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Abstract

Project Code: TRG5580002

Project Title: Expression of genes and validation of molecular markers underlying cyanogen

content in cassava root

Investigator: Miss Sukhuman Whankaew Mahidol University
E-mail Address: sukhuman.wha@mahidol.ac.th

Project Period: 2™ July 2012 — 1% July 2014

Cyanogen content (CN) in cassava causes concerning on health and environment. In order to
obtain better understanding on genes affecting CN, this project therefore aims to study the
expression of candidate genes related to CN using real-time PCR. For accuracy of real-time
PCR analysis, validation of appropriate reference genes is required. The stability analyses of six
common reference genes therefore have been investigated at 6, 9 and 12 months after planting
(MAP) in both leaf and root of low and high CN varieties revealed that TATA box binding
protein (TBP) was the best reference gene. Transcription profiles of two characterized genes in
cyanogenesis pathway (linamarase and O-hydroxynitrile lyase) and eight annotate genes from
previously identified QTL were analyzed in low and high CN groups. In leaf at 6 MAP, the
transcription profiles of linamarase and PheRS showed significant increase in high CN group.
The expression of PheRS, PEX, PD | and PD Il increased at 9 MAP, whereas Q-hydroxynitrile
lyase increased at 12 MAP. In root, DSP, PheRS and PD Il were significantly increased in high
CN group at 9 MAP, but SPDS was significantly decreased. As the results, markers for

selection of low CN were identified which will be useful.

Keywords: real-time PCR, cyanogenic potential, reference gene validation
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Introduction

Cassava (Manihot esculenta Crantz) is an economically important crop of the world (1).
In 2010, international prices of cassava products increased from last year, particularly, Thai
cassava flour and starch (1). However, the production of cassava products yields unavoidable
toxic compound, hydrogen cyanide (HCN). This appearance is normally occurred in cyanogenic
plants (2). The release of HCN causes health problem such as acute in toxicity, manifested as
vomiting, dizziness, etc (3) and environmental toxicity (4, 5). Although, HCN can be reduced to
the safe levels by proper processing, but it requires labor intensive and time, leading to
economic and nutrient losses. In such case, released HCN still remains in environment (5).
Additionally, shortcut processing can yield toxic products (3). These cause a serious problem to
environment and quality of life. Therefore, more understanding of genes affecting the amount of

released HCN will be helpful to improve safety cassava varieties.

Three key enzymes involving in the release of HCN, including cytochrome P450 (CYP),
linamarase (LNM) and hydroxynitrile lyase (HNL) have been cloned and sequenced (2, 6-9).
Even these enzymes have been well characterized however, how they relate to the amount of
released HCN has not yet been well studied. In 2011, QTL affecting cyanogen content in
cassava have been identified and five QTL were detected (10). Blast results revealed that these
QTL were not located on the same scaffolds containing genes involved in the release of HCN

as mentioned earlier.

In this study, three key enzymes involve in the releasing of HCN and identified genes
from QTL affecting cyanogen content were evaluated by gene expression in order to investigate
correlation to the amount of cyanogen content. In conclusion, better understanding of genes
affected cyanogen content in cassava were obtained and potential DNA markers were identified
from QTL map based on gene expression result. These founding will be useful for the

researches and breeding program.



Methodology

Material preparation

Cassava varieties ‘Hanatee’, ‘Huay Bong 60’, and five of each low and high cyanogen
content (CN) of their progenies were grown at Rayong Field Crops Research Center, Rayong
province. Cassava leaves and roots were collected at 6, 9, and 12 month after planting (MAP),
then snapped freeze in liquid nitrogen for RNA isolation. The CN in root of all samples were

evaluate at 6, 9, and 12 MAP using picrate paper kit method (11).

Identification of candidate genes from QTL analysis

Nucleotide sequences of each QTL reported by Whankaew et al (10) were analyzed in
order to construct physical map using cassava genome database on Phytozome. Based on the
genome database, fine mapping of each QTL region was performed and QTL was re-analyzed
using JoinMap 3 and MapQTL 4. Then, candidate genes at each QTL were annotated and

selected for gene expression analysis.

RNA isolation and cDNA synthesis

Frozen samples were ground into fine powder using liquid nitrogen. Fruit-mate™ for
RNA Purification (Takara, Japan) was applied in order to get rid of polysaccharides and
polyphenol. Total RNA was then extracted using TriReagent® (Molecular Research Center,
USA) according to supplier’s instruction. The RNA was treated with DNA free kit (Ambion, USA)
to remove DNA contamination. The concentration of each RNA sample was measured by a
NanoDrop 1000 Spectrophotometer (Thermoscientific, USA). First-strand cDNA was
synthesized using ImProm-II Reverse Transcription System (Promega, USA), according to the

manufacturer’s instructions.

Primer design and amplification efficiency

Specific primers of reference genes (40S ribosomal protein (40S), actin (ACT),
cyclophilin C (CYCC), EF-1 alpha (EF1), TATA box binding protein (TBP), and Polyubiquitin
(UBI)), candidate genes and cloned genes (CYP, LNM and HNL) were designed from available

sequences on phytozome.



Each primer was assessed for efficiency in a 2 fold-serially diluted mixture of Hanatee

cDNA with technical triplicates using Real-time PCR. Specific amplification was identified by

melting curve analysis. The primer efficiency (E) was calculated from %E = (10(_1/5|°pe)-

(12).

1)x100

Determination of reference genes stability

Real-time PCR of 6 reference genes (40S, ACT, CYCC, EF1, TBP, and UBI) were
evaluated using cDNA of ‘Huay Bong 60’ and ‘Hanatee’ in both leaf and root samples at 6, 9
and 12 MAP as template with technical triplicates. The most stable reference gene was

established by NormFinder program (13).

Quantification of candidate genes affecting cyanogen content

Real-time PCR of 6 low CN clones and 6 high CN clones were performed with technical
duplicates. The ACT method using the best reference gene was used for relative quantification.

The expression level of low and high CN groups was compared by PASW Statistics 18 (14).
Validation of marker for Marker assisted selection

The location of genes which showed the level of expression related to the level of CN
were indicated by Phytozome database. The closet SSR markers to the genes were analyzed
for their ability to select low CN in 200 progenies of ‘Hanatee’ x ‘Huay Bong 60’, using average

CN.

Result and discussion

Identification of candidate genes for transcript analysis

In 2011, QTL affecting CNP have been reported on linkage map of 100 F1 created by a
cross between ‘Hanatee’ and ‘Huay Bong 60’, consisting of 303 SSR markers. Recently,
additional markers have been developed (15) and therefore, the map was re-constructed by
including more markers and number of samples to 200. The new linkage map increased the
number of markers to 489 loci, relied on 23 linkage groups, and covered 1846.6 cM with an
average interval distance of 6.1 cM. QTL affecting CN evaluated at Rayong and Lop Buri

provinces in 2009 and at Rayong province in 2010 were detected as shown in Table 1.



Table 1. Description of the QTL for cyanogen content in cassava.

Years Locations QTL LG Qg Jdc Loci LOD  %PVE
2009 Rayong CNO9R1 5 45 238 NS308 7.4 12.5
CNO9R2 5 2.8  ESSRY54-CA141 7.2 13.4
CNO9R3 6 2.9 EMES502 3.8 3.1
CNO9R4 11 3.2 SSRY219 5.8 9.5
CNO9R5 16 3.2 CA76 4.5 7.5
CNO9R6 16 3.2 SSRY103 5.5 9.0
Lop Buri CNO9L1 6 45 29 CA46 4.4 12.5
CNO09L2 11 3.2 SSRY219 3.2 7.8
2010  Rayong CN10R1 4 42 27 EME303-CA591 2.9 8.9

*LG = Linkage group

ag = Genome wide significance threshold

ac = Chromosome wide significance threshold
LOD = Logarithm of odds

%PVE = Percentage of phenotypic variation explained.

With the established results, CNO9R1, CNO9R4/CNO09L2, and CNO9R6 were considered
for fine mapping based on LOD score, percentage of phenotypic variation explained and

significance of single marker analysis (Fig. 1.).

Fine mapping was done at scaffold 00368, 05214, 07933 and 10689 (scaffold at
interested QTL), and s08265, s12341 and s07743 (scaffolds containing genes involving in CNP:
CYP79D2, LNM and HNL). After re-QTL analysis, the high density of QTL map was generated
(Fig 2). The fine map could narrow down the QTL regions. The rearrangement of marker loci
resulted in changing of QTL on linkage group 5 from 2 to 1 QTL, as well as on linkage group
16 which pointed out the better loci to be focused on. Mapping scaffolds containing genes

involving in CNP was successful, but no QTL was detected on those scaffolds.
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Fig. 1

The positions of selected QTL underlying cyanogen content for fine mapping. The

significance of single marker analyzed in 2009 at Rayong and Lop Buri provinces and

in 2010 at Rayong province are shown on the left side of the linkage group, separated

by “/.
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Fig. 2 The positions of QTL underlying cyanogen content on the fine map. The significance of
single marker analyzed in 2009 at Rayong and Lop Buri provinces and in 2010 at

Rayong province are shown on the left side of the linkage group, separated by “/”.



Scaffold 00368, 05214 and 07933 were considered for functional gene annotation as

they found highly significant markers. The interested genes are shown in Table 2.

Table 2 Annotate genes for gene expression study

Scaffold Name Annotate function Possible pathway related to CN
00368 PEX Peroxisomal membrane Transport and catabolism
SPDS Spermidinesynthase Arginine and proline metabolism

B-alanine metabolism

Cysteine and methionine metabolism

05214 NIR Multicopperoxidases Nitrogen metabolism
PD | Prephenatedehydratase Biosynthesis of amino acid
PD Il Prephenatedehydratase Biosynthesis of amino acid
07933 DSP Dual specificity phosphatase Signal transduction
EMP70 Endomembrane protein 70 Transport

PheRS Phenylalanyl-tRNAsynthetase =~ Aminoacyl-tRNA biosynthesis

Validation of reference genes

Six commonly used reference genes (40S, ACT, CYCC, EF1, TBP, and UBI) were
designed and test for efficiency. The gene names, primer sequences and amplicon length are
provided in Table 1. The efficiency of all primers ranged from 95-105% and r2 >0.99, which are
in the criteria for real-time PCR. In order to validate the most stable reference genes,
expression level of these 6 reference genes was determined in ‘Huay Bong 60’ and ‘Hanatee’
which significantly different in CN at 3 different growth stages (6, 9, 12 MAP). Based on
NormFinder, stability value of reference genes are shown in Fig 3. NormFinder calculated
stability value based on variance estimation for identifying suitable normalization gene among a
set of candidate. The lower the stability value, the higher the expression stability. (13). As a
result, TBP was the most stable reference gene with the stability value of 0.01 across variation
samples. The presented reference gene was not only able to apply in gene expression study of
CN, but also in the other traits that have phenotypically different between ‘Huay Bong 60’ and
‘Hanatee’ varieties. This allowed more reliable normalization of quantification data in real-time

RT-PCR.
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Fig. 3 Stability of 6 reference genes for cyanogenic potential study from leaf and root at 6, 9,
12 MAP calculated using NormFinder. Lower stability value corresponds to higher gene

stability.

Quantification of genes candidate genes affecting cyanogen content

The expression profiles of three major genes involving in CN (CYP, LNM and HNL) and

eight annotated genes from QTL affecting CN as shown in Table 2, have been analyzed.

The level of CN within the low CN group at each stage was not different, whereas the
high CN group showed increasing of CN after 6 MAP (Fig. 4A). As a result, the gene encoded
for CN production might be increased. Accordingly expression level of LNM (Fig 4B) in high CN
group was significantly increased, and probably led to the accumulation of acetone cyanohydrin,
a substrate to produce hydrogen cyanide, and glucose. At 9 and 12 MAP, the expression of
LNM was reduced to the same level of low CN group. It indicated that the accumulation of
acetone cyanohydrin and glucose were probably high in young cassava which according to the
level of CN in in root at 6 MAP (Fig 4A). Even though LNM were highly expressed at 6 MAP of
high CN group, but HNL transcript was not different (Fig 4C). This indicated that acetone
cyanohydrin was accumulated in high CN group more than the low one which related to the CN
level in root. However at 12 MAP, HNL highly transcript in both groups, related to the reduction
of CN from 9 MAP in both groups. This founding suggested that harvesting cassava at 9 MAP
might obtain higher CN than at 12 MAP. The level of HNL transcript of the low group was also
lower than that of the high CN group, this maybe because the high level of acetone
cyanohydrin in high CN group in early stage.

The expression of CYP was very low, therefore with the detection limit, the expression
level is not reported. Similarly, the expressions of LNM and HNL in root were also very low

which according to the reports that indicated the lack of LNM and HNL in root (2, 16).
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Focused on the expression of annotate genes, the result showed that at early stage (6
MAP), PheRS in leaf of high CN group was increased (Fig. 5). While the expression of PheRS
in low CN group was not change across the stages, the expression of high CN group at 9 MAP
was increased from 6 MAP. These indicated that some aminoacyl-tRNA biosynthesis in high
CN might increased at 6 and 9 MAP which related to the CN level. However, at 12 MAP,
PheRS expression dropped to the same level of low CN group which maybe because
aminoacyl-tRNA biosynthesis was not quite necessary for old plant. The significant different at 9

MAP of PheRS in root also detected, but the expression level was dramatically decreased.
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At 9 MAP, not only PheRS was up-expressed in both leaf and root, but PEX, PD | and
PD Il also up-expressed in leaf, and DSP and PD Il also up-expressed in root (Fig. 5). Even
through PD | which quite similar to PD Il was not significantly increased in root, but its trend
seemed to increased. Interestingly, SPDS which involved in B-alanine metabolism was
significantly down-expression in root at 9 MAP. B-alanine metabolism is associated to the
utilization of cyanogenic glycoside, a substrate of hydrogen cyanide, therefore the reduction of
SPDS expression may cause the remaining of high amount of cyanogenic glycoside,

subsequently lead to high CN.

Validation of marker for MAS

Based on the gene expression result, PheRS, SPDS, PD | and PD Il were interested.
The location of these genes and selected markers are shown in Table 3. The result indicated
that genotype pattern “ab”, “ad” and “ab” of s00368n8, SSRY28 and SSRY106 can select low

cyanogen content, significantly (Fig. 6).

Table 3 Selected candidate genes and markers with their position.

Candidate gene Gene position Selected marker Marker position

SPDS scaffold00368:110307..112609  s00368n8 scaffold00368:102,643..102,662
PD I scaffold05214:155928..157768  SSRY28 scaffold05214:157,470..157,494
PD Il scaffold05214:163754..165622  SSRY28 scaffold05214:163754..165622

PheRS scaffold07933:137377..142320  SSRY106 scaffold07933:46,097..46,117
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In summary, for reliable relative quantification by real time PCR, validation for the best
stability reference gene is known as the important step. From the evaluation in 2 phenotypically
different cassava at 6, 9 and 12 MAP in both leaf and root, TBP was found to be the most
stable reference gene among all evaluated reference genes. Gene expression study normalized
to TBP indicated that at early stage (6 MAP), LNM expression in high CN group expressed
higher than that in low CN group, whereas higher expressed HNL was showed at late stage
(12 MAP). For annotate genes, compared their expression between low and high CN groups in
leaf, PheRS transcription level was increased in high CN group at 6 MAP and continuously to 9
MAP. At 9 MAP, PD | and PD Il transcription level trended to up-express in both leaf and root.
Interestingly, the expression of SPDS which involve in detoxification of cyanide, was
significantly decreased in root, comparing with low CN group. The validation of markers to
select low CN indicated that genotype pattern “ab”, “ad” and “ab” of s00368n8, SSRY28 and

SSRY106 can select low cyanogen content in the evaluated population, significantly.
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Abstract

Cassava is a cyanogenic crop which causes a serious problem to quality of life and
environment. To gain knowledge on genes affecting cyanogenic potential (CNP) based on
identified QTL underlying the trait and to validate potential molecular markers that are
applicable in marker-assisted selection (MAS), this study aims to develop more tightly linked-
markers to the QTL by fine mapping in order to increase power of QTL detection. With
available cassava genome database, SSR markers were developed based on four scaffolds
within the detected QTL and three interesting scaffolds containing genes in cyanogenesis
pathway and genotyped with the mapping population. The QTL responded to CNP were
analyzed with the CNP value, collected at Rayong and Lop Buri provinces in 2009, and at
Rayong province in 2010. The results revealed the high density of QTL map which are
effective for prediction of candidate genes and identification of trait-linked markers. The
output of this study provides the opportunities to validate potential markers for selection of
new cassava lines with low CNP in the breeding program.

Keywords: Cassava, Cyanogen content, High resolution mapping, Microsatellites.

1. INTRODUCTION

Cassava (Manihot esculenta Crantz) has been cultivated as an important food source,
animal feed and industrial feedstock. World cassava production is expected to increase in
order to sustain the industrial demand (Food and Agriculture Organization 2012). In Asia, the
utilization of cassava in industrial as biofuel has been the main driver of the 80 percent
expansion in the cultivation. In Thailand, cassava is the world’s leading exporter (Food and
Agriculture Organization 2012). The incresing of the output demand lead to increasing of
production. However, cassava is a cyanogenic crop, which can release hydrogen cyanide
(HCN) (White et al. 1998). The presence of HCN during cell damage causes concerns about
health effects such as acute intoxication, manifested as vomiting, dizziness, etc. (Bokanga et
al. 1994) and environmental toxicity (Dixon et al. 1994). Although, HCN can be reduced to
the safe levels by proper processing, but it requires labor intensive and time, leading to
economic and nutrient losses. In such case, released HCN still remains in environment
(Dixon et al. 1994). Additionally, shortcut processing can yield toxic products (Bokanga et al.
1994). These cause a serious problem to environment and quality of life, especially in rural
area. The level of cyanogenic potential (CNP) varies depended on variety and environment
(Bokanga et al. 1994). Therefore, improved cassava cultivars for low CNP would be helpful.



CNP is known as quantitative trait (Dixon et al. 1994). In such case, conventional breeding is
not effective, but molecular breeding is expected to be more efficient, reliable and cost
effective breeding approach (Xinyou et al. 2003; Collard et al. 2005). For molecular breeding,
QTL mapping has been applies to identify trait-linked markers which can be used as marker-
assisted selection (MAS). Moreover, it also provides better understanding on information of
genes underlying the trait (Xinyou et al. 2003; Collard et al. 2005).

Three key enzymes involved in the releasing of HCN, including cytochrome P450,
linamarase and hydroxynitrile lyase have been characterized (Hughes, M. A. et al. 1992;
Hughes, J. et al. 1994; White et al. 1998; Andersen et al. 2000). Even these enzymes have
been well characterized to be involved in the releasing of HCN, they might not effect to the
amount CNP, but the regulatory genes. Recently, five QTL of CNP has been identified from
an SSR based linkage map (Whankaew et al. 2011). With available of cassava genome
database, the information revealed that the cloned genes were not found in the QTL.

In this study, fine mapping of the QTL regions was accomplished in order to narrow down the
regions containing the potential genes and pinpoint closely linked-markers in order to select
potential markers for safety cassava varieties selection. Nevertheless, fine mapping of
regions containing genes involved in the releasing of HCN will also be fulfilled in order to
provide more information about these genes.

2. MATERIALS AND METHODS

Plant material and CNP evaluation

Cassava variety ‘Hanatee’ (Thai local variety), exhibited low CNP and ‘Huay Bong 60’
(commercial variety), displayed high CNP were used as the parents to generate 200 of
progenies used for the mapping population. For CNP evaluation, the storage roots of the
population and its parents were measured at Rayong province in 2010 using picrate paper kit
(Bradbury et al. 1999) as described in Whankaew et al. (2011).

Fine mapping

QTL analysis has been updated from previous report (Whankaew et al. 2011) by increasing
number of population from 100 to 200, and adding phenotypic data of evaluation at Rayong
in 2010. The QTL mapping were done by JoinMap® 3.0 (van Ooijen & Voorrips 2001) and
MapQTL® 4.0 (Van Ooijen et al. 2002) with phenotypic data evaluated in this study (at
Rayong province in 2010) and in previous study (at Rayong and Lop Buri provinces in 2009).
The identified QTL were blasted with cassava genome database “Phytozome”. Nucleotide
sequences of scaffolds containing interesting QTL as well as genes involved in HCN
production were used for SSR primer designed by “WebSat”. The SSR primers were
synthesized and tested for amplification and polymorphism. Polymorphic primers were
genotyped with the population as described in Whankaew et al. (2011). Finally, fine map was
constructed using JoinMap® 3.0.

Identification of tightly linked markers

Tightly linked markers were identified on fine map using three sets of phenotypic data
evaluated in this study (at Rayong province in 2010) and in previous study (at Rayong and
Lop Buri provinces in 2009) by MapQTL® 4.0.



3. RESULTS AND DISCUSSION

In 2011, QTL affecting CNP have been reported on linkage map of 100 F1 created by a
cross between ‘Hanatee’ and ‘Huay Bong 60’, consisting of 303 SSR markers. Recently,
additional markers have been developed (Sraphet et al. 2011) and therefore, the map was
re-constructed by including more markers and number of samples to 200. The new linkage
map increased the number of markers to 489 loci, relied on 23 linkage groups, and cover
1846.6 cM with an average interval distance of 6.1 cM. QTL affecting CNP evaluated at
Rayong and Lop Buri provinces in 2009 and at Rayong province in 2010 were detected as
shown in Table 1.

Table 1. Description of the QTL for cyanogenic potential in cassava.

Years Locations QTL LG og ac Loci LOD %PVE
2009 Rayong CNO9R1 5 45 28 NS308 7.4 12.5
CNO9R2 5 2.8 ESSRY54-CA141 7.2 13.4
CNO9R3 6 29 EME502 3.8 3.1
CNO9R4 11 3.2 SSRY219 5.8 9.5
CNO9R5 16 3.2 CA76 4.5 7.5
CNO9R6 16 3.2 SSRY103 5.5 9.0
Lop Buri CNO9L1 6 45 29 CA46 4.4 12.5
CNOQ9L2 11 3.2 SSRY219 3.2 7.8

2010 Rayong CN10R1 4 42 2.7 EME303-CA591 2.9 8.9

*LG = Linkage group

ag = Genome wide significance threshold

ac = Chromosome wide significance threshold

LOD = Logarithm of odds

%PVE = Percentage of phenotypic variation explained.

With the established results, the significant loci for fine mapping were considered based on
LOD score, percentage of phenotypic variation explained and significance of single marker
analysis. The selected loci indicated the significance of single marker analysis are shown in
Fig.1. Each locus was blasted with cassava genome database and given the name of their
scaffolds followed the name of markers. Four scaffolds relied on the peaks of CNO9R1
(s10689), CNO9R4 and CNO9L2 (s00368), and CNO9R6 (s07933) and within 2-LOD support
(s05214) were selected for fine mapping. In addition, three scaffolds containing genes
involving in CNP were also mapped in fine map that include s08265, s12341 and s07743 in
which CYP79D2, linamarase and hydroxynitrile lyase, respectively were found.

After fine mapping and QTL analysis, the high density of QTL map was generated (Fig 2).
The fine map could narrow down the QTL regions. The rearrangement of marker loci resulted
in changing of QTL on linkage group 5 from 2 to 1 QTL, as well as on linkage group 16 which
pointed out the better loci to be focused on. For linkage group 11, the QTL peak was still
relied on the same locus, made scaffold s00368 become more interested. Mapping scaffolds
containing genes involving in CNP was successful, but no QTL was detected on those
scaffolds, indicating that these genes might not directly affect to the amount of released HCN
as the trait is controlled by multiple genes. The prediction of candidate genes on scaffolds
s00368, s07933 and s10689, gene characterization, and validation of tightly linked markers
responded to CNP is in the progress of investigation.
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Fig. 1 The positions of selected QTL underlying cyanogenic potential for fine mapping. The
significance of single marker analyzed in 2009 at Rayong and Lop Buri provinces and in

2010 at Rayong province are shown on the left side of the linkage group, separated by “/”.
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Fig. 2 The positions of QTL underlying cyanogenic potential on the fine map. The
significance of single marker analyzed in 2009 at Rayong and Lop Buri provinces and in
2010 at Rayong province are shown on the left side of the linkage group, separated by “/”.




4. CONCLUSIONS

Fine mapping of relevance QTL regions is importance in the identification of tightly linked
markers to the target genes. In this study, the high density QTL map of CNP provides better
tool for identification of the tightly linked markers which are useful for marker assisted
selection, and also offers the opportunities to predict candidate genes affecting CNP which
will give better understanding of genes and gene network involved in CNP. The information
will also produces a huge benefit on selection of new cassava lines with low CNP in the
breeding program.
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