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ABSTRACT 

Cyanogenic glycosides, linamarin and lotaustralin, are presents in all tissues of Cassava (Manihot esculenta Crantz) 
except seeds and function as a deterrent for herbivores as well as the translocable form of reduced nitrogen. The genes 
involved in the cyanogenic pathway [CYP79D1/D2 (EC 1.14.13), linamarase (EC 3.2.1.21), α-hydroxynitrile lyase 
(HNL, acetone-cyanohydrin lyase. EC 4.1.2.37) and -cyanoalanine synthase (β-CAS. EC 4.4.1.9] have been identified 
and partially characterized. Our objective was to identify the differential expression pattern of these genes in leaves and 
roots of three cassava cultivars with varying levels of cyanogenic glucosides. The results show that the differential ex- 
pression of the genes between leaves and roots is consistent with leaves being the primary site of synthesize of cyano- 
genic glucosides, which are then translocated to the roots. In addition, the varietal difference for cyanogenic glucoside 
levels could be explained in part by the combinatorial effort of the synthesis in the leaves and the linamarase catabolic 
step in the roots. Cluster analysis suggests a coordinated expression between CYP79D1/D2 and β-CAS genes as well as 
linamarase and HNL genes, which is in agreement with the spatial separation within a cell of the site of linamarin syn- 
thesis (vacuolar) and its breakdown to cyanide (cell wall). Furthermore, cluster analysis for cultivar classification using 
its gene expression profile match with the reported cyanide levels comparatively for the three cultivars. This is the first 
study that evaluates the transcriptional activities of the genes involved in the cyanogenic glycoside metabolism using a 
systematic approach. 
 
Keywords: Cassava; Cyanogenic Glucoside; Gene Expression; Real Time PCR 

1. Introduction 

Cassava (Manihot esculenta) is the fourth most important 
staple food crop in the world after rice, wheat and corn 
[1]. Cassava roots are consumed daily by more than 500 
million people and are the sixth highest source of energy 
in the world [2]. In agronomical terms, cassava is char- 
acterized for its high potential yield, ability to grow in 
poor soils and drought tolerance [3]. These qualities have 
made cassava roots an important food crop in the tropics, 
particularly for subsistence farmers in Africa, who are 
prompt to suffer droughts and famine.  

Cassava has the ability to release hydrogen cyanide 
(HCN) due to the presence of cyanogenic glycosides 

linamarin (>90% total cyanogen) and lotaustralin (<10% 
total cyanogen) in its tissue [4,5]. Cyanogenic glucosides 
generally function as protective agents against herbivores 
but more recently has been reported to act as translocable 
form of reduced nitrogen [4,6,7]. Cyanogenic glucosides 
are present in all cassava tissue with the exception of 
seeds, with the leaves having the highest cyanogenic 
glycoside levels (5 g linamarin/kg fresh weight) and the 
roots having approximately 20-fold lower linamarin lev- 
els [5]. Cyanogenesis in cassava is a complex and vari- 
able phenomenon which is influenced by the involve- 
ment of different genes and proteins in different tissues, 
the environment [8] and the developmental stage of the 
plant [9]. This has lead to the development of a spectrum 
of cultivars with different levels of cyanogenic glyco- *Corresponding author. 
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sides in the roots. Considering the multiple factor in- 
volved in cassava cyanogenesis an explanation for the 
cultivar-dependent differences in root linamarin content 
is a controversial aspect in cassava biology [4]. In gen-
eral, based on cyanogenic glucoside levels all cassava 
cultivars are categorized into 3 groups: low cyanide (≤50 
mg linamarin/kg fresh weight), intermediate cyanide (50 
- 100 mg linamarin/kg fresh weight) and high cyanide 
(≥100 mg linamarin/kg fresh weight [10].  

Cyanogenic glucoside pathway consists of the initial 
steps in the synthesis of linamarin which then can branch 
into two pathways depending if the plant is disrupted or 
if the plant is intact (Figure 1). In the synthesis of 
cyanogenic glucoside, valine is converted to linamarin 
(or lotaustralin whose precursor is isoleucine) by the en- 
zymes CYP79D1/D2, CYP71E1 and UDP-glucosyl 

transferase [11]. Linamarin is stored in the vacuole and 
does not come in contact with the cell wall bound en- 
zymes, linamarase and hydroxynitrile lyase (HNL), in- 
volved in the breakdown process unless the integrity of 
the cell is compromised [10] usually by a herbivore. 
Then linamarase can deglucosylate linamarin into ace- 
tone cyanohydrin which in turn is decomposed to pro- 
duce acetone and HCN by HNL [5,12,13]. The genera- 
tion of HCN from acetone cyanohydrins may also occur 
at pH > 5.0 and temperatures > 35˚C. Overall, in intact 
plants linamarin is primarily synthesized in the leaves 
and transported to the roots. Due to the cell wall localiza- 
tion of linamarin metabolizing enzymes, an apoplastic 
mode of linamarin transportation has been suggested. 
Linustatin, the glycosylated form of linamarin, is thought 
to be the translocable form, since its presence in other  

 

 

Figure 1. Cyanogenic glycosides metabolic pathways. Three main sets of reaction are illustrated: 1) the synthesis; 2) the 
metabolic steps under plant disruption and; 3) the metabolic steps in intact plants. All the reactions have not been studied in 

etail with most of them being inferred from research in Hevea brasilensis and Sorgum bicolor.  d 
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cyanogenic plants has been demonstrated [14-16]. 

Further support for leaves being the primary site of li- 
namarin synthesis in cassava is derived from the silenc- 
ing of CYP79D1/D2 genes selectively in leaves of trans- 
genic plants. This resulted in the significant reduction in 
both leaf and root linamarin content, while a root specific 
silencing of CYP79D1/D2 led to no change in linamarin 
accumulation in any tissue [7,17]. Siritunga et al. [17] 
has shown that linamarin is a mobile source of reduced 
nitrogen (NH3) to cassava root. Thus, the linamarin is 
metabolized in differently in intact plants. Selmar [16] by 
extrapolating the results and evidence found in Hevea 
brasilensis, suggested that once in the roots, linustatin 
can be deglucosilated in two different manners by “se- 
quential” and “simultaneous” cleavage. In the sequential 
cleavage the linustatin is converted back to linamarin and 
possibly stored, but in the simultaneous reaction the 
linustatin is converted in acetone-cyanohydrin, which can 
produce free HCN at pH > 5.0 and temperatures > 35˚C. 
Therefore the plant needs to re-assimilate the HCN 
through detoxification reactions to avoid autotoxicity 
within its cells. Nartey [18] was the first to demonstrate 
the presence of such a detoxification pathway in cas- 
sava when 49% of the 14C-radiolabeled cyanide fed to 
leaves accumulated as asparagine in two week old cas- 
sava seedlings, thus proposing a cyanogen re-assimila- 
tion pathway in cassava. Subsequent studies have shown 
that re-assimilation of cyanide to asparagine occurs 
through an intermediate, β-cyanoalanine [18-20], in reac- 
tions catalyzed by β-cyanoalanine synthase and β- 
cyanoalanine hydrase [21].  

The contribution of each gene involved in the cyano- 
genic glucoside synthesis, breakdown and re-assimilation 
pathway to the total cyanogenic glucoside content is un- 
known. The previous transcriptional studies have focused 
on a particular gene under a specific condition [6,7,8,17] 
and never has there been an integral study comparing the 
activity of the key genes of the cyanogenic glocuside 
patherway together (Table 1). Here we present the com- 
plete tissue-specific expression analysis of key genes in 
the cyanogenic glucoside pathway in three agronomically 

important cassava cultivars of varying cyanogen levels 
(Mcol2215-low level, 60444-mid level, Mtai16-high 
level) in order to better understand the contribution of 
each gene to the different cyanogenic glucoside content 
of cultivars.  

2. Methods 

2.1. Plant Material and Growth Conditions  

Three cassava cultivars with varying levels of cyanogens 
were used: Mcol2215 (sweet cultivar), 60444 (bitter- 
sweet cultivar) and Mtai16 (bitter cultivar). Eight month 
old roots of Mcol2215, 60444 and Mtai16 have 142, 182 
and 569 ppm total cyanogens per gram dry weight, re- 
spectively (Teresa Sanchez, CIAT, personal communica- 
tion). All plants were grown under in vitro conditions in 
4E liquid media [17] using 14 h/day photoperiod (5 µmol 
photons m−2·s−1) at 28˚C.  

2.2. RNA Isolation and cDNA Synthesis 

Leaves and roots from 4 month old plants were collected 
from in vitro plants, frozen immediately in liquid nitro- 
gen and stored at −80˚C until use. RNA isolations were 
performed using RNeasy® Mini Kit followed by the 
elimination of DNA contaminants by RNAse-Free 
DNAse treatment according to manufacturers’ recom- 
mendations (Qiagen Inc, Valencia, CA, USA). After 
analysis of quality in a 0.8% agarose gel and quantifica- 
tion, the RNA was protected with 1 unit of RNasin® Ri-
bonuclease inhibitor (Promega Inc, Madison, WI, USA). 
The cDNA was synthesized from 1 g of total RNA 
using Omniscript RT® kit (Qiagen Inc, Valencia, CA, 
USA) with 1 M of Oligo (dT)12-18 and 12.5 ng/L of 
random primers. The mixture was incubated for 2 hours 
at 37˚C.  

2.3. Primers Design 

The genes studied were CYP79D1/D2, linamarase, HNL, 
-CAS and 18s rRNA (reference gene). Due to the 85% 
identity between CYP79D1 and CYP79D2 primers were  

 
Table 1. Summary of previous studies on the expression of key genes involved in cyanogenic glycoside metabolism in cassava. 

Detection 
Gene Reference Technique 

Leaves Roots 

Siritunga and Sayre, 2003 [17] Retrotrasncriptase PCR Semiquantitative Yes Yes 
CYP79D1/D2 

Jørgensen et al., 2005 [6] In Tube in Situ Retrotranscription PCR on Tissue Sections Yes Not attempted

Linamarase Santana et al., 2002 [9] Retrotrasncriptase PCR Semiquantitative Yes Not Detection

HNL White et al., 1998 [5] Northern blot Yes Yes 

-CAS No references yet Not attempted Not attempted Not attempted
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designed for consensus regions on both genes [11]. Each 
primer (Table 2) was designed using Primer QuestSM 
software from IDT (Integrated DNA Technologies Inc, 
Coralville, IA, USA) and was checked for their compli- 
ance to the recommendations of the ABI guidelines for 
Real-Time PCR Primers and amplicons (Real-Time PCR 
handbook, University of Illinois, Urbana-Champagne, IL, 
USA). Subsequently, the primers generated and the 
original GenBank sequences were analyzed using BLAST 
program to verify the absence of homologies between the 
primers and other reported cassava sequences.  

2.4. Conventional PCR Conditions 

Conventional PCR was performed with 10 L from a 1:8 
cDNA dilution. For the genes CYP79D1/D2, linamarase 
and β-CAS the reactions contains 1× of PCR Buffer, 2.5 
mM of MgCl2, 0.4 M from each gene-specific primer, 
0.2 mM of dNTPs and 1 unit of Taq polymerase in a final 
volume of 20 L. For amplification of HNL and 18s 
rRNA the reaction conditions were similar, except for the 
concentration of the gene-specific primers were 0.2 M. 
The PCR conditions used were an initial denaturation at 
96˚C for 5 minutes followed by 35 cycles of 96˚C for 1 
minute, specific annealing temperature for each primer 
(CYP79D: 60˚C, linamarase: 60˚C; HNL: 58˚C; -CAS: 
56˚C and 18s rRNA: 55˚C) for 1 minute and an extension 
at 72˚C for 1 minutes. Final extension at 72˚C for 5 min-
utes was also performed for all reactions. All the reac-
tions were run in an Eppendorf Mastercycler® thermocy-
cler (Eppendorf, Hamburg, Germany).   

2.5. Quantitative Real Time PCR Conditions 

All real time PCR amplifications were performed with 2 
L from a 1:8 cDNA dilution and in a final volume of 20 
L using DyNAmo SYBR® Green qPCR kit (Finnzymes 
Keilaranta, Finland) and 1× of ROX® (Invitrogen Inc, 
Carlsband, CA, USA) as internal reference. Varied gene- 
specific primer concentrations were used (0.05 M of 
each primer for CYP79D and -CAS amplification, 0.1 
M of each primer for linamarase and HNL amplifica- 
tion and 0.15 M of each primer for 18s rRNA amplifi- 
cation). Three technical repetitions (of each sample) were 
performed. All reactions were conducted in an ABI7300 
real-time PCR thermocycler (Applied Biosystems, Foster 
City, CA, USA) which automatically calculated the dis- 
sociation curve. The amplification consisted of an initial 
denaturation at 94˚C for 5 minutes followed by 30 cycles 
of 94˚C for 20 seconds (for CYP79D and linamarase) or 
for 15 seconds (for HNL, -CAS and 18s rRNA), an- 
nealing at 58˚C for 1.25 minutes (for CYP79D1/D2) or 
62˚C for 1 minute (for linamarase, HNL and -CAS) or 
53˚C for 35 seconds (for 18s rRNA).  

2.6. Data Acquisition  

The quality of amplification from each real-time PCR 
reaction was assessed through the dissociation curves 
generated by the SDS Software (version 1.3.1) incorpo- 
rated to the ABI7300 real-time PCR thermocycler. The 
Ct data were collected using the manual threshold 
method which posts the threshold in logarithmic phase.  

 
Table 2. Genes studied and their respective primer sequences utilized. 

Gene  Primer Sequence Gen Bank Accession Number Amplicon Size (bp) 

Forward 5'-CTCCATGGCCACTCATCGGAAA-3' 
CYP79D1/D2 

Reverse 5'-TGTCCTTCATGAGTTGGTGAATCC-3' 

AF140613 
AF140614 

86 

Forward 5'-CTCAAGCACTGCAGGACAAA-3' 
Linamarase (A) S35175 

Reverse 5'-ATCATGGGCAAATCCAACAT-3 
158 

Forward 5'-CCTAACAAGGTATCCCAAGAAATCG-3' 
Linamarase (B) S35175 

Reverse 5'-CCAACCTTCCTTGAATCCTTTGATG-3' 
111 

Forward 5'-GCTTTTGGAGTCGTTTCCTG-3' 
HNL Z29091 

Reverse 5'-CCGTAACCTTTTTCGGTGAA-3' 
228 

Forward 5'-TCCACTGCGAGAGAGAGCTTAGAG-3' 
β-CAS EU350583 

Reverse 5'-GCCATTGATGTAAGAGTAGCCATTG-3' 
99 

Forward 5'-ATGATAACTCGACGGATCGC-3 
18s rRNA AB233568 

Reverse 5'-CTTGGATGTGGTAGCCGTTT-3' 
169 
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Amplifications with primer-dimmer or non-amplifica- 
tions were eliminated from the analysis or replaced with 
cycle number corresponding to the Limit of Detection + 
1 cycle (LOD + 1 cycle) in order to correct for off-scale 
measurements. The LOD is the highest CT which is ob-
tained for a truly positive sample, thus the LOD + 1 cor-
responds to 50% of the amount that you are able to detect 
(Mikael Kubista, personal communication). 

The following criteria were followed for acquisition of 
data: 1) if the three technical repetitions amplified clearly, 
no data was removed or replaced. The Ct for the biologi- 
cal sample was the average from these three technical 
repetitions; 2) if one technical repetition amplified with 
some problem it was eliminated from the data. The Ct for 
the biological sample was the average from the two re- 
maining technical repetitions; 3) if two technical repeti- 
tions were not reliable, these were eliminated from the 
data and the Ct for the remaining replicate was reported 
for the corresponding biological sample; 4) if none of the 
three technical repetitions amplified then it was consid- 
ered that the sample has very low transcriptional activity 
and the data is replaced with the LOD + 1 cycle. In this 
experiment the LOD was calculated for the genes 
CYP79D1/D2 and linamarase using dilutions of ampli- 
cons purified.  

2.7. Data Pre-Treatment and Statistical Analysis 

Two types of univariable comparison for the transcrip- 
tional activity for each gene were developed: 1) Com- 
parison between tissues (leaves vs roots) in each cultivar; 
2) Comparisons among the three cultivars for each tissue. 
The Ct data of all the genes were formatted in different 
matrices depending on the comparisons being conducted. 
The matrices were n × 5 type where the 5 refers to the 
number of genes studied (CYP79D1/D2, linamarase, 
HNL, -CAS and 18s) and n refers to the number of 
samples being compared, depending on the correspond- 
ing biological replicates (3) and technical replicates (3). 
Thus, in the comparison between tissues matrices 18 × 5 
were obtained, whereas on the comparison among culti- 
vars (in each tissue separated) matrices 27 × 5 were used. 
The matrices were introduced into GenEx Light® soft- 
ware following the next data pre-processing which are 
correction for primer efficiency (calculated from stan-
dard curves), technical replicates average, correction for 
reference gene (18s), production of relative quantities for 
the average of Ct followed by the transformation of data 
to fold changes using Logarithmic in base 2 (all data pre- 
processing were conducted using equations described in 
GenEx® manual). The GenEx-processed data from each 
matrix were used for statistical analysis according to the 
corresponding experimental design. In tissue comparison 

(leaves vs Roots) a t-paired test was conducted while for 
the comparison between cultivars an ANOVA for com- 
pletely randomized design and contrast was conducted. 
The statistical significance used was 10%. The confi- 
dence intervals for each mean and for the mean differ- 
ence were made using 1 − α = 90%.  

The overall comparison among the genes as well as the 
cluster analysis were developed using a multivariable 
approach. It was a matrix of 57 × 5 that included the Ct 
data from the three cultivars (including the three bio- 
logical replicates), the two tissues and an artificial sam- 
ple with its respective technical replicates (3). The artifi- 
cial sample is a mixture of the target amplicons purified, 
which are at the same concentration. The matrix was 
introduced into GenEx Light® software and followed the 
same data pre-processing described above, but the rela-
tive quantities were obtained with respect to the Ct aver-
ages from the artificial sample. These GenEx processed 
data was used for chart bar visualization of all the genes 
in the three cultivars in both tissues. For Gene expression 
clusters according to each cultivar, the data processed 
from this matrix was separated according to the cultivar. 
The data from leaves and roots were analyzed together as 
one vector and thus was not distinguished. For cultivar 
clusters according to the transcriptional activity of all the 
genes was used the full data released after GenEx 
pre-processing. In both cases the clusters were generated 
with Infostat® for non-standardized data using Euclidean 
distance and unweighted centroid method.  

3. Results 

3.1. Comparison of Quantitative Gene  
Expression within Tissues 

In all three cultivars analyzed the expressions of 
CYP79D1/D2, linamarase and HNL genes were higher in 
the leaves than the roots (Figure 2; Table 3). In the cases 
of linamarase and HNL the lowest leaves/roots expres- 
sion ratio was observed for the low cyanide cultivar 
Mcol2215, 38.86 and 178.52, respectively. Though 
melting curves for amplicons were detected for 
CYP79D1/D2 activity in cassava roots from the three 
cultivars, its detection was intermittent. The leaves/roots 
expression ratio of CYP79D1/D2 genes showed a pattern 
with lowest ratio being in the low cyanogen cultivar and 
the highest ratio being in the high cyanogen cultivar 
(Mcol2215 = 4.44, 60444 = 16.44 and Mthai16 = 354.78) 
(Table 3). The expression of β-CAS gene also showed a 
pattern with the low cyanogen cultivar Mcol2215 having 
a higher root expression compared to expression in the 
leaf (roots/leaves ratio = 4.89). This ratio reduced in the 
ntermediate cyanogen cultivar 60444 to 2.86 with the  i 
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Figure 2. Comparison between leaves and roots of the transcriptional activity of the genes CYP79D1/D2, linamarase, HNL 
and β-CAS in three cassava cultivars. The genes CYP79D1/D2, linamarase and HNL have highest transcriptional activity in 
leaves in relation to roots while -CAS gene has more transcriptional activity in roots or at least the same level in both tissues. 
The error bar is the upper value of 90% confidence interval. A different letter above the bars indicates significant differences 
(p ≤ 0.10).  
 

Table 3. Ratios of gene expression between leaves and roots in the three cassava cultivars. 

Cultivar Gene Comparison Ratio 
Two sided C. I for means  

differences (α = 10%) 
p-value (1-side) 

Mcol 2215 CYP79D1/D2 Leaves/Roots 4.44 (1.28; 15.45) 0.0364* (Right) 

Mcol 2215 Linamarase Leaves/Roots 38.86 (2.7; 556.41) 0.0284* (Right) 

Mcol 2215 HNL Leaves/Roots 178.52 (58.49; 548.75) 0.0027* (Right) 

Mcol 2215 -CAS Roots/Leaves 4.89 (1.15, 20.83) 0.0428* (Right) 

60444 CYP79D1/D2 Leaves/Roots 16.44 (1.26; 215.27) 0.0431* (Left) 

60444 Linamarase Leaves/Roots 724.01 (106.89; 4904.87) 0.0049* (Right) 

60444 HNL Leaves/Roots 719.29 (177.29; 1176.23) 0.0026* (Right) 

60444 -CAS Roots/Leaves 2.86 (0.86; 9.58) 0.0624* (Left) 

Mthai 16 CYP79D1/D2 Leaves/Roots 34.78 (14.03; 86.22) 0.0038* (Right) 

Mthai 16 Linamarase Leaves/Roots 458.26 (41.93; 5007.9) 0.0087* (Right) 

Mthai 16 HNL Leaves/Roots 699.41 (112.98; 4359.6) 0.0045* (Right) 

Mthai 16 -CAS Leaves/Roots 1.12 (0.52; 2.86) 0.2883 (Left) 

*Indicates significant difference. 

Copyright © 2013 SciRes.                                                                                 AJPS 



Expression Profiling of Genes Associated with Cyanogenesis in Three  
Cassava Cultivars Containing Varying Levels of Toxic Cyanogens 

1539

 
high cyanogen cultivar Mthai16 having a leaves/roots 
ratio of 1.12. Out of the four gene expressions analyzed 
in this study only β-CAS gene was shown to be having 
an equal or higher expression level in the roots compared 
to leaves (Figure 2; Table 3). 

3.2. Comparison of Quantitative Gene  
Expression within Cassava Cultivars  

In leaves the average transcriptional activity of all the 
genes with exception of HNL has a pattern directly re- 
lated to the cyanogens levels reported for each cultivar 
(Figure 3; Table 4). In each case, the expression levels 
in Mtai16 leaves are statistical different (1 − α = 10%)  

from Mcol2215, as well as from the cultivar 60444 in 
CYP79D1/D2, HNL and β-CAS genes. However, no 
significant differences were found in any case between 
Mcol2215 and 60444 or between Mtai 16 and 60444 for 
linamarase gene. When comparing the leaf expression 
ratio for each gene between any two cultivars, 60444: 
Mcol215 ratios were the lowest with CYP79D1/D2, li- 
namarase, HNL and β-CAS being 2.82, 1.75, 1.34 and 
1.67 respectively (Table 4). In roots the average tran- 
scriptional activity of any of the genes did not show any 
pattern based on the cyanogen content of the cultivars. 
Though no pattern was observed, statistically significant 
differences in the gene expression were observed for  

 
Table 4. Ratios of expression among cassava cultivars with different cyanide levels. 

Tissue Gene Comparison 
Means  

Differences: Ratio 
Two sides C. I for means 

differences (α = 10%) 
Contrast. p-value

Leaves CYP79D1/D2 Mthai16/Mcol2215 13 (3.66; 46.21) 0.0077* 

Leaves CYP79D1/D2 Mthai16/TMS60444 4.63 (1.31;16.56) 0.0571* 

Leaves CYP79D1/D2 TMS60444/Mcol2215 2.82 (0.80; 10.05) 0.1636 

Leaves Linamarase Mthai16/Mcol2215 3.41 (1.13; 10.26) 0.0737* 

Leaves Linamarase Mthai16/TMS60444 1.95 (0.65; 5.86) 0.2857 

Leaves Linamarase TMS60444/Mcol2215 1.75 (0.58; 5.28) 0.3594 

Leaves HNL Mthai16/Mcol2215 5.35 (2.27; 12.64) 0.0092* 

Leaves HNL Mthai16/TMS60444 7.16 (3.03; 16.91) 0.0044* 

Leaves HNL Mcol2215/TMS60444 1.34 (0.56; 3.16) 0.5332 

Leaves β-CAS Mthai16/Mcol2215 6.27 (2.23; 17.63) 0.0134* 

Leaves β-CAS Mthai16/TMS60444 3.76 (1.34; 10.56) 0.0473* 

Leaves β-CAS TMS60444/Mcol2215 1.67 (3.66; 46.21) 0.3676 

Roots CYP79D1/D2 Mtai16/Mcol2215 1.67 (1.16; 5.50)  0.4367 

Roots CYP79D1/D2 Mtai16/TMS60444 2.18 (0.66; 7.21)  0.2488 

Roots CYP79D1/D2 Mcol2215/TMS60444 1.31 (0.39; 4.31)  0.6727 

Roots Linamarase Mcol2215/Mtai16 3.44 (0.45; 26.17)  0.283 

Roots Linamarase Mtai16/TMS60444 3.1 (0.40; 23.59)  0.3235 

Roots Linamarase Mcol2215/TMS60444 11.1 (1.40; 81)  0.0650* 

Roots HNL Mtai16/Mcol2215 1.36 (0.31; 5.90)  0.6936 

Roots HNL Mtai16/TMS60444 7.36 (0.58; 31.78)  0.0381* 

Roots HNL Mcol2215/TMS60444 5.55 (1.24; 23.26)  0.0668* 

Roots β-CAS Mtai16/Mcol2215 1.56 (0.55; 4.35)  0.4326 

Roots β-CAS Mtai16/TMS60444 1.57 (0.56; 4.38)  0.421 

Roots β-CAS TMS60444/Mcol2215 1 (0.36; 2.80)  0.9827 

*Indicates significant difference. 
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Figure 3. Expression pattern of the key genes involved in cyanogenic glycoside metabolism in leaves and roots of three cas- 
sava cultivars with different cyanide level. Only illustrated are the gene expression pattern where significant differences were 
found. The cultivars used were Mcol2215 (142 ppm of HCN), 60444 (182 ppm of HCN) and Mtai16 (569 ppm of HCN). The 
error bar is the upper value of 90% confidence interval. A different letter above the bars indicates significant differences (p ≤ 
0.10). 
 
linamarase and HNL (Figure 3). The expression of lina- 
marase and HNL were significantly different between 
Mcol2215 and TMS6044. Gene expression of CYP79D1/ 
D2 and β-CAS in the roots showed no differences be-
tween cultivars. Overall, greater differences in gene ex-
pression between cultivars were observed in the leaves 
and not the roots (Table 4).  

3.3. Overall Gene Expression Comparison  

Figure 4 illustrates a general and comprehensive com- 
parison of the expression levels of the four genes in the 
leaves and roots of three cultivars having varying levels 
of cyanogens. With the exception of β-CAS all genes are 
expressed higher in the leaves compared to the roots. The 
expression level of β-CAS remained constant between 
leaves and roots in the three cultivars analyzed. Overall 
HNL had the highest expression in each of the cultivars 
irrespective of the tissue while the lowest levels were 
observed for the expression of CYP79D1/D2 genes. 

3.4. Cluster Analysis  

In all three cultivars studied here, based on expression of 
the four genes collectively, CYP79D1/D2 (cyanogen 
synthesis) and β-CAS (cyanogen re-assimilating) clus- 
tered together (Figure 5). Linamarase and HNL genes, 
both involved in the breakdown of cyanogens upon tissue 
disruption, based on their expression clustered together 
only in Mcol2215 and 60444 cultivars (Figures 5(a) and 
(b)). In Mtai16, linamarase showed a closer relationship 

with CYP79D1/D2 and -CAS expression than the ex- 
pression of HNL (Figure 5(c)). In other hand, the culti- 
var cluster, which is also based in the expression of the 
four genes together, shows that cultivars Mcol2215 and 
60444 were more related with each other than with 
Mtai16 (Figure 6).  

4. Discussion 

For years, the metabolism of cyanogenic glycosides in 
cassava has been studied due to the agronomical impor- 
tance of this crop. The initial studies showed that cyano- 
gens have herbivore deterrent abilities, however, more 
recently an alternate purpose of serving as mobile nitro- 
gen storage source has been proposed. These studies 
have shown that these molecules are synthesized in 
leaves and translocated to roots, where they are utilized 
for amino acid synthesis [6,7]. Nevertheless, to date 
many aspects such as the regulation of the genes in- 
volved with cyanogens as well as details about their 
transport from leaves to roots remain unknown [16]. The 
present study demonstrates for the first time a systematic 
and quantitative analysis of the transcriptional activity of 
the genes involved in the metabolism of cyanogenic gly- 
cosides using three different cassava cultivars, each hav- 
ing varying levels of cyanogens.  

The results through conventional PCR or real time 
PCR marginally differ from the previous studies con- 
ducted for the expression of CYP79D1/D2 genes, lina- 
marase gene and HNL gene (Table 1). Siritunga et al. 
[17] showed transcriptional activity of CYP79D1/D2 in    
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Figure 4. Gene Expression profiles of four genes involved in cyanogenic glycosides pathway in leaves and roots of three cas- 
sava cultivars. The cultivars used were Mcol2215 (142 ppm of HCN), 60444 (182 ppm of HCN) and Mtai16 (569 ppm of 
HCN).The leaves have the higher transcriptional activity for the genes CYP79D1/D2, linamarase and HNL as compared to 
the roots, whereas β-CAS gene has higher transcriptional activity in roots than in leaves or at least the same level in both 
tissues. When the cultivars are compared, the pattern illustrated in CYP79D1/D2 genes in leaves could explain the cyanide 
differences, as well as the pattern found in the linamarase in roots. The error bar is the upper value of 90% confidence inter- 
val. A different letter above the bars indicates significant differences (p ≤ 0.10). 
 

 
(a)                                      (b)                                      (c) 

Figure 5. Dendograms from cluster classification of the genes involved in cyanogenic glycoside metabolism in three cassava 
cultivars. The data from leaves and roots were analyzed together. Two clusters were generated in Mcol2215 and 60444: 1) 
Synthesis/Re-assimilation cluster (CYP79D/Linamarse). 2) Catabolic cluster (linamarase/HNL). Meanwhile in Mtai16 only 
the Synthesis/Re-assimilation cluster was observed. In Mtai16, HNL could be classified separately due to the higher level of 
transcriptional activity in this cultivar. On the other hand, this result agrees with the cyanide levels in the three cultivars: 

col2215 (142 ppm of HCN), 60444 (182 ppm of HCN) and Mtai16 (569 ppm of HCN). M   
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Figure 6. Dendograms from cluster analysis of three cas- 
sava cultivars with different cyanide. The data from leaves 
and roots were analyzed together. The cluster generated 
match with the cyanide similarities among the three culti- 
vars [Mcol2215 (142 ppm of HCN), 60444 (182 ppm of HCN) 
and Mtai16 (569 ppm of HCN)]. 
 
roots, while in this study conventional PCR and real time 
PCR were able to detect expression of CYP79D1/D2 in 
the three cultivars intermittently. Similarly Santana et al. 
[9] reported that the expression of linamarase gene in the 
roots was not detected, leading to the prediction that li- 
namarase enzyme is transported to the roots from the 
leaves. In our study the expression of linamarase was 
detected in roots in all three cultivars, though at a lower 
rate that in the leaves, thus not discounting the hypothe- 
sis that linamarase in transported. In the case of HNL, at 
difference of White et al. [5], we observed transcriptional 
activity of this gene in the roots. Nevertheless those au- 
thors also reported the scarce enzymatic activity of this 
protein in the roots, which allow us to suggest the pres- 
ence of a post-transcriptional regulation mechanism for 
the expression of the HNL enzyme in cassava. It is im- 
portant to state that none of these contrasting results dis- 
prove the hypothesis that linamarin translocation occurs 
in cassava, likely as linustatin [6,16,17,22,23]. Overall, 
the differences in the expression of these genes between 
various studies could lie in the use of plants at different 
development stages, use of different media components 
and growth conditions as well as technical differences 
such as different RNA isolation, cDNA synthesis and 
PCR conditions. In this study though, real-time PCR 
technique was used followed by dissociation curve ana- 
lysis making this analysis more sensitive and equipped 
with a wider dynamic range than conventional PCR [24, 
25]. In conclusion, the expression of all 4 genes was ob- 
served in all 3 cultivars, but at very low-level for the ex- 
pression of CYP79D1/D2 and linamarase in roots.  

In the comparisons between tissues the results are ac- 
cord with previous research work [9,10,19,22], so that all 
the genes with exception of β-CAS have more transcrip- 
tional activity in leaves that in roots (Figure 2; Table 3). 

The high CYP79D1/D2 levels in leaves, as well as the 
high β-CAS levels in the roots, match with the evidences 
that suggest that cyanogenic glycosides are synthesized 
in leaves and afterward translocated to the roots, where 
are re-assimilated [14,16,24,25]. The high presence of 
CYP79D1/D2, linamarase and HNL transcripts in leaves 
in relation to the roots could be associated with defense 
mechanisms against herbivores. In this way, the plant 
accumulates high levels of linamarase and HNL in its 
leaves, which can insure the degradation of linamarin 
under herbivores attacks. The evidence found in the 
comparison among cultivars on the leaves, as well as the 
cluster analysis, suggest the importance of the accumula- 
tion of these enzymes and its role in the plant defense 
(see below). On the other hand the higher expression 
levels of β-CAS in the roots results in the higher root 
-CAS enzyme activity (36 μg H2S/min/100mg protein) 
demonstrated by Elias et al. [26,27] compared to leaves 
(13 μg H2S/min/100mg protein). Since the conversion of 
cyanide to non-protein amino acid β-cyanoalanine, 
through a condensation reaction with cysteine, catalyzed 
by β-cyanoalanine synthase (Figure 1), is thought to be 
the major cyanide detoxification pathway in cassava, the 
presence of elevated levels of -CAS enzyme prevents 
the build up of HCN to toxic levels in the cells. 

A comprehensive understanding of the differences in 
the levels of cyanogenic glycosides among cassava cul- 
tivars have been one of the more challenging research 
topic in this plant [17]. In order to understand those cul- 
tivar differences, we can infer that the synthesis of 
cyanogenic glycoside is higher in a high-cyanide cultivar 
in relationship with a low-cyanide cultivar. Our results in 
the comparison among leaves are according with this 
hypothesis. Thus, we observed the presence of compara- 
tively higher levels of CYP79D1/D2 expression in leaves 
of the bitter cassava Mtai16 compared to TMS60444 and 
Mcol2215 which have lower cyanogen levels (Figure 3; 
Table 4). Nevertheless in the roots we did not observed 
differences among the cultivars in the expression of 
CYP79D1/D2, which reinforces the importance of the 
translocation. Thus, the conversion of valine to 2-methyl 
propanol oxime in the leaves might be the controlling 
point in the synthesis of linamarin in cassava and an im- 
portant step that determine the cultivars differences. On 
the other hand, for the genes involved in the catabolism, 
the expression of linamarase and HNL would have 
thought to be lower in the bitter Mtai16 cultivar permit- 
ting the increase accumulation of the toxic cyanogens. 
However it was observed that Mtai16 had the highest 
expression of linamarase and HNL in the leaves com- 
pared to the other cultivars (Figure 3; Table 4). In the 
case of the roots, the transcriptional activity of these 
genes is high in Mcol2215 in relation to 60444, but sur- 
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prisingly similar to the levels in Mtai16 (Figure 3; Ta- 
ble 4). Thus, apparently there is not a clear gene expres- 
sion pattern according with the behavior waited. Never- 
theless in this tissue, the ratio Mcol2215:Mtai16 is 3.44 
times for linamarase, meanwhile the same ratio is 1.36 
times for HNL. This indicates that in the sweet cultivar, 
the linamarse gene has high transcriptional activity in 
relationship with the bitter cultivar. The non statistical 
differences between these cultivars could be due to the 
high standard error in this experiment, as well as the low 
sample size used. This agrees with the previous studies 
conducted on linamarase by Santana et al. [9] where they 
found that linamarase activity from the root peel of a low 
cyanide cultivar is about 10 times higher than in the root 
peel of a high cyanide cultivar. Finally, in the case of the 
genes involved in the re-assimilation steps (like -CAS), 
also we could think that the transcriptional activity is 
high in the sweet cultivar, reducing in this way the ac- 
cumulation of cyanogenic glycosides. Our results are not 
according with this assumption, since that in leaves 
Mtai16 has higher -CAS activity in relation to the other 
two cultivars, whereas in the roots was not observed any 
kind of differences. Thus, though traditionally the culti-
var differences based on cyanogens are explained by the 
cyanogenic glycosides amounts present in the roots, we 
suggest that the difference in the cyanogenic glucosides 
in the roots are due to the combinatorial effect of their 
synthesis (CYP79D1/D2) in the leaves, their break-down 
in the roots by the linamarase, and the translocation of 
linamarin from leaves to roots. Furthermore, other as- 
pects influencing the cyanogenic glucoside levels is the 
environment in combination with the developmental 
stage of the plant [8,9]. 

Also, in the analysis of the expression of these genes 
between cultivars, interestingly, Mtai16 leaves had the 
highest expression levels compared to the other two cul- 
tivars. Meanwhile Mcol2215 and TMS60444 had very 
similar expression levels in the leaves. Such pattern was 
not observed in the roots. This pattern in the leaves of the 
three cultivars is correlated with the total HCN levels in 
each cultivar, where the amount of HCN between 
Mcol2215 and TMS60444 were more similar (142 ppm 
and 182 ppm, respectively) than Mtai16 amount (569 
ppm). Thus, bitter cassava is more dangerous for a her- 
bivore not only due to the high levels of linamarin pre- 
sent but also for the high level of catabolic enzymes pre- 
sent that facilitate the faster release HCN when the foliar 
tissues are ingested by the animal. This also implies that 
although the synthesis, catabolism by disruption and the 
re-assimilation of HCN are spatially different and tem- 
porally separated events, they are coordinated well in the 
leaves. Such pattern was not observed in the roots be- 
tween the three cultivars analyzed. 

A multivariable approach in the data treatment was 
made, differing from the previous analysis in which uni- 
variable comparisons, in order to compare the transcrip- 
tional activity of all the genes (Figure 4). Here we can 
appreciate the lowest levels in roots of CYP79D1/D2 in 
relationship with the other genes. This expression profile, 
again reinforce the importance of the linamarin translo- 
cation for explain the presence of cyanogenic glycosides 
in the roots. Likewise, it is appreciated that the gene 
β-CAS, unlike to the other genes, did not show dramatic 
changes in the transcriptional activity between tissues. 
This result indicates the importance of the re-assimilation 
as a detoxification step; although also it can indicates the 
minor importance of these steps in the cultivars differ- 
ence. Furthermore it is appreciated in the leaves a highest 
level of expression of HNL and linamarase, as well as 
similar level the expression of CYP79D1/D2 and β-CAS. 
These genes behaviors could indicate a co-regulation 
pattern. Thus, In order to find and verify this kind of pat- 
tern among the genes and among the cultivars, multi- 
variable analysis with cluster analysis was performed. 
Comparisons were conducted for leaves and roots to- 
gether per cultivar. A separation between HNL/linama- 
rase and CYP79D1/D2/-CAS suggests a co-regulation 
between the catabolic cluster and the synthesis and 
re-assimilation cluster (Figure 5). These results are sup- 
ported by the spatial separation in the cell wall of the 
HNL enzyme and linamarase enzyme, implying the 
presence of co-regulated due to their involvement in the 
break-down of cyanogens under plant disruption. It is 
important to consider that this clustering occurs in 
Mcol2215 and 60444 but not in Mtai16. The reason for 
this is the higher HNL level in the Mthai16 leaves (Fig- 
ure 4). Another reason for the different cluster formation 
in Mtai16 could be due to the cyanide levels present in 
each cultivar, where Mcol2215 and 60444 are more equal 
compared to Mtai16. This is further supported by the 
clustering of Mcol2215 and TMS60444 into one group 
distant from Mtai16 (Figure 6).  

This is the first report that shows quantitative and sta-
tistically significant differential expression of four genes 
involved in the cyanogenic glucoside pathway of cassava. 
The comparative analysis conducted between two tissues 
in three cassava cultivars, having different cyanogenic 
glucoside levels, shows the complexity that exists in the 
coordinated expression of these genes. In order to obtain 
more significant difference between cultivars or tissue it 
is important to increase the sample size thus reducing the 
high standard deviations present. With the platform es- 
tablished for the expression of these genes under normal 
conditions it is now possible to mimic abiotic stresses 
under in vitro conditions (such as drought, cold, mineral 
deficiencies etc.) in order to understand regulation of 
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these genes under stress in cassava. Such studies then can 
lead to more expansive gene expression studies con- 
ducted with plants grown in the field, which are affected 
synergistically by abiotic and biotic stresses as well as by 
the development stage of the plant. 
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