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Abstract

Objective To analyze the involvement of the octade-

canoic (OCDA) pathway in the accumulation of san-

guinarine induced by yeast extract (YE) in cell suspension

cultures of Argemone mexicana (Papaveraceae).

Results Exposure to YE promoted sanguinarine

accumulation. This was not observed when they were

exposed to methyl jasmonate (MeJa). Use of

diethyldithiocarbamic acid (DIECA), an inhibitor of

the OCDA pathway, resulted in partial impairment of

this response. Exogenous application of MeJa did not

reverse this effect in DIECA-exposed cultures. qRT-

PCR revealed that the accumulation of transcripts

corresponding to the berberine bridge enzyme gene,

which was induced by YE exposure, was blocked by

OCDA pathway and reversed by exogenous MeJa.

Interestingly, this response pattern could not be

observed on dihydrobenzophenanthridine oxidase

enzyme activity, which was promoted by YE, but

unaffected by either OCDA or MeJa.

Conclusion Results suggest partial involvement of

OCDA pathway in this response.
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Introduction

Argemone mexicana (Papaveraceae) produces differ-

ent benzylisoquinoline alkaloids (BIA’s), derived

from tyrosine. The main Argemone alkaloids are the

benzophenanthridines sanguinarine, dihydrosan-

guinarine (DHSA) and the berberine, a protoberberine.

In mature plants sanguinarine and DHSA are restricted

to the roots and mature seeds, whereas berberine is

distributed throughout the plant tissues (Rubio-Piña

and Vázquez-Flota 2013). In Mexico, this plant is

collected from the wild for the elaboration of herbi-

cides and pesticides to be used in organic agriculture.

However, wide variations in alkaloid contents often

occur (Rubio-Piña and Vázquez-Flota 2013). Although

these differences could be accounted for the genetic

composition, the effects of environmental conditions
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on the expression of genes involved in secondary

metabolism are well known (Hartmann 2007). In this

way, understanding the mechanisms underlying such

effects may lead to the development of strategies to

control them. The use of cell culture approaches has

been proved to be a valuable tool in that direction

(Vázquez-Flota et al. 2012). Over the years, a number

of in vitro cell lines derived from different tissues have

been generated in our laboratory. In all cases, the

ability to produce berberine was lost in the undiffer-

entiated cultures, but they were able to accumulate

sanguinarine and DHSA (Trujillo-Villanueva et al.

2010, 2012; Vázquez-Flota et al. 2012). One of these

cell lines, named AmMiF, accumulates significant

amounts of sanguinarine without any induction treat-

ment (Guı́zar-González et al. 2012). In fact, san-

guinarine amounts in this cell line are comparable to

those in the whole plant on a dry matter basis. This

trait differs from other sanguinarine producing

in vitro cultures, such as Eschscholzia californica,

Papaver somniferum and Sanguinaria canadensis

(Archambault et al. 1996; Ignatov et al. 1999; Weiss

et al. 2006), which require exposure to inducers of

secondary metabolism in order to accumulate signif-

icant amounts of sanguinarine. However, upon

exposure to chemical elicitors, such as methyl

jasmonate (MeJa) or yeast extract (YE), AmMiF

only displayed a limited response. Although such

response increased when these same elicitors were

sequentially applied, its magnitude remained lower

than the one observed in other sanguinarine produc-

ing species (one vs two or three magnitude orders;

Trujillo-Villanueva et al. 2010; 2012). DHSA corre-

sponds to the reduced form of sanguinarine and,

interestingly, the AmMiF cell line interconverted

both forms during a 21-day culture cycle in a

developmentally related fashion (Guı́zar-González

et al. 2012). This conversion of sanguinarine into

DHSA also occurred in elicited cultures, since an

increase in the accumulation of one occurred con-

comitantly with a decrease in the other (Trujillo-

Villanueva et al. 2010, 2012). DHSA was detected at

the cell periphery in contrast to sanguinarine, which

remained around the nucleus (Trujillo-Villanueva

et al. 2012). Such feature is part of a detoxification

mechanism, which involves the reduction of san-

guinarine to the less toxic dihydro form, in associ-

ation to a vesicle-mediated excretion system that

eliminates alkaloid excess (Weiss et al. 2006).

In here, we show that blocking the octadecanoic

(OCDA) pathway, through the use of biosynthetic

inhibitors, did not totally annul the response of A.

mexicana AmMiF cell line to YE. Moreover, the

exogenous supply of MeJa to these cultures did not

restore the full response, suggesting the operation of

two different signalling routes for the synthesis of

sanguinarine in this cell line, one of them independent

from OCDA products.

Materials and methods

Biological material and elicitation treatments

Argemone mexicana AmMiF cell line was obtained

from leaves and has been maintained by biweekly

subcultures in PC-BN media (i.e. Phillips and Collins

inorganic salts and vitamins, supplemented with 0.5 and

1.5 mg l-1 BAP and NAA, respectively and 20 sucrose

g l-1 at pH 5.8; Vázquez-Flota et al. 2012). Five ml of a

14-day old suspension (representing between 0.20 and

0.22 g FW ml-1) were transferred to 250 ml Erlenmeyer

flasks, containing 50 ml of fresh media and kept under

continuous illumination and shaking for 10 days. Cul-

tures were induced by exposure to methyl jasmonate

(MeJa) or yeast extract (YE). Doses for the time course

experiments were set after assaying different concentra-

tions for each elicitor at 24 and 48 h (Table 1). Once the

optimal doses were selected, elicitors were assayed

during a 72 h time course, collecting samples at the

times shown in the Figures. Elicitors were diluted in

10 % ethanol (MeJa) or water (YE) and sterilized by

filtration prior to application to the cultures. Control

cultures were mock induced with either water or ethanol.

Inhibition of jasmonate formation

The formation of endogenous jasmonate by the OCDA

pathway was inhibited by preincubating 10-day old

cultures with 100 lM diethyldithiocarbamic acid

(DIECA) (Menke et al. 1999) before induction.

Controls received equivalent volumes of water,

mocking either the induction or inhibition process.

Analytical procedures

Alkaloids were extracted from freeze-dried tissues and

spent media with 0.5 % HCl in methanol and
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quantified by in situ fluorescence after TLC separation

(Monforte-González et al. 2012) in a Camag TLC

Scanner 4, controlled by the winCATS Planar Chro-

matography Manager (1.4.10). Relative abundance of

BBE transcripts was estimated by qRT-PCR, using

50-CCGTATCGATTCTCGGTGGT-30 and 50-ACCC

TTACGATGAGGAAACGG-30 as forward and re

verse primers, respectively and according to standard

procedures (Simon 2003). Dihydrobenzophenan-

thridine oxidase enzyme (DBO) activity was deter-

mined as described before (Ignatov et al. 1999).

Briefly, desalted crude protein extracts (ca. 15 mg of

total soluble protein) were incubated in 100 mM

phosphate buffer, pH 7.0 at 37 �C. The reaction was

initiated by adding 20 lM DHSA and stopped after

incubation of 20 min with 1 ml of 80 % ethanol.

Sanguinarine formed during the reaction was mea-

sured spectrofluorometrically at 324 and 408 nm

excitation and emission wavelengths, respectively

(Ignatov et al. 1999).

Results and discussion

Sanguinarine accumulation in response to elicitors

in A. mexicana AmMiF cell line

Argemone mexicana AmMiF cell line accumulated

significant amounts of sanguinarine, even without

exposure to elicitors of secondary metabolism. Values

between 1 and 2 mg g-1 DW, comparable to those

found in roots from field-collected plants, were

recorded in the controls (Table 1). This trait has

remained stable since AmMiF cell line was generated

in 2008 (Trujillo-Villanueva et al. 2010). Responsive-

ness to MeJa and YE has also been maintained through

time (Trujillo-Villanueva et al. 2010, 2012; Guı́zar-

González et al. 2012) and it is periodically assayed to

confirm it. In this way, and in order to set the elicitor

optimal doses, cultures were exposed to MeJa and YE

in concentrations up to 200 lM and 300 mg l-1,

respectively. Controls (10 % ethanol or water) were

also included (Table 1).

In MeJa exposed cultures, no significant response in

sanguinarine accumulation was recorded at lower

doses than 100 lM for up to 48 h (Table 1). Higher

doses (150 lM and above) resulted harmful, since

cultures turned brownish within the first 24 h (Sup-

plementary Fig. 1) and a significant reduction in the

packed cell volume (PCV) occurred (from 68 ± 7 to

41 ± 6 %; 1 h of free decantation in conical tubes).

Maximal sanguinarine accumulation in cultures

exposed to YE was detected at the 200 mg l-1 dose,

although an important increase in alkaloid production

also occurred at 100 mg l-1 (Table 1). As observed in

MeJa treated cultures, those exposed to higher doses of

YE (300 mg l-1) turned brown (Fig. S1) and notori-

ously reduced their growth (PCV decreased from

73 ± 9 to 38 ± 8 %).

Participation of the OCDA pathway

in the sanguinarine induced accumulation

in AmMiF cell line

Based on the previous result, time course experiments

were performed setting MeJa and YE doses at 100 lM

and 200 mg l-1, respectively. At such doses, san-

guinarine reached maximal accumulation, without

Table 1 Sanguinarine contents (mg g-1 DW) in A. mexicana AmMiF cell line exposed to methyl jasmonate (MeJa) or yeast extract

(YE)

MeJa (lM) Sanguinarine (mg g-1 DW)

Time (h)

YE (mg l-1) Sanguinarine (mg g-1 DW)

Time (h)

24 48 24 48

0* 1.06 ± 0.13 0.97 ± 0.12 0* 1.12 ± 0.14 1.13 ± 0.1

50 1.10 ± 0.09 1.04 ± 0.08 50 1.43 ± 0.12 1.32 ± 0.22

100 1.87 ± 0.11 2.05 ± 0.14 100 1.66 ± 0.09 1.89 ± 0.17

150 1.84 ± 0.08 0.59 ± 0.13 200 3.05 ± 0.21 5.39 ± 0.36

200 0.53 ± 0.12 ND 300 2 ± 0.32 ND

Average of triplicates with standard deviation. ND not determined

* Cultures were mock-induced with either 200 ll 10 % ethanol (MeJa) or deionized water (YE)
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compromising the culture’s viability. In comparison to

control, exposure to YE almost tripled sanguinarine

accumulation after 24 h and increased more than

eight-fold at 48 h (Fig. 1). Such values were main-

tained for up to 72 h. MeJa exposure also increased

sanguinarine production, but in a less marked fashion

than with YE. These effects were more evident after

48 h (Fig. 1). Maximal response to MeJa treatment

was about half of that obtained with YE (Fig. 1).

Regardless of the duration of YE treatment, DIECA

pre-incubation reduced the magnitude of the response,

even when it did not completely annul it. YE plus

DIECA cultures still presented ca. 50 % of the

response of the YE-elicited cultures (Fig. 1). Interest-

ingly, MeJa exposure of these DIECA-treated cultures

did not restore the original response to YE, although

they resembled the response to MeJa alone (Fig. 1).

MS-GC revealed the absence of jasmonate in DIECA

exposed YE-elicited cultures confirming that, as

previously reported, DIECA effectively blocks the

OCDA biosynthetic pathway (Menke et al. 1999). It

should be mentioned that alkaloid contents in the

mock induced, DIECA pre-incubated cultures (either

with water or 10 % ethanol), remained at similar

values as in controls throughout the experiment

(ca. 1 mg g-1 DW).

Berberine bridge enzyme (BBE) catalyses the

formation of scoulerine from reticuline, which is a

critical step in the synthesis of all groups of BIA’s. This

enzyme is transcriptionally activated in response to

elicitation in different in vitro cultures (Hagel and

Facchini 2013), including AmMiF cell line (Trujillo-

Villanueva et al. 2012). As expected, BBE transcript

levels increased in response to YE after 24 h and, even

when they decreased afterwards, they always remained

above control values (Fig. 2a). Exposure to MeJa

produced a similar positive effect in BBE transcript

levels (Fig. 2a). However, in contrast to what was

observed for sanguinarine accumulation, DIECA pre-

incubation completely reversed the YE-induced BBE

transcript accumulation (Fig. 2a). Moreover, the addi-

tion of MeJa to the DIECA exposed YE-elicited

cultures restored the original response (Fig. 2a).

DBO is the enzyme catalysing the last reaction of

sanguinarine formation and its activity increased in

Fig. 1 Involvement of the OCDA pathway in YE-induced

sanguinarine accumulation in A. mexicana AmMiF line. YE

yeast extract; D diethyldithiocarbamic acid (DIECA); MJ

methyl jasmonate. See the ‘‘Materials and methods’’ section

for further detail. 100 % correspond to the value of sanguinarine

found in unexposed control cultures (1.1 mg g-1 DW). Average

of triplicates in each case. Maximal SD represented as the bar on

the upper left corner

Fig. 2 Relative abundance of BBE transcripts (a) and DBO

enzyme activity (b) in A. mexicana AmMiF cell line exposed to

YE. Abbreviations as in Fig. 1. In a one unit correspond to BBE

transcript relative abundance to actin in unexposed control

cultures (0 h). Average of triplicates in both panels. Maximal

SD represented as the bar on the upper left corners
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response elicitation in other plant species (Ignatov

et al. 1999). At the conditions assayed, DBO activity

increased in the YE-, but not in the MeJa-exposed

cultures (Fig. 2b). Noteworthy, and in contrast to what

was observed for BBE transcript accumulation

(Fig. 2a), DBO response to YE (Fig. 2b) followed a

similar pattern to the one determined for sanguinarine

accumulation (Fig. 1). There was a slight increase in

activity during the first 24 h, whereas maximal

response occurred at 48 h and it was maintained for

up 72 h (Fig. 2b). Moreover, DBO activity in the YE-

elicited cultures was not sensitive to DIECA, which

remained at comparable values in all the assayed

treatments, including those with MeJa (Fig. 2b).

Taken together, these data suggest that sanguinar-

ine synthesis induced in A. mexicana AmMiF cell line

in response to YE (Fig. 1) is partially dependent on the

OCDA pathway (Fig. 3). Moreover, these results

suggest that for the early biosynthetic reactions,

including up to the BBE step (which resulted sensitive

to DIECA; Fig. 2a), OCDA products would be

mediating the response to YE (Fig. 3). However,

since DIECA did not completely annul YE-induced

sanguinarine accumulation (Fig. 1), other signalling

mediators may be involved and operating after the

BBE reaction. In that sense, the last biosynthetic

reaction required for sanguinarine formation (involv-

ing DBO) was not sensitive to DIECA (Fig. 2b).

Moreover, DBO basal activity appears to be sufficient

to support an increase in sanguinarine synthesis and

might also explain the intrinsic capacity of AmMiF

cell line to produce significant sanguinarine amounts

under common culture conditions (Guı́zar-González

et al. 2012). This contrasted with results for BBE,

which required to be induced to subsidise alkaloid

synthesis (Fig. 2).

Sanguinarine accumulation in in vitro cultures in

response to elicitors has been described for different

species, including E. californica, P. somniferum, P.

bracteatum, and S. canadensis, among others (Ar-

chambault et al. 1996; Cho et al. 2007; Cline and

Coscia 1988; Ignatov et al. 1999; Weiss et al. 2006).

The A. mexicana AmMiF cell line differs from most of

them since it accumulates significant amounts of this

alkaloid without any induction treatment. However,

when exposed to elicitors, a limited response was

obtained (Guı́zar-González et al. 2012; Trujillo-Vil-

lanueva et al. 2010, 2012). This suggests that regula-

tory mechanisms in this cell line are only partially

shared with other species. Moreover, dissimilarities

among cell cultures from the different species in

response to elicitors are frequently found. For instance,

in E. californica MeJa induced sanguinarine accumu-

lation within 24 h of exposure, whereas in S. canaden-

sis, higher doses were required to obtain a lower

response. In contrast, salicylic acid produced a better

response in S. canadensis than in E. californica

(Ignatov et al. 1999; Cho et al. 2008a, b). Interestingly,

the combination of salicylic acid and MeJa produced a

synergistic effect in E. californica and this was related

to transcriptional activation of the early biosynthetic

pathway. However, the activation of the late steps in

the pathway, observed as the appearance of DBO

antigens, only occurred after YE addition (Cho et al.

2008a, b). A. mexicana AmMiF cell line did not

respond to salicylic acid, neither as a single elicitor nor

in combination with MeJa and YE (Trujillo-Villanueva

et al. 2012).

Fig. 3 Proposed model for YE-induced sanguinarine accumu-

lation in A. mexicana AmMiF cell line. TYDC tyrosine

decarboxylase; NCS norcoclaurine synthase; BBE berberine

bridge enzyme; DBO dihydrobenzophenanthridine oxidase;

HPAA 4-hydroxyphenylacetaldehyde. YE promotes sanguinar-

ine accumulation activating the early biosynthetic reactions

through OCDA participation, which is not required for the

activation of the late biosynthetic steps in the pathway
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In plant cells, a single stimulus can trigger two or

more different signalling pathways serving diverse

purposes. For instance, it can act as a mechanism to

modulate the intensity of the final response, to lead to

parallel events related to a common final response, or

to activate partial events required at different times of

an overall final response (Derksen et al. 2013). The

pathway leading to sanguinarine synthesis involves

more than 12 enzymes, with the initial part being

common for the formation of sanguinarine and other

BIA’s types, such as the protoberberine-type berberine

(Hagel and Facchini 2013). Although the latter is not

found in AmMiF cell line, it is abundant in Argemone

tissues (Guı́zar-González et al. 2012). On the other

hand, an excess of sanguinarine accumulation can lead

to cell toxicity and necrosis (Weiss et al. 2006;

Trujillo-Villanueva et al. 2012). In this way, the act of

splitting the control of early and late reactions would

allow to furnish biosynthetic intermediaries to support

an increase in the formation of alkaloids in response to

a stimulus invoking chemical defence (such as YE),

while modulating its amplitude would lead to avoid-

ance of cell toxicity. Besides, such mechanism would

allow sparing higher amounts of common intermedi-

aries, which later on would be used to supply different

metabolic pathways.
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Supporting information Supplementary Figure 1. Aspect of

the A. mexicana AmMiF cell suspensions exposed to different

doses of methyl jasmonate (MeJa) or yeast extract (YE) for 24 h.

Cultures were treated as described in the Materials and methods

section. Controls were exposed to water (for YE) or 10 %

ethanol (for MeJa). Figures on top of photographs correspond to

the concentration applied in lM for MeJa or mg l-1 for YE.
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