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Abstract. Knowledge on the biosynthetic pathways of the monoter-
pene alkaloids is enormous, but little is known about their mechanism 
of transporting system from the plant cell. There is not concrete evi-
dence confirming the role of ABC transporters in the secretion of 
monoterpene indole alkaloids (MIAs) in Catharanthus roseus. There-
fore, in order to determine the role of different transporting systems 
involved in the MIAs translocation, we employed a pharmacological 
approach by using transport inhibitors such as, KCN, Na3VO4, quini-
dine and glibenclamide in hairy root cultures of C. roseus. It was 
found that the accumulation of ATP drastically decreased in the pres-
ence of KCN or 100 µM acetylsalicylic acid (ASA)/100 µM KCN. 
The treatment with the inhibitors KCN and glibenclamide in the pres-
ence of ASA significantly increased the ajmalicine secretion com-
pared to the control. The secretion of serpentine was undetected 
during the first 24 h in all the samples. Treatment with the inhibitors 
quinidine and glibenclamide provoked a significant reduction of ser-
pentine secretion in the hairy roots compared to the control. Based on 
our results, we found evidence that ABC transporters might partici-
pate in the secretion of MIAs by C. roseus hairy roots. 
Key words: ABC transporters; alkaloids; Catharanthus roseus; exu-
dation; inhibitors.  
 

Resumen. El conocimiento de las rutas de biosíntesis de los alcaloides 
monoterpénindólicos (AMIs) es amplio, pero prácticamente no se co-
noce nada sobre los mecanismos de transporte que se requieren para 
que dichas rutas funcionen adecuadamente. Puesto que sólo se ha des-
cubierto uno de estos transportadores, perteneciente a la familia de 
transportadores ABC, en la investigación reportada en este artículo pre-
sentamos evidencia de la participación de tales transportadores utilizan-
do un acercamiento farmacológico mediante el uso de los inhibidores 
KCN, Na3VO4, quinidina y glibenclamida durante la secreción de 
AMIs en raíces transformadas de Catharanthus roseus bajo condicio-
nes de inducción y no inducción. La acumulación de ATP disminuye 
drásticamente en presencia de KCN o 100 µM ácido acetil salicílico 
(AAS)/100 µM KCN. El tratamiento con los inhibidores KCN y gliben-
clamida, en presencia de AAS, aumenta significativamente la secreción 
de ajmalicina, comparada con el testigo. La secreción de serpentina fue 
indetectable durante las primeras 24 h en todas las muestras. Las raíces 
en el tratamiento con los inhibidores quinidina y glibenclamida mostra-
ron una significativa disminución en la secreción de serpentina compa-
rada con el testigo. Nuestros resultados muestran evidencia de que los 
transportadores ABC pueden estar participando en la secreción de 
AMIs por las raíces transformadas de C. roseus.
Palabras clave: alcaloides; Catharanthus roseus; inhibidores; trans-
portadores ABC; secreción.

Introduction

Catharanthus roseus synthesizes more than 140 secolog-
anin-derived monoterpene indole alkaloids (MIAs) [1], of the 
approximately 2,000 known compounds, and some of them 
such as ajmalicine, vincamine and reserpine (peripheral vaso-
dilators), ajmaline (antiarrhythmic), vinblastine and vincristine 
(anticancer), and yohimbine (pro-erectile) possess important 
pharmacological effects [2] widely used in medicine. The bio-
synthesis of these compounds involves a very complex path-
way and also requires the participation of different cell types 
and different organelles within the cell [3, 4]. These pathways 
require of a very precise transport system. 

A pioneer study reported the transport of vindoline and 
ajmalicine by a specific proton-antiporter system [5]. Followed 
by this report, another study demonstrated that the transport of 
vindoline is carried out by an energy-dependent transporter by 
using C. roseus protoplasts [6], besides an ion-trap mechanism 
that could contribute to the vacuolar uptake of these endoge-
nous alkaloids [7]. Recently, it was demonstrated that vacuolar 
transport of MIAs is mediated by a proton-driven antiport and 
not by an ion-trap mechanism or ABC transporters [8]. How-
ever, the expression of the CjMDR1 gene, a transmembrane 
ABC transporter from Coptis japonica, in C. roseus cells, pro-
duced an increase in the accumulation of ajmalicine and tetra-
hydroalstonine, alkaloids from C. roseus but not of berberine, 
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the main substrate of the CjMDR1 transporter [9]. Recent-
ly, the screening of the Plant Medicinal Genomics Resource 
database allowed to El-Guizani et al. [10] to identify 16 ABC 
transporters partial sequences in C. roseus. 

The alkaloids biosynthetic pathway can be regulated at 
the cellular and at the molecular level [11], which includes 
their transport through the membranes of different organelles 
and different tissues. The De Luca’s laboratory has found 
that vindoline is accumulated inside the leaf cells, meanwhile 
catharanthine accumulates in leaf wax exudates [12]. This 
separation is mediated by a catharanthine transporter 
(CrTPT2) that is present in the epidermis of young leaves 
[13]. The secretion of alkaloids to the leaves surface may be 
mediated by unique transporters to MIA-producing plant 
species. A strong candidate could be the transporters in-
volved in the cuticle assembly, which are of the kind of ABC 
transporters. 

Previously, it was reported the accumulation and secretion 
of MIA by treatment with different elicitors (methyl jasmona-
te, acetyl salicylic acid and nitric oxide) in in vitro tissue cul-
tures of C. roseus, such as hairy roots [14, 15], cell suspensions 
[16] and tumor lines [17]. In our laboratory, we observed that 
the hairy roots of C. roseus elicited with methyl jasmonate 
(MeJA) showed a differential secretion of ajmalicine, serpen-
tine, ajmaline and catharanthine compared to the controls [15]. 
This treatment also increased the accumulation of H2O2 during 
the first 48 h [18]. 

It has been demonstrated the involvement of ABC trans-
porters in the root secretion of phytochemicals [19-22]. In 
agreement with these studies, recently it has been showed a 
tight regulation in the export and accumulation of defense phy-
tochemicals in the rhizosphere [23, 24]. In addition, the ABC 
transporter, GmPDR12 expression was induced in response to 
salicylic acid and MeJA [19]. Differential expression of ABC 
transporters in Arabidoposis thaliana root tissues was ob-
served in response to nitric oxide, salicylic acid and MeJA 
[22]. Based on these observations, one can hypothesize that 
ABC transporters might be involved in transporting MIAs 
from C. roseus cell cultures.

Better understanding about the transport mechanism of 
secondary metabolites and their regulatory networks would 
provide the development of novel methods to engineer C. ro-
seus plants for commercial applications. In the present study, 
we aimed to identify the type of transporters for MIAs by em-
ploying pharmacological approach using C. roseus hairy root 
cultures. 

Results

To test whether the secretion of alkaloids is facilitated by ABC 
transporters, we employed a pharmacological approach by us-
ing inhibitors of different transporting systems. If the secretion 
of MIAs is mediated by ABC transporters, ATP must play a 
central role and inhibition of ATP production must modify the 
exudation process. 

Effect of inhibitors in plant growth and ATP accumulation

To determine the effect of inhibitors on hairy roots growth, we 
treated the hairy roots with 100 mm of all inhibitors inde-
pendently and dry weight (DW) was analyzed. We did not ob-
serve any difference in the dry weight after 48 h of all inhibitors 
treatment but significant reduction on the DW of hairy roots 
was observed after 72 hours only in 100 µM ASA treatment 
(Fig. 1A). 

We also analyzed the ATP levels in response to the inhibi-
tors. The accumulation of ATP drastically decreased (close to 
zero) in the presence of KCN or 100 µM ASA/100 µM KCN 
(Fig. 1B) and the condition was lasted for the next 60 h. The 
treatment with 100 µM ASA alone slightly decreased the accu-
mulation of ATP during the first 36 h and slowly the ATP levels 
were increased to 70 mg ATP g-1 fresh weight (FW) (Fig. 1B), 
while the control remains around 40 mg ATP g-1 FW after an 
increase during the first 36 h. High significant differences were 
observed in the levels of ATP between the treatments of 100 
mM ASA and KCN (Fig. 1B). 

Fig. 1. Treatments effect on hairy roots growth (A) and ATP accumu-
lation (B). Hairy roots were treated as indicated in “Materials and 
Methods”, control ( ) or presence of ASA ( ), KCN ( ) and ASA/
KCN ( ). Error bars represent ± SE (n = 3). Asterisk represents sta-
tistical significance of mean differences at a given time by Turke´s 
test (*, P ≤ 0.05; **, P ≤ 0.01). The experiment was performed three 
times.
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Effect of different transporting systems 
inhibitors in ajmalicine secretion by hairy roots 
of C. roseus. 

Ajmalicine was the more abundant MIA identified in the cul-
ture medium of hairy roots. The secretion of this alkaloid was 
significantly increased after 48 h of the treatment with 100 µM 
ASA (Fig. 2A) and the level of ajmalicine was two-fold more 
(7.75 mg L-1) than the control (3.06 mg L-1) after 72 h of treat-
ment. In the presence of inhibitors alone (KCN, orthovanadate, 
quinidine and glibenclamide), we did not observe any signifi-
cant changes in ajmalicine secretion compared to control. But, 
we observed differential changes in ajmalicine secretion when 
hairy roots treated simultaneously with the inhibitor and ASA. 
For instance, treatment with the inhibitors, KCN (Fig. 2A) and 
glibenclamide (Fig. 2D) in the presence of ASA significantly 
increased the ajmalicine secretion compared to control. Un-
likely, the inhibitors orthovanadate (Fig. 2B) and quinidine 

(Fig. 2C) in the presence of ASA did not show any significant 
changes in ajmalicine secretion. 

Effect of inhibitors in serpentine secretion  
by hairy roots of C. roseus

The secretion of serpentine was undetected during the first 24 
h in all the samples (Figs. 3A-3D). In the control samples there 
was a gradual increase in the secretion of serpentine (0.8 mg 
L-1) at 48 h (Figs. 3A-3D). In the presence of ASA, the serpen-
tine secretion was increased to 2.0 mg L-1 after 24 h and stayed 
high till 72 h period of the study (Fig. 3A). When treated with 
the inhibitors alone we observed different trends: KCN did not 
show significant change compared to control (Fig. 3A) and un-
likely orthovanadate showed significant increase in serpentine 
secretion compared to control at 48 h (Fig. 3B). On the con-
trary, the inhibitors quinidine and glibenclamide showed sig-

Fig. 2. Secretion of ajmalicine on hairy roots treated with ASA and inhibitors. A) Ajmalicine secretion on treatments with ASA ( ), KCN ( ), 
ASA/KCN ( ) ; B) ASA ( ), orthovanadate ( ), ASA/orthovanadate ( ); C) ASA ( ), quinidine ( ), ASA/quinidine ( ) ; D) ASA ( ), 
glibenclamide ( ), ASA/ glibenclamide ( ). Each treatments were correlated with respective control ( ). Error bars represent ± SE (n = 3). 
Asterisk represents statistical significance of mean differences at a given time by Turke´s test (*, P ≤ 0.05; **, P ≤ 0.01). The experiment was 
performed three times.
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nificant reduction of serpentine secretion compared to control 
(Figs. 3C-3D). Interestingly, the treatment with quinidine in 
the presence of ASA also showed significant reduction in ser-
pentine secretion at 72 h (Fig. 3C) but the presence of ASA 
with other inhibitors showed significant increase in serpentine 
secretion (Figs. 3A-3D).

Effect of inhibitors in catharanthine secretion  
by hairy roots of C. roseus

Catharanthine secretion did not show significant difference be-
tween the treatments with 100 µM ASA and the control 
(Fig. 4A-4D). However, the treatment with 100 µM KCN 
alone, significantly increased the secretion of catharanthine at 
24 h (Fig. 4A). Furthermore, the treatment of hairy roots with 
100 µM ASA/100 µM KCN significantly increased catha-
ranthine secretion in the culture media in comparison with oth-
er treatments and control (Fig. 4A). But, the treatment of hairy 
roots with other inhibitors (orthovanadate, quinidine and glib-
enclamide) in the presence and absence of ASA did not show 
any significant changes in catharanthine secretion compared to 
control (Fig. 4B-4D). 

Non-target profile of secreted compounds  
by hairy roots of C. roseus in the presence of 
inhibitors

The treatment of C. roseus hairy roots with 100 µM ASA in-
creased the secretion of several unidentified compounds (Table 
1; peaks 1, 4, 9 and 21) along the 72 h of observation (Tables 
1, 3, 5, 7). After 12 h of treatment with 100 µM KCN, it was 
observed the decrease of the peaks 2, 6 and 13 (Table 1); same 
for peaks 1, 2 and 13 at 24 h of treatment (Table 3). The treat-
ment with ASA/KCN reduced the secretion of compounds 2, 5 
and 13 during the first 12 h of treatment. The inhibition was 
still observed after 48 h of treatment for peaks 5 and 13. The 
inhibitory effect of the KCN, alone or in combination with 
ASA disappeared after 48 h of treatment (Table 5). Several 
peaks, such as 1, 4, 6, 9 and 12 increased their secretion in re-
sponse to the presence of ASA or ASA/KCN along the period 
of study (Tables 1, 3, 5, 7).

Under the treatment with orthovanadate the absence of 
peak 6 and the decrease of peak 13 were observed in compari-
son to the treatment with 100 µM ASA after 12 h (Table 1). The 
reduction of peaks 6 and 21, and the absence of the peak 18 
were observed with the treatment of orthovanadate after 48 h 

Table 1. Catharanthus roseus hairy roots alkaloids profile secreted evaluated at the sampling times of 12 hours after treatments. Treatments 
with ASA, KCN, ASA/KCN, orthovanadate, ASA/ orthovanadate. Error bars represent ± SE (n = 3). The experiment was performed three times.

Peak
Treatment (high of the peak, mAU)

Control *ASA KCN ASA/KCN Orthovanadate ASA/Orthovanada-te
1 371.55±52.26 492.20±182.42 552.45±128.80 490.57±136.11 438.01±89.78 390.27±93.93
2 356.88±123.69 305.31±155.08 42.55±42.55 105.82±105.82 247.17±143.02 541.90±273.70
3 0 0 42.22±42.22 0 52.13±52.13 29.94±29.94
4 319.91±15.55 384.81±24.01 407.61±39.25 490.35±34.14 433.43±17.81 348.31±23.68
5 245.60±106.30 0 233.13±134.86 0 100.71±70.49 276.34±138.18
6 111.42±65.73 319.93±27.79 0 397.56±12.68 0 87.34±87.34
7 0 0 93.51±55.16 0 134.91±45.88 0
8 0 0 0 0 0 36.45±36.45
9 448.57±46.19 723.43±108.30 707.77±152.77 861.18±119.17 679.22±74.18 1133.01±190.35
10 45.715±15.38 83.11±3.89 84.34±36.02 0 0 101.74±5.21
11 344.50±31.91 272.88±33.78 285.75±48.95 293.51±34.52 268.06±14.23 269.01±12.57
12 0 16.32±16.32 394.94±133.20 641.90±39.18 38.038±14.09 63.41±31.75
13 165.85±27.62 150.15±19.87 0 20.18±20.18 105.05±10.03 66.79±33.50
14 232.88±11.43 257.59±61.65 179.88±39.10 229.59±38.33 335.81±26.54 339.28±12.20
15 0 0 34.14±25.10 127.75±16.52 0 0
16 10.59±10.59 0 49.80±29.01 28.79±28.79 0 0
17 0 0 0 0 51.39±30.38 67.08±17.36
18 11.71±11.71 0 48.20±29.21 224.06±28.87 0 8.16±8.16
19 21.85±13.60 0 91.52±45.43 0 31.85±18.40 46.17±4.39
20 0 0 0 0 20.96±20.96 0
21 0 0 25.09±25.09 14.40±14.40 0 0
22 43.78±14.59 28.63±14.34 20.38±11.77 39.71±2.04 28.79±9.73 36.36±0.07

*ASA = acetyl salicylic acid; Ort. = orthovanadate; Qui. = quinidine; Gli. = glibenclamide
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(Table 5). The peaks 1, 4, 6, 8 and 21 were also reduced after 
72 h of treatment (Table 7). Peak 4 incremented with the ASA 
treatment. Under the treatment with ASA/orthovanadate 
through the 72 h, the peaks 1, 4, 13 and 21 were reduced (Table 
7). On the other hand, the peaks 2, 6, 8 and 9 were increased 
(Table 7).

The decrease of peaks 4, 6 and 14 were observed through 
the treatment with quinidine after 12 h (Table 2), as well as the 
absence of peak 1. After 48 h of treatment, peaks 4, 13 and 19 
decreased (Table 6). From 24 to 72 h the absence of peaks 1, 2, 
3 and the decrement of peak 21 was observed (Tables 4, 6, 8). 
When the hairy roots were treated with ASA/quinidine, some 
compounds such as, peaks 1, 2 and 3, were not detected (Ta-
bles 2, 4, 6, 8). However, other peaks, such as 4, 6, 11 and 20 
increased after 72 h of treatment with ASA/quinidine (Table 
8). It is important to indicate that most of these peaks increased 
with the treatment of 100 µM ASA in comparison with the re-
spective control.

Several peaks decreased with the treatment of 100 µM 
glibenclamide. Peaks 1, 2, 6, 9, 13, 14, and 19 decreased after 
12 h of treatment (Table 2). Peaks 2 and 21 were absence after 
72 h of treatment (Table 8). On the other hand, several peaks 
increased with the treatment of ASA/glibenclamide, such as 

the case for peaks 2, 4, 6, 9 and 14 after 12 h of treatment (Ta-
bles 2, 4, 6, 8). Peaks 2, 3, 4 and 7, even after 72 h of treatment, 
are higher than the controls (Table 8).

The secretion of unknown compounds by C. roseus hairy 
roots did not change after the treatment with NO (data no 
showed). Indeed, we observed that the treatments with NO/
KCN, NO/orthovanadate, NO/quinidine and NO/gliben-
clamide did not result in an inhibitory effect of the compounds 
secretion when comparing with the respectively controls. 

HPLC analysis revealed clear differences in the pattern of 
secretion of the alkaloids from hairy roots treated with ASA 
and ABC transporters inhibitors (Tables 1-8). Using the princi-
pal components analysis (PC) we were able to determinate that 
the different treatments segregated from the control sample 
and they were clearly grouped along the first PC axis (Fig. 5). 
Interesting, at 72 h the treatments that include ASA make a 
clear group, except the treatment ASA/KCN. Moreover, the 
treatments with quinidine and glibenclamide were closed cor-
related with DMSO as control. On the other hand, a close 
corre lation was observed between KCN and orthovanadate but 
not with the respective control (Fig. 5)

Table 2. Catharanthus roseus hairy roots alkaloids profile secreted evaluated at the sampling times of 12 hours after treatments. Treatments with 
ASA, quinidine, ASA/quinidine, glibencamine, ASA/glibencamine. Error bars represent ± SE (n = 3). The experiment was performed three times.

Peak
Treatment (high of the peak, mAU) (12 h)

Control *ASA Quinidine ASA/Quinidine Glibencamine ASA/Glibenca-mine
1 501.01±81.85 605.01±176.69 0 0 215.85±84.31 409.94±21.94
2 131.88±131.88 119.79±119.79 0 0 220.44±88.86 658.87±7.17
3 0 0 42.79±42.79 0 0 0
4 338.41±18.25 390.59±39.10 315.35±37.28 269.37±21.59 260.18±34.54 500.19±5.05
5 0 0 188.93±98.89 116.34±116.34 0 0
6 306.23±22.13 398.73±45.40 193.80±71.11 280.33±141.61 180.64±25.60 474.92±9.15
7 0 0 0 0 0 0
8 0 0 0 0 0 0
9 375.55±16.61 668.00±70.58 433.86±46.20 646.36±91.09 267.06±41.08 878.16±34.10
10 37.31±21.68 106.54±27.41 103.48±17.70 121.54±6.45 53.09±6.69 160.28±6.05
11 299.21±18.17 323.74±15.47 345.19±36.95 234.91±32.56 198.75±27.68 378.31±7.17
12 0 0 0 43.78±27.96 28.52±10.43 0
13 155.35±10.72 226.90±26.95 175.96±27.56 80.00±44.95 66.37±10.54 285.09±6.12
14 255.69±18.02 357.22±34.24 309.80±49.64 266.35±31.10 248.86±49.87 424.83±13.71
15 0 0 0 0 0 0
16 0 76.15±18.39 30.50±18.52 0 0 60.70±8.79
17 0 0 0 0 0 8.84±8.84
18 0 44.60±4.34 12.69±12.69 0 0 40.27±0.82
19 8.84±8.84 83.45±21.78 51.99±30.02 0 21.70±21.70 63.32±1.93
20 0 0 0 0 0 0
21 0 27.83±27.83 15.65±15.65 0 0 0
22 43.46±2.52 40.89±0.83 30.34±10.20 26.55±13.53 17.84±10.30 43.03±1.46

*ASA = acetyl salicylic acid; Ort. = orthovanadate; Qui. = quinidine; Gli. = glibenclamide
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Discussion

In order to enhance and manipulate secondary metabolites me-
diated defense responses, it is necessary to understand the bio-
synthesis, regulation and transporting mechanism of these 
compounds. In the present study, we made an attempt to iden-
tify the different transporting systems to translocate the indole 
alkaloids by employing pharmacological approach with the 
help of inhibitors. 

The secretion of secondary metabolites from the plant 
cells is often reported to be an energy-dependent transport [5, 
25]. On the other hand, recent studies demonstrated that ABC 
transporters are involved in the transport of some secondary 
metabolites from plant root cells [13, 20, 26-28]. 

If the secretion of MIAs is mediated by ABC transporters, 
ATP must play a central role and inhibition of ATP production 
must modify the secretion process. We used potassium cyanide 
an inhibitor of ATP synthesis, [29], Sodium orthovanadate is 
an inhibitor of the membranal ATPases [30, 31] and also inhib-
its all kinds of ABC transporters [32, 33], quinidine and glib-
enclamide are potassium channel blockers [32]. Besides these, 
there are other type of sulfonylurea receptor inhibitors that are 
also able to inhibit the function of some ABC transporters [34].

In our study, the treatment of C. roseus hairy roots with 
KCN inhibited the accumulation of ATP, both in the presence 
or absence of an elicitor ASA (Fig. 1B) and it suggests that the 
inhibitor KCN clearly reducing the ATP levels in the cell. Shi-
tan et al. [35] demonstrated that the addition of KCN inhibited 
the levels of berberine uptake by Cjmdr1-injected oocytes. 
Furthermore, Loyola-Vargas et al. [20] reported that KCN in-
hibited the roots-secretion of phytochemicals in Arabidopsis 
thaliana plants. Based on these observations, KCN is consid-
ered to be a good inhibitor and reduce ATP levels in the cell 
and it is worth to analyze the secretion levels MIA by supple-
menting KCN in hairy roots to determine the ABC transporters 
role in MIAs transport. 

In A. thaliana P-type H+-ATPase isoforms found in mem-
branes [36] and P-glycoproteins are strongly inhibited by va-
nadate [33, 37]. In our case, both potassium cyanide and 
sodium orthovanadate inhibited the alkaloid secretion of sever-
al peaks, specially numbers 2, 5 and 13 by C. roseus hairy roots 
(Tables 1, 3). 

Orthovanadate is generally accepted as a strong inhibitor 
of ABC transporters [33, 37], and their inhibitory effect were 
observed on ajmalicine secretion after 48 h of treatment (Fig. 
2B) and serpentine secretion after 24 h (Fig. 3B). In Lycoper-

Table 3. Catharanthus roseus hairy roots alkaloids profile secreted evaluated at the sampling times of 24 hours after treatments. Treatments 
with ASA, KCN, ASA/KCN, orthovanadate, ASA/ orthovanadate. Error bars represent ± SE (n = 3). The experiment was performed three times.

Peak
Treatment (high of the peak, mAU)

Control *ASA KCN ASA/KCN Orthovanadate ASA/Orthovanada-te
1 407.02±252.58 453.46±64.12 409.99±142.23 469.22±44.41 582.88±189.06 344.46±55.52
2 480.29±240.97 729.11±116.62 347.41±203.20 832.59±145.93 558.49±293.02 636.63±204.33
3 0 0 69.41±69.41 104.83±104.83 0 117.21±117.21
4 412.59±52.22 555.03±27.93 464.20±71.33 797.42±44.64 682.51±86.60 757.68±145.08
5 46.43±46.43 0 67.23±67.23 0 0 0
6 362.84±52.18 359.18±71.76 408.39±45.42 689.72±40.11 396.99±38.91 291.78±17.35
7 0 0 0 0 0 0
8 0 0 0 147.80±78.31 0 0
9 551.47±52.14 857.88±30.71 879.37±59.82 1569.78±280.01 815.48±139.51 1029.20±367.83
10 41.15±41.15 75.016±37.52 99.05±49.69 54.52±54.52 78.79±39.61 0
11 462.63±28.24 404.16±53.52 403.78±15.13 555.72±50.31 489.59±27.49 353.96±45.47
12 0 0 539.76±69.82 1003.30±14.36 16.85±16.85 41.22±26.40
13 252.49±50.59 257.64±12.77 0 0 248.76±34.54 154.96±20.09
14 341.04±38.94 241.49±23.43 276.25±28.00 318.45±18.04 663.67±37.60 264.48±41.40
15 0 0 38.54±21.74 140.81±18.45 0 0
16 45.62±22.91 72.80±12.34 71.55±9.08 98.62±30.11 16.37±16.37 33.05±18.35
17 8.82±8.82 0 0 13.94±13.94 12.36±12.36 13.22±13.22
18 43.20±8.14 27.16±27.16 49.39±24.71 345.39±44.03 21.01±11.23 17.44±17.44
19 61.84±17.93 126.59±26.94 106.92±33.92 0 47.93±13.20 43.34±21.75
20 0 17.10±17.10 0 19.59±19.59 0 0
21 0 81.67±45.50 0 38.76±38.76 0 30.40±30.40
22 46.13±23.67 45.47±1.98 55.19±8.95 55.41±3.43 56.62±6.64 30.43±16.90

*ASA = acetyl salicylic acid; Ort. = orthovanadate; Qui. = quinidine; Gli. = glibenclamide
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sicon peruvianum cell cultures, orthovanadate causes moder-
ate alkalinization after it is added [38], suggesting a possible 
link between proton fluxes across the plasma membrane and 
the secretion of compounds into the rhizosphere. However, al-
kalinization did not occur, since the pH value of the medium, 
during the culture period varied from 5.75 to 6.34, for all the 
treatments including the controls. These data suggest that the 
secretion process is ATP-dependent and that either a primary 
or secondary active transporter could be involved in the secre-
tion of phytochemicals into the culture medium by C. roseus 
hairy roots.

When C. roseus hairy roots were cultured in MS medium 
we found that the conductivity of the medium was between 2.1 
and 3 mSi for the treatments. These data suggest that it is more 
probable that the secretion of phytochemicals occurs through a 
primary transporter. Nevertheless, we cannot discard the possi-
bility that in the microenvironment of the apoplast, around the 
cell wall, the concentration of protons is enough to drive the 
efflux of phytochemicals. Another possibility is that the secret-
ed phytochemicals are stored in the vacuole; if this is the case, 
it is possible that the secretion of the compounds is mediated 
by active secondary transport systems that require the V-AT-

Pase and vacuolar pyrophosphatase for maintenance of a pro-
ton gradient across the tonoplast. 

Another two compounds which inhibit the activity of var-
ious transporters were examined by addition to the medium at 
the concentration of 100 mM of each inhibitor. Quinidine and 
glibenclamide are inhibitors of channel blockers and of ABC 
transporters [39, 40] that function as a drug efflux pump in hu-
man cancer cells [41]. In plants, it is well documented the role 
of ABC transporters in translocating the secondary metabolites 
by using inhibitors. For instance, berberine uptake by a vacuo-
lar P-glycoprotein is inhibited by nifedipine and quinidine in a 
dose-dependent manner [42]. Verapamil, nifedipine and glib-
enclamide also inhibit berberine uptake in Cjmdr1-injected 
oocytes [35]. It has also been shown that an ABC-type ef-
flux-transporter is functioning in Thalictrum minus suspension 
cultures [43]. Geisler et al. [44] by using MDR/PGP inhibitors 
like cyclosporin A and verapamil inhibited the efflux of auxin 
in PGP 1 transformed yeast. 

As shown in tables 1-8, and figures 2C, 3C and 3D the 
secretion of some unidentified phytochemicals as well as 
ajmalicine and serpentine produced by C. roseus hairy roots 
was inhibited by these compounds, suggesting that a primary 
transporter might be involved in their exudation into the medi-

Table 4. Catharanthus roseus hairy roots alkaloids profile secreted evaluated at the sampling times of 24 hours after treatments. Treatments with 
ASA, quinidine, ASA/quinidine, glibenclamide, ASA/glibenclamide. Error bars represent ± SE (n = 3). The experiment was performed three times.

Peak
Treatment (high of the peak, mAU)

Control *ASA Quinidine ASA/Quinidine Glibencamine ASA/Glibenca-mine
1 692.66±176.13 616.35±57.59 0 0 267.25±9.58 441.74±37.82
2 231.34±231.34 914.35±30.02 0 0 596.54±75.76 983.09±234.55
3 0 0 0 456.27±37.67 0 139.45±139.45
4 506.64±59.78 748.93±42.33 428.41±40.43 284.62±16.30 497.36±61.72 688.58±26.07
5 0 0 258.87±19.27 530.12±39.55 0 0
6 461.79±66.32 671.72±50.88 464.05±57.40 0 360.93±42.97 462.79±11.28
7 0 0 0 0 0 0
8 0 0 0 0 0 0
9 526.26±70.10 985.98±111.29 667.18±32.37 784.75±22.52 586.26±10.12 1060.64±70.15
10 162.77±20.16 102.18±51.92 137.76±20.43 71.06±38.44 116.44±12.32 145.82±14.20
11 519.50±44.18 585.44±43.54 622.17±77.38 333.28±30.57 372.20±31.89 459.87±35.76
12 0 0 0 18.49±18.49 20.55±20.55 0
13 328.22±38.27 355.38±4.63 283.98±39.45 164.20±29.52 187.35±35.80 299.39±54.33
14 505.19±77.61 369.22±17.26 638.42±73.02 199.39±26.19 476.50±86.23 337.66±84.81
15 0 0 0 96.63±33.22 0 0
16 115.16±17.22 79.05±41.01 59.78±33.02 0 24.99±13.52 80.39±41.72
17 0 0 0 0 22.26±11.56 0
18 43.13±22.19 72.66±2.36 60.03±16.80 16.20±16.20 13.50±13.50 24.54±24.54
19 183.73±47.13 117.12±1.74 125.80±49.53 69.45±35.08 78.54±25.03 99.45±49.91
20 0 52.33±3.38 0 0 0 42.21±23.87
21 93.87±56.86 168.11±28.13 105.06±20.89 69.99±14.86 0 26.53±26.53
22 52.93±6.91 55.78±7.99 57.08±2.41 39.13±0.180 49.12±6.45 441.74±3.06

*ASA = acetyl salicylic acid; Ort. = orthovanadate; Qui. = quinidine; Gli. = glibenclamide
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um. Only the secretion of a few compounds is inhibited by 
each inhibitor, suggesting that the inhibition process is very 
selective and that different transporters are involved in the se-
cretion of the different secondary metabolites by the hairy 
roots. However, in some cases unrelated compounds can be 
moved by the same transporters, like yeast pdr5p which is able 
to transport flavonoids, indole alkaloids and taxol [45]. 

In our research the secretion of MIAs by hairy roots treated 
with the different inhibitors in presence of ASA did not fol-
lowed the same pattern for all the alkaloids, suggesting the pres-
ence of more than one MIAs transport mechanism. For instance, 
ajmalicine was the most abundant alkaloid secreted by the treat-
ment with ASA/KCN after 72 h (Fig. 2A). However, at the same 
time the treatment with ASA/orthovanadate significantly de-
creased the secretion of ajmalicine when compared with the 
treatment with ASA (Fig. 2B). A similar effect was observed for 
the secretion of serpentine with the treatments with ASA/KCN 
and ASA/quinidine after 72 h of treatment (Figs. 3A and 3C). 

HPLC analysis reveals the existence of 22 main peaks 
present in the C. roseus hairy roots exudates. The peaks were 
enumerated from 1 to 22 following the elution time. The peaks 
3, 11 and 12 corresponded to serpentine, ajmalicine and catha-
ranthine respectively. Among the unknown peaks, the secre-

tion of twelve of them (1, 2, 4, 6, 8, 9, 13, 14, 15, 18, 19 and 
21) were inhibited or reduced when the hairy roots was treated 
with KCN, orthovanadate, quinidine or glibenclamide (Tables 
1-8). However, in many of the cases the treatments with KCN, 
orthovanadate, quinidine or glibenclamide in presence of 
ASA, induced again the secretion of these compounds (Tables 
1-8), suggesting that the increase in the amount of alkaloids 
produced by the ASA induction is higher than inhibition of the 
transport produced by the inhibitor. Also could be possible 
that the ASA induced the presence or additional transporters, 
which in turn can increase the secretion of the alkaloids. In 
transgenic plant cell suspension cultures of N. tabacum, carry-
ing PRD5 genes from yeast, it as has been shown that those 
genes can be used to stimulate the secretion of secondary me-
tabolites [46].

The increase in secretion of some peaks (Tables 1-8) ob-
served at 100 µM quinidine could be the result of a plasmatic 
membrane leak because of the strong inhibition of the trans-
port system; however, this explanation appears improbable 
since there is a clear inhibition of several other peaks. It is 
possible that the increase in secretion of these peaks may be an 
indirect effect of the inhibitor since some transporters, such as 
P-glycoprotein and members of the multidrug-resistance-relat-

Table 5. Catharanthus roseus hairy roots alkaloids profile secreted evaluated at the sampling times of 48 hours after treatments. Treatments 
with ASA, KCN, ASA/KCN, orthovanadate, ASA/ orthovanadate. Error bars represent ± SE (n = 3). The experiment was performed three times.

Peak
Treatment (high of the peak, mAU)

Control *ASA KCN ASA/KCN Orthovanadate ASA/Orthovana-date
1 1056.03±723.93 676.89±12.59 238.63±20.00 629.23±126.21 392.68±23.07 480.44±49.43
2 442.80±442.80 770.35±34.84 260.86±131.21 694.81±389.70 865.68±88.93 851.28±64.75
3 791.28±5.82 505.26±8.71 260.66±22.76 755.24±110.04 496.22±27.04 589.49±72.94
4 0 1367.47±121.89 615.75±54.73 1792.33±184.61 859.85±50.50 858.29±68.40
5 0 0 0 0 0 0
6 673.59±34.90 646.66±47.55 337.76±43.18 895.17±174.73 412.33±27.06 431.56±36.15
7 225.30±225.30 0 0 329.21±329.21 0 0
8 0 185.81±94.78 0 177.46±177.46 0 0
9 911.28±149.87 798.39±105.29 647.85±56.33 1423.62±242.50 899.45±16.60 974.85±93.84
10 0 34.52±34.52 122.78±19.36 122.54±67.83 44.04±44.04 0
11 605.32±10.10 755.78±57.93 363.19±57.85 944.66±172.82 479.11±25.15 518.88±57.03
12 220.22±109.26 43.72±21.87 266.07±39.85 584.19±91.51 87.83±6.87 48.24±24.14
13 325.60±325.60 339.35±33.76 131.46±66.20 154.27±87.21 204.99±22.57 197.83±9.82
14 661.08±118.92 113.13±4.82 577.13±91.23 427.27±116.09 137.36±20.26 109.19±11.93
15 0 152.07±10.23 13.82±13.82 158.79±82.10 118.62±5.53 183.44±36.67
16 36.48±36.48 111.34±13.78 110.31±20.52 171.92±17.72 46.84±26.44 27.34±27.34
17 0 0 0 0 62.10±34.73 0
18 80.28±15.85 246.17±18.20 0 662.90±45.77 0 0
19 65.17±5.41 0 200.32±51.79 0 182.97±11.00 185.38±11.88
20 0 72.90±6.70 43.70±23.84 89.07±8.46 76.13±16.73 32.75±17.30
21 0 287.47±57.78 49.19±49.19 382.86±149.82 86.88±5.87 96.23±9.44
22 36.08±6.00 65.22±4.98 48.55±5.87 108.99±7.99 46.09±2.40 51.74±9.48

*ASA = acetyl salicylic acid; Ort. = orthovanadate; Qui. = quinidine; Gli. = glibenclamide
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ed protein (MRP) subfamily in animal cells are able to efflux 
anticancer drugs from the cytosol [47]). 

Glibenclamide inhibits the potassium channels and some 
ATP transporters in animal cells [34]. When added to hairy 
roots cultures inhibited the secretion of several peaks, includ-
ing serpentine (Fig. 3; Tables 1-8). Recently it has been shown 
that a Crmdr1 is constitutively expressed in the root of C. ro-
seus plants and that may be involved in the transport and accu-
mulation of secondary metabolites [48]. 

On the other hand, glibenclamide, in the presence of NaCl, 
inhibits the growth of the roots of the mutant Atmrp5-2 grown 
in NaCl alone [49]. This inhibition is reversed by diazoxide, a 
known K+- channel opener that reverses the inhibitory effects 
of sulfonylureas in animal cells. However, it cannot discard the 
possibility of an indirect effect of this compound with MATE 
transporters or the possible indirect effect on vacuolar, pH-de-
pendent transport [50].

Conclusions

Taken together, the data presented here provides evidence that 
ABC transporters could be involved in the secretion of MIAs. 

Understanding the biosynthetic pathway of these compounds is 
important, indeed the understanding of the transporting mecha-
nisms of these compounds would be a novel area to engineer the 
plants to enhance the secretion of these compounds to increase 
the value of secondary metabolites for plant to defend biotic and 
abiotic stresses that lead to plant health and production [51]. 

Experimental section

Plant material and growth conditions

Catharanthus roseus hairy roots were obtained through genet-
ic transformation of roots with Agrobacterium rhizogenes 
strain 1855 bearing plasmid pBI 121.1 [52]. The hairy roots 
were maintained by sub-culturing every 15 days using half-
strength Gamborg B5 medium [53] supplemented with 3% 
(w/v) of sucrose. The cultures were kept on orbital shakers at 
100 rpm in the dark at 25 ± 2 ºC. 

Inhibition assays

Fourteen-day-old hairy roots were washed with water twice 
and transferred in to liquid Gamborg B5 media supplemented 

Table 6. Catharanthus roseus hairy roots alkaloids profile secreted evaluated at the sampling times of 48 hours after treatments. Treatments with 
ASA, quinidine, ASA/quinidine, glibenclamide, ASA/glibenclamide. Error bars represent ± SE (n = 3). The experiment was performed three times.

Peak
Treatment (high of the peak, mAU)

Control *ASA Quinidine ASA/Quinidine Glibencamine ASA/Glibenca-mine
1 691.68±52.35 547.78±108.46 0 0 503.73±70.02 214.70±115.96
2 0 555.58±102.05 0 0 94.61±94.61 546.65±75.25
3 196.50±196.50 470.30±98.22 0 0 0 483.34±52.53
4 389.02±196.92 1158.99±347.51 831.36±129.92 992.69±76.26 570.23±39.65 1099.23±158.58
5 0 0 0 0 0 0
6 493.54±30.80 624.14±179.41 445.71±71.46 441.01±14.62 261.76±19.96 594.07±117.11
7 0 0 0 0 0 0
8 0 122.94±122.94 0 0 0 0
9 417.14±8.89 612.36±64.37 312.63±33.06 478.42±42.56 345.04±18.73 639.13±36.45
10 121.65±12.45 31.11±31.11 159.61±23.58 90.08±45.04 108.10±7.69 53.63±53.63
11 445.35±45.90 688.08±208.08 557.51±94.39 443.16±85.25 353.17±32.70 667.86±136.27
12 49.33±4.10 42.74±21.47 0 34.07±27.82 65.31±4.31 30.74±30.74
13 175.16±6.42 260.61±26.38 223.10±31.63 161.26±20.67 160.75±16.89 236.98±39.22
14 357.00±25.51 201.55±64.14 449.59±91.12 147.89±47.69 451.75±94.61 385.85±47.57
15 0 33.74±33.74 0 21.64±21.64 0 0
16 0 109.25±14.38 85.16±12.32 21.80±21.80 85.40±15.73 0
17 0 0 0 0 0 0
18 0 0 0 0 0 171.75±18.68
19 44.02±1.69 219.72±36.94 228.05±35.89 119.54±45.80 144.27±44.08 47.98±24.14
20 0 33.31±18.47 0 0 28.94±28.94 52.83±4.91
21 0 252.95±78.70 173.95±46.19 120.23±28.99 0 158.69±37.27
22 38.04±1.89 50.28±3.06 39.73±19.96 36.65±3.91 40.57±4.22 64.35±8.04

*ASA = acetyl salicylic acid; Ort. = orthovanadate; Qui. = quinidine; Gli. = glibenclamide
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with 3% (w/v) of sucrose, elicitors and/or inhibitors (100 µM 
potassium cyanide, KCN; 100 µM sodium orthovanadate, Na-
3VO4; 100 µM quinidine or 100 µM glibenclamide). KCN and 
Na3VO4 were dissolved in water while quinidine and gliben-
clamide were dissolved in DMSO. The elicitors used in this 
study were acetylsalicylic acid (ASA; 100 µM) and sodium 
nitroprusside (Na2[Fe(CN)5NO]; 10 µM) as nitric oxide (NO) 
donor. Both elicitors were dissolved in water. The experiment 
was conducted with 13 treatments in different combinations of 
inhibitors and elicitors and their respective controls. The hairy 
roots were exposed to ASA and collected the tissues at 12, 24, 
48 and 72 hours and to NO for only 12 hours. In each sam-
pling-time, the plant material was weighed and alkaloids were 
extracted from both the culture media and the hairy roots.

Fresh (FW) and dry weight (DW) determination

After 12, 24, 48 and 72 h of elicitation with 10, 100 and 250 
µM of ASA, hairy roots were collected and weighed for FW 
determination. For DW determination, the roots were frozen at 
-80°C and freeze-dried. After total elimination of water was 
achieved, the lyophilized roots were weighted. Each sample 

was done by triplicate. The experiment was repeated three 
times with triplicate. 

ATP determination by high performance liquid 
chromatography (HPLC)

ATP was extracted from the mitochondrial sample as previous-
ly reported by Yang et al. [54]. The HPLC method reported by 
Liu et al. [55] was followed. Briefly, sample from isolated mi-
tochondria were chromatographed by gradient elution on a 4.6 
mm x 150 mm reverse phase, Zorbax Eclipse XDB, 5 µm par-
ticle size C18 column (Agilent Technology). The chromato-
graphic system (Agilent series 1200) consists of quaternary 
G1311A pumps connected to a G1329A automatic sample in-
jector. The injected samples (20 µL) were detected at 254 nm 
with Gold 168 diode array detector G1315B (Agilent technol-
ogy). The mobile phase A consisted 60 mM K2HPO4 and 40 
mM KH2PO4 dissolved in HPLC quality water and adjusted to 
pH 7.0 with 100 mM KOH, while mobile phase B consisted of 
100% acetonitrile. HPLC separation was achieved using con-
tinuous gradient elution. ATP in the samples were identified by 
comparison with the retention time of the standards, while the 

Table 7. Catharanthus roseus hairy roots alkaloids profile secreted evaluated at the sampling times of 72 hours after treatments. Treatments 
with ASA, KCN, ASA/KCN, orthovanadate, ASA/ orthovanadate. Error bars represent ± SE (n = 3). The experiment was performed three times.

Peak
Treatment (high of the peak, mAU)

Control *ASA KCN ASA/KCN Orthovanadate ASA/Orthovana-date
1 628.98±25.84 709.96±70.08 242.50±28.44 867.76±103.97 287.82±28.88 171.84±92.18
2 0 665.92±99.13 402.12±34.84 1260.39±70.82 521.45±66.25 645.56±78.70
3 219.35±110.31 540.53±68.93 304.78±28.79 878.72±41.75 416.73±61.58 486.54±65.83
4 633.96±81.43 1687.73±152.86 841.08±89.40 2373.26±80.45 1089.15±153.67 1046.22±186.55
5 0 0 0 0 0 0
6 334.66±51.10 776.86±98.43 389.99±32.03 922.68±82.44 457.43±25.40 397.92±59.98
7 0 0 0 1262.90±52.03 0 0
8 0 493.06±190.55 0 0 0 308.45±74.21
9 391.11±35.91 196.29±98.73 646.05±117.43 770.57±103.21 619.82±71.33 469.69±53.45
10 36.06±36.06 76.09±38.19 84.66±43.88 241.55±5.60 162.41±15.80 0
11 453.70±72.88 1063.15±155.91 506.38±60.05 967.67±415.91 634.38±62.25 632.12±121.75
12 12.47±12.47 0 165.95±27.73 526.57±95.67 112.13±6.612 0
13 180.13±29.75 296.46±15.01 166.53±8.68 324.67±204.80 268.98±30.47 180.84±26.68
14 401.37±24.26 252.37±79.68 723.12±145.54 602.44±301.52 876.81±175.23 105.57±14.46
15 0 63.69±63.69 0 0 0 153.22±23.73
16 91.28±10.40 0 121.46±12.91 39.31±39.31 54.70±28.18 44.57±22.60
17 0 76.53±15.16 0 293.21±19.28 117.89±19.29 30.84±30.84
18 180.12±18.44 0 263.13±21.18 370.18±89.90 325.18±53.32 196.18±34.88
19 0 150.66±13.11 0 32.44±32.44 0 0
20 0 99.25±18.48 67.45±24.44 22.46±22.46 21.72±21.72 24.74±24.74
21 109.84±8.79 412.27±80.16 141.97±18.56 752.82±90.72 183.21±4.83 182.93±48.19
22 20.99±17.14 62.79±7.65 64.93±8.04 282.81±131.64 81.68±5.04 51.66±26.33

*ASA = acetyl salicylic acid; Ort. = orthovanadate; Qui. = quinidine; Gli. = glibenclamide
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concentrations of ATP were determined using the external 
standard method. Data were expressed as means of three repli-
cate determinations.

Extraction of alkaloids from culture medium

To examine the secreted phytochemicals from C. roseus hairy 
roots, liquid media samples from in vitro-grown Catharanthus 
hairy roots were collected (final volume of 100 mL), filtered 
through a nylon syringe filter of pore size 0.45 µm (Life Sci-
ences Cat. PN 4612 or Nalgene cat. 195-2520) to remove any 
cellular debris, and concentrated by freeze-drying (Labconco) 
to remove water. The concentrate was dissolved in 5 mL 2.5% 
(v/v) sulphuric acid and extracted as described by Monforte et 
al., [56]. The final concentrate was dissolved in 500 µL of ab-
solute methanol (Fisher Scientific Co.) and analyzed by HPLC. 
The same procedure was followed for each treatment.

HPLC analysis of alkaloids from the exudates

Compounds from roots and media were chromatographed by 
gradient elution on a 4.6 mm x 150 mm reverse phase, Zorbax 

Eclipse XDB, 5-µm particle size C8 column (Agilent technol-
ogy). The chromatographic system (Agilent series 1100) con-
sists of two G1312A pumps connected to a G1328A manual 
sample injector. The injected samples (20 µL) were detected at 
280 nm with a variable UV-vis detector G1365B (Agilent tech-
nology). The mobile phase consisted of acetonitrile: 10 mM 
(NH4)2HPO4 (43:57) a flow rate of 1.5 mL min-1. The solution 
was filtered through a 0.22 µm nylon filter and degassed under 
vacuum. 

Retention times and peak heights of commercially pur-
chased ajmaline, serpentine, vincamine, vindoline, ajmalicine 
and catharanthine (Sigma Chemical Co.), were run in HPLC to 
determine the possible presence and concentration of com-
pounds in the root exudates and tissues. 

Statistical Analysis

Each experiment was conducted with triplicate. The statistical 
analysis was performed by one-way ANOVA analysis, taking 
P ≤ 0.05 and P ≤ 0.01 (Tukey’s test) as significant and highly 
significant, respectively. Principal components analysis (PCA) 
was performed using the average of the peak areas of the chro-

Table 8. Catharanthus roseus hairy roots alkaloids profile secreted evaluated at the sampling times of 72 hours after treatments. Treatments with 
ASA, quinidine, ASA/quinidine, glibenclamide, ASA/glibenclamide. Error bars represent ± SE (n = 3). The experiment was performed three times.

Peak
Treatment (high of the peak, mAU)

Control *ASA Quinidine ASA/Quinidine Glibencamine ASA/Glibencami-ne
1 446.22±33.36 373.56±15.13 0 0 422.98±123.58 0
2 150.58±77.28 564.19±94.13 0 0 0 974.26±119.75
3 0 386.95±63.37 0 877.35±190.85 0 540.65±69.32
4 446.47±52.78 1275.70±123.44 696.21±127.48 1049.32±260.05 496.19±116.57 1477.51±171.79
5 0 0 0 0 0 0
6 238.36±32.90 739.43±124.51 453.16±79.02 919.76±133.79 265.11±65.88 600.86±78.45
7 0 0 0 268.38±268.38 0 442.24±124.27
8 31.86±15.93 51.85±51.85 0 0 35.46±21.58 0
9 133.60±13.19 217.74±9.43 131.32±13.27 208.12±39.20 143.07±49.80 268.34±29.15
10 76.74±10.12 0 91.95±19.71 133.80±23.59 71.77±18.98 16.44±16.44
11 281.47±58.09 717.62±41.26 367.02±63.62 828.34±228.27 257.64±67.34 617.23±105.12
12 39.27±5.95 15.07±15.07 0 176.33±143.64 62.86±2.48 0
13 133.13±19.00 114.22±57.38 125.78±28.84 121.27±63.13 67.99±34.39 0
14 87.64±9.54 147.36±73.71 183.29±42.33 293.44±26.52 163.81±75.13 0
15 48.26±4.53 0 0 0 21.95±21.95 0
16 66.71±9.46 0 30.47±30.47 57.31±57.31 48.24±24.33 0
17 0 41.53±20.77 30.56±30.56 0 0
18 132.62±18.05 73.15±20.67 89.50±44.83 153.00±20.88 0 33.24±2.66
19 0 0 0 0 66.43±34.91 0
20 0 46.60±23.51 0 327.76±327.76 0 0
21 31.08±31.08 231.36±36.59 52.31±26.15 161.33±88.06 0 70.83±9.11
22 17.15±17.15 56.11±8.80 23.75±11.89 41.98±5.93 30.55±15.77 54.58±1.59

*ASA = acetyl salicylic acid; Ort. = orthovanadate; Qui. = quinidine; Gli. = glibenclamide
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Fig. 3. Secretion of serpentine on hairy roots treated with ASA and 
inhibitors. Figure description as Fig. 2.

Fig. 4. Secretion of catharanthine on hairy roots treated with ASA and 
inhibitors. Figure description as Fig. 2.

matogram of each treatment (see Figs. 4 and 5) to identify the 
most important variables in the secretion of compounds. Ma-
trix was constructed with Pearson’s correlation coefficients 
[57], using the program MVSP Version 3.13q Copyright© 
1985-2008 Kovach Computing Service (http://www.kovcomp.
com). The first three axes account for >69% of total variation, 
giving a clear idea of the structure underlying the quantitative 
variables analyzed. 

Acknowledgements

We acknowledge the research funds provided by Conacyt 
(Grant No. 157014).

References

 1.  Zhu, X.; Zeng, X.; Sun, C.; Chen, S. Front. Med. 2014. 8, 285-293.
 2.  Oudin, A.; Courtois, M.; Rideau, M.; Clastre, M. Phytochem. Rev. 

2007, 6, 259-276.
 3.  Facchini, P. J.; De Luca, V. Plant. J. 2008, 54, 763-784.
 4.  Dugé de Bernonville, T.; Clastre, M.; Besseau, S.; Oudin, A.; Bur-

lat, V.; Glevarec, G.; Lanoue, A.; Papon, N.; Giglioli-Guivarc’h, 
N.; St-Pierre, B.; Courdavault, V. Phytochemistry. 2015. 113, 9-23.



Role of Different Transporting Systems in the Secretion of Alkaloids by Hairy Roots of Catharanthus roseus (L) G. Don 117

 5.  Deus-Neumann, B.; Zenk, M. H. Planta. 1984, 162, 250-260.
 6.  McCaskil, D. G.; Martin, D. L.; Scott, A. I. Plant Physiol. 1988, 

87, 402-408
 7.  Neumann, D.; Krauss, G.; Hieke, M.; Groger, D. Planta Med. 

1983, 48, 20-23.
 8.  Carqueijeiro, I.; Noronha, H.; Duarte, P.; Geros, H. V.; Sottomay-

or, M. Plant Physiol. 2013, 162, 1486-1496.
 9.  Pomahacova, B.; Dusek, J.; Duskova, J.; Yazaki, K.; Roytrakul, 

S.; Verpoorte, R. J. Plant Physiol. 2009, 166, 1405-1413.
10.  El-Guizani, T.; Guibert, C.; Triki, S.; St-Pierre, B.; Ducos, E. J. 

Genet. 2014, 93, 21-33.
11.  Loyola-Vargas, V. M.; Galaz-Avalos, R. M.; Rodríguez-Ku, J. R. 

Phytochem. Rev. 2007, 6, 307-339.
12.  Roepke, J.; Salim, V.; Wu, M.; Thamm, A. M. K.; Murata, J.; 

Ploss, K.; Boland, W.; De Luca, V. Proc. Natl. Acad. Sci. (USA). 
2010, 107, 15287-15292.

13.  Yu, F.; De Luca, V. Proc. Natl. Acad. Sci. (USA). 2013, 110, 
15830-15835.

14.  Vázquez-Flota, F.; Moreno-Valenzuela, O. A.; Miranda-Ham, M. 
d. L.; Coello-Coello, J.; Loyola-Vargas, V. M. Plant Cell Tiss. 
Org. Cult. 1994, 38, 273-279.

15.  Ruíz-May, E.; Galaz-Avalos, R. M.; Loyola-Vargas, V. M. Mol. 
Biotechnol. 2009, 41, 278-285.

16.  Lee-Parsons, C. W. T.; Ertük, S. Plant Cell Rep. 2005, 24, 677-
682.

17.  Godoy-Hernández, G.; Loyola-Vargas, V. M. Plant Cell Rep. 
1997, 16, 287-290.

18.  Loyola-Vargas, V. M.; Ruíz-May, E.; Galaz-Avalos, R. M.; De-la-
Peña, C. Plant Signal. Behav. 2012, 7, 611-614.

19.  Eichhorn, H.; Klinghammer, M.; Becht, P.; Tenhaken, R. J. Exp. 
Bot. 2006, 57, 2193-2201.

20.  Loyola-Vargas, V. M.; Broeckling, C. D.; Badri, D. V.; Vivanco, 
J. M. Planta. 2007, 225, 301-310.

21.  Sugiyama, A.; Shitan, N.; Yazaki, K. Plant Physiol. 2007, 144, 
2000-2008.

22.  Badri, D. V.; Loyola-Vargas, V. M.; Du, J.; Stermitz, F. R.; Bro-
eckling, C. D.; Iglesias-Andreu, L. G.; Vivanco, J. M. New Phy-
tol. 2008, 179, 209-223.

23.  Baetz, U.; Martinoia, E. Trends Plant Sci. 2014, 19, 90-98.
24.  De-la-Peña, C.; Loyola-Vargas, V. M. Plant Physiol. 2014, 166, 

701-719.
25.  Yamamoto, H.; Suzuki, M.; Suga, Y.; Fukui, H.; Tabata, M. Plant 

Cell Rep. 1987, 6, 356-359.
26.  Yazaki, K. FEBS Lett. 2006, 580, 1183-1191.
27.  Badri, D. V.; Loyola-Vargas, V. M.; Broeckling, C. D.; De-la-

Peña, C.; Jasinski, M.; Santelia, D.; Martinoia, E.; Sumner, L. W.; 
Banta, L. M.; Stermitz, F. R.; Vivanco, J. M. Plant Physiol. 2008, 
146, 762-771.

28.  Yu, F.; De Luca, V. Transport of monoterpenoid indole alkaloids 
in Catharanthus roseus, Springer International Publishing, Plant 
ABC Transporters (Geisler, M.; ed.), Switzerland. 2014, 63-75.

29.  Lew, R. R.; Spanswick, R. M. Plant Physiol. 1984, 75, 1-6.
30.  Cantley, L. C., Jr.; Cantley, L. G.; Josephson, L. J. Biol. Chem. 

1978, 253, 7361-7368.
31.  Willsky, G. R.; White, D. A.; McCabe, B. C. J. Biol. Chem. 1984, 

259, 13273-13281.
32.  Horio, M.; Gottesman, M. M.; Pastan, I. Proc. Natl. Acad. Sci. 

(USA). 1988, 85, 3580-3584.
33.  Urbatsch, I. L.; Sankaran, B.; Weber, J.; Senior, A. E. J. Biol. 

Chem. 1995, 270, 19383-19390.
34.  Golstein, P. E.; Boom, A.; van Geffel, J.; Jacobs, P.; Masereel, B.; 

Beauwens, R. Pflüg. Arch. Eur. J. Phy. 1999, 437, 652-660.

Fig. 5. Two-dimensional graph of the principal component (PC) analysis on 22 peak areas as variables. PC shows differences between the control 
and treatments samples at the 72 h.



118 J. Mex. Chem. Soc. 2015, 59(2) Juan Luis Monribot-Villanueva et al.

35.  Shitan, N.; Bazin, I.; Dan, K.; Obata, K.; Kigawa, K.; Ueda, K.; 
Sato, F.; Forestier, C.; Yazaki, K. Proc. Natl. Acad. Sci. (USA). 
2003, 100, 751-756.

36.  Palmgren, M. G.; Christensen, G. J. Biol. Chem. 1994, 269, 3027-
3033.

37.  Taguchi, Y.; Yoshida, A.; Takada, Y.; Komano, T.; Ueda, K. FEBS 
Lett. 1997, 401, 11-14.

38.  Schaller, A.; Oecking, C. Plant Cell. 1999, 11, 263-272.
39.  Wigler, P. W. J. Bioenerg. Biomembr. 1996, 28, 279-284.
40.  Boumendjel, A.; Baubichon-Cortay, H.; Trompier, D.; Perrotton, 

T.; Di Pietro, A. Med. Res. Rev. 2005, 25, 453-472.
41.  Ueda, K.; Cardarelli, C.; Gottesman, M. M.; Pastan, I. Proc. Natl. 

Acad. Sci. (USA). 1987, 84, 3004-3008.
42.  Sakai, K.; Shitan, N.; Sato, F.; Ueda, K.; Yazaki, K. J. Exp. Bot. 

2002, 53, 1879-1886.
43.  Terasaka, K.; Shitan, N.; Sato, F.; Maniwa, F.; Ueda, K.; Yazaki, 

K. Plant Cell Physiol. 2003, 44, 198-200.
44.  Geisler, M.; Blakeslee, J. J.; Bouchard, R.; Lee, O. R.; Vincen-

zetti, V.; Bandyopadhyay, A.; Titapiwatanakun, B.; Peer, W. A.; 
Bailly, A.; Richards, E. L.; Ejendal, K. F. K.; Smith, A. P.; Ba-
roux, C.; Grossniklaus, U.; Muller, A.; Hrycyna, C. A.; Dudler, 
R.; Murphy, A. S.; Martinoia, E. Plant J. 2005, 44, 179-194.

45.  Kolaczkowski, M.; van der Rest, M.; Cybularz-Kolaczkowska, 
A.; Soumillion, J. P.; Konings, W. N.; Goffeau, A. J. Biol. Chem. 
1996, 271, 31543-31548.

46.  Goossens, A.; Hakkinen, S. T.; Laakso, I.; Oksman-Caldentey, K. 
M.; Inze, D. Plant Physiol. 2003, 131, 1161-1164.

47.  Glavinas, H.; Krajesi, P.; Cserepes, J.; Sarkadi, B. Curr. Drug 
Del. 2004, 1, 27-42.

48.  Jin, H.; Liu, D.; Zuo, K.; Gong, Y.; Miao, Z.; Chen, Y.; Ren, W.; 
Sun, X.; Tang, K. DNA Sequence. 2007, 18, 316-325.

49.  Lee, E. K.; Kwon, M.; Ko, J.-H.; Yi, H.; Hwang, M. G.; Chang, 
S.; Cho, M. H. Plant Physiol. 2004, 134, 528-538.

50.  Frangne, N.; Eggmann, T.; Koblischke, C.; Weissenbock, G.; 
Martinoia, E.; Klein, M. Plant Physiol. 2002, 128, 726-733.

51.  Yazaki, K. Curr. Opi. Plant Biol. 2005, 8, 301-307.
52.  Ciau-Uitz, R.; Miranda-Ham, M. d. L.; Coello-Coello, J.; Chí, B.; 

Pacheco, L. M.; Loyola-Vargas, V. M. In Vitro Cell. Dev. Biol. 
-Plant. 1994, 30, 84-88.

53.  Gamborg, O. L.; Miller, R. A.; Ojima, K. Exp. Cell Res.,1968, 50, 
151-158.

54.  Yang, N. C.; Ho, W. M.; Chen, Y. H.; Hu, M. L. Anal. Biochem. 
2002, 306, 323-327.

55.  Liu, H.; Jiang, Y. M.; Luo, Y. B.; Jiang, W. B. Food Technol. Bio-
tech. 2006, 44, 531-534.

56.  Monforte-González, M.; Ayora-Talavera, T.; Maldonado-Mendo-
za, I. E.; Loyola-Vargas, V. M. Phytochem. Anal. 1992, 3, 117-
121.

57.  Sneath, P. H. A.; Sokal, R. R. Numerical taxonomy: the principles 
and practice of numerical classification, 1973.


