monoterpenes and

sesquiterpenes in plant in vitro cultures. Chakraborty

and Chattopadhyay (2008) described that Mentha

piperita cell cultures were able to yield up to 100 and

148 mg/L of menthol (an important monoterpene

found in essential oils) in the presence of 60 mM c-CD

alone or in combination with 35 lM menthone,

respectively, in comparison with 77 mg/L found in

control treatment (Table 2). The treatment of hairy

root cultures of Solanum tuberosum with an extract of

Rhizoctonia bataticola, MJ and b-CD individually or

in combination induced the formation of sesquiterpe-

nes (Komaraiah et al. 2003). These elicitors also

increased the production of sesquiterpenes in a dose-

dependent manner. Thus, in the presence of 100 mg/L

b-CD separately or in combination with 2 ml/L R.

bataticola, the final concentration of rishitin, lubimin,

phytuberin and phytuberol was 213, 171, 50 and

100 lg/g DW, respectively at 48 h of treatment

(Komaraiah et al. 2003) (Table 2). Moreover, the

elicitation of Capsicum annum cell cultures with

randomly methylated-b-CD resulted in an increasing

of the production of aromadendrene and solavetivone,

reaching 46.1 and 63.7 lg/g DW, respectively, after

96 h of treatment (Sabater-Jara et al. 2010). In this

case, the joint treatment with randomly methylated-b-

CD and MJ provoked a rise of aromadendrene and

solavetivone of 2353 and 1094 lg/g DW, respectively

(Table 2). In fact, the combined treatment enhanced

the production of sesquiterpenes more than 10 times

respect to the action of randomly methylated b-CD

alone.

On the other hand, Durante et al. (2011) also

observed that 50 mM dimethylated-b-CD provoked

an important enhancement of total artemisinin

released to the culture medium (7.11 mg/g DW) in

Artemisia annua cell cultures. Moreover, in this A.

annua cell cultures, the joint action of 100 lM MJ and

dimethylated-b-CD also stimulated artemisinin accu-

mulation (7.76 mg/g DW) but the action of both

elicitors was not significantly different (Table 2). In

addition, Durante et al. (2011) also showed that

different genes involved in artemisinin biosynthetic

pathway were up-regulated in the presence of MJ and

dimethylated-b-CD. In fact, CYP71AV1 expression

was enhanced about two-fold when A. annua cell

cultures were treated with MJ and dimethylated-b-CD.

The expression levels of artemisinic aldehyde D11(13)

reductase and AaWRKY1 were also up-regulated

between 30 min and 48 h after treatment. These

results suggested that the CYP71AV1, artemisinic

aldehyde D11(13) reductase and AaWRKY1 gene

expression could be involved in the production of

artemisinin in A. annua cell cultures.

On the other hand, CD have also been used to

increase the production of diterpenes (C20) and

triterpenes (C30) in Taxus sp. and S. lycopersicum

cell cultures. In fact, Sabater-Jara et al. (2014a)

observed an enhanced production of taxanes in T.

media cell cultures treated with 50 mM randomly

methylated-b-CD, hydroxypropylated-b-CD or c-CD.

These authors showed that the maximal levels of

taxanes were found when Taxus cell cultures were

elicited with 50 mM randomly methylated-b-CD

(15.90 mg/L) individually or in combination with

MJ (140 mg/L) at day 16 of incubation (Table 2).

Gene expression was not increased by the elicitation

with randomly methylated-b-CD alone, but when

these Taxus cell cultures were treated with both

elicitors, a synergistic effect on the accumulation of

transcripts was observed. In a similar way, taxane

biosynthesis was significantly increased by the addi-

tion of randomly methylated-b-CD and 1 lM coro-

natine to the culture medium of T. media and T.

globosa (Ramirez-Estrada et al. 2015). The total

production of taxanes in T. globosa was lower than

that of T. media cell cultures being the main taxanes

found in T. globosa 10-deacetyltaxol and
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cephalomannine while in T. media were baccatin III

and taxol. The high transcript levels involved in taxane

biosynthesis in T. media cells was strongly correlated

with the high production of taxanes (Table 2). Also,

Kashani et al. (2018) used 50 mM methylated-b-CD

and 1 lM coronatine to promote the production of

paclitaxel (303.75 lg/g DW) in T. baccata cell

cultures (Table 2). In addition, the expression of

deacetylbaccatin III-10-O-acetyltransferase- DBAT,

baccatin III-3-amino 13-phenylpropanoyl-CoA trans-

ferase- BAPT, and debenzoyltaxol N-benzoyl trans-

ferase, key genes involved in paclitaxel biosynthesis,

increased by the joint action of coronatine and

methylated-b-CD in T. baccata cell cultures.

The fact that taxanes form inclusion complexes

with different CD provoked a decrease of the cellular

toxicity, as well as a decrease of the extracellular

enzymatic degradation of these bioactive compounds

allowing a high accumulation of taxanes in the culture

medium.

Recently, Vidal-Limón et al. (2018) described a

new strategy for enhancing taxane production in T.

media cell cultures, combining 50 mM randomly

methylated-b-CD, 1 lM coronatine and 575 ml/L

perfluorodecalins. The total taxane levels accumulated

in elicited T. media cell cultures was 3.3-fold higher

than in the control treatments. As regards to gene

expression in elicited T. media cell cultures, a strong

positive relationship was detected between the taxol

production and the transcript levels of all genes

analyzed.

On the other hand, the addition of 50 mM randomly

methylated-b-CD to S. lycopersicum cv Micro-Tom

cell cultures led to a release of triterpenes, such as

phytosterols (mainly isofucosterol and b-sitosterol)

and taraxasterol, a tomato fruit cuticular triterpene, to

the culture medium. The production of isofucosterol,

b-sitosterol, and taraxasterol was around 35, 20 and

219 lg/g DW (Briceño et al. 2012) (Table 2). These

authors also analyzed the extracellular proteome of S.

lycopersicum cv Micro-Tom cell cultures elicited with

randomly methylated-b-CD and MJ. The presence of

amino acid sequences homologous to a cationic

peroxidase, pathogenesis-related 1 and 5 proteins,

and a biotic cell death-associated protein were

detected, which suggested that the joint action of

randomly methylated-b-CD and MJ triggered the

expression of proteins that mediate defense responses

in S. lycopersicum cv Micro-Tom. In the same way, D.

carota cell cultures produced high levels of phytos-

terols (95.69 ± 10.48 mg/L, that is 6.53 ± 0.58 mg/g

DW) which were secreted to the culture medium in the

presence of 50 mM of randomly methylated-b-CD at

144 h of treatment (Sabater-Jara and Pedreño 2013)

(Table 2). These D. carota cell cultures were used to

analyze the effect of MJ and randomly methylated-b-

CD, separately or in combination, on the induction of

defense responses, particularly in the accumulation of

pathogenesis-related proteins (Sabater-Jara et al.

2014b). Under elicitation conditions, the presence of

amino acid sequences homologous to glycoproteins

and Leucine-Rich Repeat domain-containing proteins,

which play an essential role in defense against

pathogens, were detected. Also, some tryptic peptides

similar to a thaumatin-like protein and a reticuline

oxidase-like protein, which are related with defense

responses against abiotic stress and fungi, respec-

tively, were found. These data indicated that MJ and

randomly methylated-b-CD played a role in mediating

defense-related enzymes expression in D. carota cell

cultures.

Miras-Moreno et al. (2016) also analyzed the effect

of randomly methylated-b-CD on a-tocoferol produc-

tion in D. carota cell cultures (Miras-Moreno et al.

2016). The results showed that the extracellular a-

tocoferol production at the end of treatment was

599.61 lg/L that means 27.27 lg/g DW. These levels

of a-tocopherol represented only around 8% of a-

tocopherol total content because the highest levels of

this compound were accumulated inside the cells

(92%). In a similar way, Almagro et al. (2016)

demonstrated that the presence of randomly methy-

lated-b-CD did not enhance the production of toco-

pherols in Linum usitatissimum cell cultures, and only

a rise in the levels of tocopherols was detected when

these cell cultures were treated with 50 mM hydrox-

ypropylated-b-CD in combination with 40 lM (Z)-3-

hexenol (257 lg/g DW) or 1 mg/L b-glucan (174 lg/

g DW).

Terpenoids including other compounds which are

involved in essential plant processes such as photo-

synthesis (carotenoids) and respiration (ubiquinone

Q9 and Q10), and they also have important benefits for

human health due to their strong antioxidant activities

(Gershenzon and Dudareva 2007). The main carote-

noids intake from the diet includes xanthophylls such

as lutein and zeaxanthin, and carotenes as b-carotene.

These compounds prevent the appearance of some
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diseases as well as certain type of cancers (Krinsky

and Johnson 2005).

The ability of dimethylated-b-CD to enhance the

biosynthesis of carotenoids was also showed in A.

annua L. cell cultures at 7 days of elicitation (Rizzello

et al. 2014). In this study, the extracellular levels of b-

carotene (10 lg/L) and lutein (140 lg/L) were lower

than those found by Miras-Moreno et al. (2016) at day

7 of treatment in D. carota cell cultures treated with

randomly methylated-b-CD (21.93 lg/L and

424.15 lg/L for b-carotene and lutein, respectively)

(Table 2). However, at the same time, the intracellular

levels of lutein and b-carotene (around 270 lg/g and

21 lg/g DW, respectively) were similar in A. annua

and D. carota cell cultures treated with these different

types of b-CD methylated (Rizzello et al. 2014; Miras-

Moreno et al. 2016). Real-Time PCR analysis showed

that the expression of 1-deoxy-D-xylulose-5-phos-

phate reductoisomerase gene in A. annua cell cultures

treated with dimethylated-b-CD was 2.5-fold higher

than in control cells, indicating that dimethylated-b-

CD led to an enhancement of carotenoid levels due to

the activation of the plastidial isoprenoid biosynthetic

pathway. Furthermore, 50 mM randomly methylated-

b-CD were also able to increase the release of lutein in

cultures of the fungus Mucor circinelloides reaching

levels of 4 lg/L in absence of 300 lM MJ and 18 lg/

L in its presence (Sánchez-Pujante et al. 2017).

Mechanism of action of cyclodextrins

CD and derivatives have been often used for their

ability to complex non polar compounds in their

hydrophobic cavity to overcome their poor solubility

in aqueous solutions, and in the case of compounds of

phenolic nature, to avoid their oxidation, favoring

their accumulation (Bru et al. 2006). This is particu-

larly relevant when MJ is currently used as elicitor,

especially in grapevine cell cultures where it induces

the biosynthesis of stilbenes since the latter are

oxidized in the culture medium by the action of

peroxidases if CD are not present (Morales et al.

1998). Despite the fact that many researchers have

tried to elucidate the mechanism by which these two

elicitors act synergistically on living cell systems, the

available information is fragmented because some of

the processes involved in living cellular systems

remains uncertain and are complex (Almagro et al.

2014b; Sabater-Jara et al. 2014a). Therefore, a large

part of these studies has been carried out in vitro, in the

absence of living cells. In fact, López-Nicolás et al.

(2013) described the interaction of b-CD/MJ com-

plexes comparing with those formed from b-CD/

stilbene (trans-resveratrol) in aqueous solutions, in

tests carried out in the absence of plant cell systems,

without considering the possibility of binary and

ternary complexes formed at the same time. Oliva

et al. (2018) evaluated both b-CD/trans-resveratrol

and b-CD/MJ interactions independently, and then

considered the case in which the three compounds (b-

CD, MJ and trans-resveratrol) interacted with each

other. For it, they performed a complete structural

characterization of both randomly methylated-b-CD

and b-CD/trans-resveratrol complexes as well as the

same types of CD forming complexes with MJ (that is,

randomly methylated-b-CD and b-CD/MJ). The

results obtained from their phase solubility diagrams,

their structural analysis by nuclear magnetic reso-

nance (NMR), and the determination of their thermo-

dynamic parameters using isothermal titration

calorimetry (ITC) demonstrated that trans-resveratrol

much more increased its solubility and chemical

stability in the presence of randomly methylated-b-

CD than those randomly methylated-b-CD complexes

formed with MJ. However, when the three compounds

(CD, trans-resveratrol and MJ) were together in

aqueous solution, no ternary complex was observed

by either NMR or ITC. Oliva et al. (2018) concluded

that the main benefits of using randomly methylated-

b-CD resided in this increase in solubility and

chemical stability of trans-resveratrol due to its very

strong affinity by this type of CD, and the possibility to

use high CD concentrations in the culture medium.

These results strongly support the joint action of MJ

and CD as elicitors on biosynthesis of trans-resvera-

trol through the signaling pathways in grapevine cells,

since the presence of randomly methylated-b-CD/MJ

complexes could even enhance the solubility of MJ in

the culture medium, and so, provoke a highest

elicitation response.

Apart from the production of metabolites, randomly

methylated-b-CD were also able to activate different

defense responses (Almagro et al. 2014a). In fact,

Zamboni et al. (2009) and Almagro et al. (2014a)

observed early defense responses induced by the

presence of methylated-b-CD, which mediated the

activation of different protein phosphatases and/or
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protein kinases in Vitis cell cultures, using pharmaco-

logical approaches, and obtaining similar results to

other authors (Belchı́-Navarro et al. 2013). In addition,

randomly methylated-b-CD also induced different

cascades of signal transduction which in turn, acti-

vated several families of transcription factors able to

regulate the expression of genes encoding enzymes

involved in biosynthetic pathways of both trans-

resveratrol and defense-related proteins (Almagro

et al. 2014a; Belchı́-Navarro et al. 2019a). Moreover,

randomly methylated-b-CD not only enhanced the

production of secondary metabolites by inducing the

gene expression of their biosynthetic pathways but

also allowed the accumulation of these secondary

metabolites in the culture medium, thereby reducing

feedback inhibition. This fact prevented the cell death

provoked by the high concentrations of secondary

metabolites accumulated in the culture medium (Sa-

bater-Jara and Pedreño 2013; Almagro et al. 2011;

Sabater-Jara et al. 2014a; Briceño et al. 2012;

Zamboni et al. 2009).

On the other hand, some studies have been carried

out to improve understanding of intracellular signaling

pathways involved in the production of secondary

metabolites in plant cell cultures treated with ran-

domly methylated-b-CD (Almagro et al. 2012; Belchı́-

Navarro et al. 2019a, b). Thus, Belchı́-Navarro et al.

(2019b) confirmed the involvement of hydrogen

peroxide and nitric oxide in the trans-resveratrol

production induced by randomly methylated-b-CD

and MJ in V. vinifera cell cultures. In addition,

hydrogen peroxide was mainly detected in cytoplas-

mic areas, and in the nucleoplasm while nitric oxide

was detected in all the cellular compartments, mainly

in the cytoplasmic organelles and nucleus. In the same

way, Almagro et al. (2012) analyzed the early signal

transduction pathways triggered by MJ and randomly

methylated-b-CD in tobacco cell cultures. Their

results indicated that MJ and randomly methylated-

b-CD provoked a Ca2? cytosolic rise promoted by

Ca2? influx through Ca2?-permeable channels. More-

over, oxidative burst induced by randomly methy-

lated-b-CD was less pronounced than when tobacco

cells are incubated with MJ alone. Moreover, the

combined treatment increased nitric oxide levels,

although to a lesser extent that in MJ-treated cells

since the treatment with randomly methylated-b-CD

alone did not trigger this accumulation. All these

results showed the existence of different intracellular

signaling pathways for MJ and randomly methylated-

b-CD. In addition, randomly methylated-b-CD might

act by regulating the signaling pathways led by MJ

alone since when tobacco cell cultures were treated

with both elicitors, the strong oxidative and nitrosative

bursts decreased.

The combination of MJ and methylated-b-CD was

also used by Somboon et al. (2019) to investigate the

defense responses in peanut hairy root cultures. They

described a dramatic increase in non-enzymatic

antioxidant activities and phenolic compounds after

MJ plus methylated-b-CD treatment. This finding

revealed the presence of a defense mechanism against

excessive reactive oxygen species (ROS) generation

after the combined treatment in hairy root cultures. In

addition, stilbene compounds such as trans-resvera-

trol, trans-archidin-1 and trans-arachidin-3 were also

detected after MJ and methylated-b-CD elicitation. In

fact, the jointly action of both elicitors resulted in a

high metabolite content of stilbene compounds in the

culture medium in a similar way as previously

described by Yang et al. (2015).

On the other hand, plant cells display a wide variety

of defense mechanisms to alleviate the deleterious

effects of ROS. These mechanisms involve the

activation of both endogenous antioxidant enzymes

and non-enzymatic low-molecular-weight antioxi-

dants such as glutathione and a-tocopherol, phenolic

compounds, and pathogenesis-related proteins. The

antioxidant enzymes as well as the non-enzymatic

antioxidant systems that are launched against oxida-

tive stress caused by the presence of methylated-b-CD

and MJ were also differentially induced in peanut

hairy root cultures (Somboon et al. 2019). In fact,

superoxide dismutase activity was significantly

decreased at long post-treatment with MJ and methy-

lated-b-CD compared to control, but not significantly

at short times. This finding was consistent with results

previously described by Pilaisangsuree et al. (2018)

which showed a down-regulation of CuZn-superoxide

dismutase antioxidant enzyme gene expression, which

indicated that MJ could regulate the suppression of

hydroxypropylated-b-CD-responsive antioxidant

enzyme gene expression. Therefore, the MJ and b-

CD elicitation might be mediated through different

signaling pathways, and trigger differential protein

immunity, which could be controlled by plant signal-

ing molecules to ensure complete cell protection

against external stress.
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Taking into consideration the importance of the

mechanism by which CD are able to increase transport

of secondary metabolites outside of cells, Martı́nez-

Márquez et al. (2017) cloned a tau class glutathione-S-

transferase (GSTU-2) from the cDNA of grapevine

cells treated with MJ and methylated-b-CD, and it was

used for Agrobacterium-mediated grapevine cell

transformation. The non-elicited lines that overex-

pressed GSTU-2 produced extracellular trans-resver-

atrol while this metabolite was not detected in wild-

type cell cultures. The transient expression of the

GSTU-2-GFP fusion proteins showed localization in

the plasma membrane in grapevine cells, and the

immunoprecipitation of HA-tagged GSTU-2 revealed

its interaction with HIR, a plasma membrane-bound

protein. All these results indicated that GSTU-2 was

involved in the transport of trans-resveratrol from the

cells to extracellular medium. Moreover, Sabater-Jara

et al. (2014a) showed a remarkable enhancement in

the expression of a gene encoding a putative ABC

protein when T. media cell cultures were elicited with

MJ and randomly methylated-b-CD. This ABC gene

likely encodes an integral and highly stable membrane

protein that is involved in the transfer of paclitaxel

from the cells to the culture medium (Sabater-Jara

et al. 2014a; Cusido et al. 2014).

Conclusions

The treatment with native CD and their derivatives

increases the production of secondary metabolites,

enhancing the capability of plant in vitro cultures to

produce high levels of different bioactive compounds.

Moreover, CD has been also shown to interact

positively with other elicitors such as MJ or coronatine

provoking a synergistic effect on the production of

different plant secondary metabolites such as stil-

benoids and indole alkaloids. In this way, CD act as

true elicitors by activating the biosynthetic pathway of

certain metabolites such as resveratrol, or as metabo-

lite extractors from cells, increasing the solubility of

these metabolites in aqueous media since CD are able

to form inclusion complexes with them.

Besides, the identification of the genes induced and

repressed in response to CD treatments in plant in vitro

cultures have been crucial to elucidate the mode of

action of CD. Comparative metabolomic, transcrip-

tomic, and proteomic studies have been carried out on

both control and CD-treated cell cultures offering

important clues about how CD are capable of

substantially increasing the production of bioactive

compounds in plant in vitro cultures. However, more

studies are needed so as to truly understand how CD

alone or in combination with other elicitors are

capable of substantially altering defense responses in

plant cells.
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Almagro L, Garcı́a-Pérez P, Belchı́-Navarro S, Sánchez-Pujante

PJ, Pedreño MA (2016) New strategies for the use of Linum
usitatissimum cell factories for the production of bioactive

compounds. Plant Physiol Biochem 99:73–78

Astray G, Gonzalez-Barreiro C, Mejuto JC, Rial-Otero R,

Simal-Gandara J (2009) A review on the use of

cyclodextrins in foods. Food Hydrocoll 23:1631–1640

Atwood JL, Davies JED, Macnicol DD, Vogtle F (1996)

Cyclodextrins. Compr Supramol Chem Cyclodext 3:6–32

Belchı́-Navarro S, Pedreño MA, Corchete P (2011) Methyl

jasmonate increases silymarin production in Silybum

123

Phytochem Rev (2020) 19:1061–1080 1077



marianum (L.) Gaernt cell cultures treated with b-cy-

clodextrins. Biotechnol Lett 33:179–184

Belchı́-Navarro S, Almagro L, Lijavetzky D, Bru R, Pedreño

MA (2012) Enhanced extracellular production of trans-

resveratrol in Vitis vinifera suspension cultured cells by

using cyclodextrins and methyl jasmonate. Plant Cell Rep

31:81–89

Belchı́-Navarro S, Almagro L, Sabater-Jara AB, Fernández-
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