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A B S T R A C T

Cassava mosaic disease (CMD) threatens cassava (Manihot esculenta) production in Africa. A total of 24 selected
cultivars were screened against CMD using combined molecular and greenhouse grafting tools. Disease severity
was recorded for 10 weeks after inoculation and the molecular markers associated with CMD2 were detected by
PCR. CMD severity significantly differed (P < 0.0001) among cultivars. Twelve cultivars were morphologically
resistant and eight of these possessed CMD2 and four did not. These results suggest that there are several CMD-
resistant cassava cultivars that could be recommended for on-farm production and for conservation and breeding
programs.

1. Introduction

Cassava (Manihot esculenta) is a widely grown root crop and con-
stitutes the most important staple food in tropical and sub-tropical
Africa [1]. Several cassava cultivars are grown by farmers. Among
these, some are high quality and show flexibility in planting and har-
vesting times, drought tolerance, ability to adapt to various climatic
conditions and good agronomical performance [2,3].

Cassava mosaic disease (CMD) represents one of the main con-
straints to cassava production. It is caused by 11 cassava mosaic ge-
minivirus species (genus Begomovirus, family Geminiviridae) in the
African continent and the Indian subcontinent of which African cassava
mosaic virus (ACMV), African cassava mosaic Burkina Faso virus
(ACMBFV), Cassava mosaic Madagascar virus (CMMGV), East African
cassava mosaic Cameroon virus (EACMCV), East African cassava mo-
saic Kenya virus (EACMKV), East African cassava mosaic Malawi virus
(EACMMV), East African cassava mosaic virus (EACMV), East African
cassava mosaic Zanzibar Virus (EACMZV) and South African cassava
mosaic virus (SACMV) have been described in Africa [4–6]. CMD is
transmitted by whitefly, Bemisia tabaci, and when infected cuttings are

reused as planting material [7]. There is a close correlation between the
use of infected cuttings and total CMD incidence [8]. Infection rates are
greatest in production zones that have high levels of both infected
cuttings and whitefly infections [8]. In susceptible cultivars, CMD can
cause estimated yield losses of 20–95% [9]. The characteristic symp-
toms of the disease are leaf mosaic patterns, leaf reduction and leaf
chlorosis. However, symptoms can vary among leaves, shoots and
plants even within the same cassava variety. Variation in symptoms can
be the result of different strains of the same virus or different viruses
(species) or both, the sensitivity of the host, plant age and environ-
mental factors, such as soil fertility and soil moisture availability [10].
Control measures against CMD include rogueing (removal of sympto-
matic plants), the use of virus-free planting materials and the deploy-
ment of resistant varieties [11]. The first two options are not only labor
intensive and difficult to implement, but also require continuous and
long-term interventions. The use of resistant varieties is the most ef-
fective solution in mitigating the negative effects of CMD in cassava
production [12,13]. This is because this approach reduces yield losses
from the disease and reduces the levels of the virus inoculum in the
farming system, particularly in varieties that suppress virus
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accumulation [11].
Several studies have evaluated the resistance of cassava cultivars to

CMD [14,15]. However, the infestation pressure is often under-
estimated or not taken into account because only whitefly transmits the
disease during the evaluation period of typical field experiments [16].
Studies have also shown that the rate of CMD transmission by whitefly
is relatively low and varies according to the whitefly population at an
experimental site [17]. It is therefore necessary to explore other
methods, such as molecular and grafting tools, to screen for cassava
resistance.

Recently, the mechanical transmission of CMD by grafting was re-
ported to be efficient [18], suggesting this method can be a powerful
tool for rapid greenhouse screening of cassava for CMD resistance. To
date, three CMD resistance genes, CMD1 (recessive gene), CMD2 (major
dominant gene) and CMD3 (quantitative trait loci, QTL, conferring re-
sistance) have been discovered and important molecular markers as-
sociated with CMD2 and CMD3 have been identified [13,19,20]. The
objective of the current study was to identify CMD-resistant cassava
cultivars using greenhouse grafting tools and molecular analyses. Our
goal is to provide farmers with a recommended list of CMD-resistant
cassava cultivars to minimize the damage caused by the disease.

2. Materials and methods

2.1. Plant material

A total of 216 plants of 24 cassava cultivars from Nigeria, Cameroon
and Benin, including 13 local and 11 improved cassava cultivars pre-
ferred by farmers, were used in this study. Details of the cassava cul-
tivars are provided in Table 1.

2.2. Source of inoculum

The source of inoculum was plants of the highly CMV-susceptible
cultivar “manioc de table” with disease severity score “5”, exhibiting
total distortion on 4/5 of their leaves found to be positive for ACMV via
PCR-pretest using JPS1/JSP2 and negative for EACMV by using JSP1/
JSP3 primers.

2.3. Experimental design

Cuttings of 25–30 cm were submerged in a hot water bath
(45–50 °C) for 30min before potting [21] and found to be free from
ACMV and EACMV by PCR indexing two weeks after potting. Nine
grafts, sourced from three biological replicate plants of each cassava
cultivar, were grafted with six axillary buds (containing inoculum) at
the age of three months [17]. The resistant cultivars TME7 and TMS01/
0098 were used as controls and underwent the same treatments. The
grafting was carried out according to the protocol of Rwegasira et al.
[17].

2.4. CMD severity in cassava cultivars

The 24 cultivars were evaluated for three months in a controlled
environment. Plants of each cultivar were evaluated 2, 4, 6, 8 and 10
weeks after inoculation (WAI). Each plant was examined in full to

determine disease severity and the severity index was assigned to each
plant based on the following standard scale of mosaic severity: plants
without symptoms were assigned score “1”; plants with medium
chlorotic spots or some distortion at the base were scored “2”; plants
with spots on the whole leaf surface with leaf twisting were scored “3”;
plants with distorted or shrunken leaf blades (to 2/3 of the leaf area)
were scored “4”; and plants with many symptoms of CMD and/or total
distortion of 4/5 of the leaf area and stunting of the entire plant were
scored “5” [22].

2.5. Classification of cassava cultivars for resistance to CMD

Agglomerative hierarchical clustering was performed to classify
cassava cultivars based on the disease severity scores at 10 WAI as
described by Lokko et al. [23]. The severity score “1” was highly re-
sistant (HR), severity score class [1.1–2] was resistant (R), severity
score class [2.1–3] was susceptible (S) and severity score class [3.1–5]
was highly susceptible (HS).

2.6. Virus and resistance gene identification in cassava cultivars

2.6.1. DNA isolation
We collected young leaves from plants of the 24 cassava cultivars

three months after inoculation. Leaves were packed in aluminum foil
and placed in a cooler containing ice to limit degradation. The genomic
DNA was extracted from fresh leaves, according to the protocol of
Dellaporta et al. [24] with some modifications; 4M ammonium acetate
was used in the extraction and 2% polyvinylpyrrolidone was added to

Table of abbreviations

ACMV African cassava mosaic virus
CMD Cassava mosaic disease
EACMV East African cassava mosaic virus
HR Highly resistant (cultivar)
HS Highly susceptible (cultivar)

QTL Quantitative trait loci
R Resistant (cultivar)
S Susceptible (cultivar)
SSR Simple sequence repeat
SCAR Sequence-characterized amplified region
WAI Weeks after inoculation

Table 1
The 24 cassava cultivars used in this study.

Cultivar name Type Origin

8034 Improved IRAD-Cameroon
92B/0057 Improved IITA-Benin
Adjatidaho Local Benin
Agblehoundo Local Benin
Agric-rouge Local Benin
Atinwewe Local Benin
Ayene Abong-Mbong Local Cameroon
BEN/86052 Improved INRAB-Benin
Excel Improved IRAD-Cameroon
Hombete Local Benin
Idilerou Local Benin
Koleahonme Local Benin
Ntollo Local Cameroon
Oboul doux Local Cameroon
Ouemenou Local Benin
Petit manioc Local Cameroon
Sanigali Local Cameroon
TME 419 Improved IITA-Cameroon
TME 693 Improved IITA-Cameroon
TME7 Improved IITA-Ibadan (Nigeria)
TMS 01/0098 Improved IITA-Cameroon
TMS 01/1086-55 Improved IITA-Cameroon
TMS 92/0057 Improved IITA-Cameroon
TMS 92/0326 Improved IITA-Benin

IITA, International Institute of Tropical Agriculture.
INRAB, Institut National des Recherches Agricoles du Benin.
IRAD, Institute of Agricultural Research for Development.

J.A. Houngue et al. Physiological and Molecular Plant Pathology 105 (2019) 47–53

48



extraction buffer 2 (EB2). The fresh leaves were crushed with extraction
buffer 1 (EB1) and EB2 in the mortars and then incubated for 1 h. DNA
was precipitated in isopropanol alcohol for 2 h. The pellet of DNA re-
sulting from the precipitation was rinsed twice with 700 μl of 80%
ethanol and then dried at a temperature of 25–30 °C. The DNA was then
dissolved in 50 μl of 1× TE (Tris, EDTA) buffer and stored at −20 °C.

2.6.2. Virus indexing by PCR
To determine the presence or absence of the cassava mosaic virus

inoculated at each step of virus indexing, the sequence of coat protein
of DNA-A was amplified from each virus in two cultivars of each ca-
tegory of resistance (HS, S, R and HR). The specific primers JSP1/JSP2
were used to amplify the coat protein sequence of all strains of ACMV,
and JSP1/JSP3 were used to amplify the coat protein sequence all
strains of EACMV [25]. The PCR cycling conditions consisted of an
initial denaturation step of 94 °C for 5min followed by 35 cycles of
45 s at 94 °C, 45 s at 55 °C, 55 s at 72 °C and a final step of 7min at 72 °C.
PCR was conducted in a total volume of 12.5 μl using 1.25 μl of MgCl2
(25mM), 2.5 μl of 10× PCR buffer (Qiagen, Hilden, Germany), 0.5 μl
of each primer (10 μmol), 0.25 μl of dNTP (10mM), 0.05 μl of Taq
Polymerase (Qiagen HotStar Plus TM PCR) and 2 μl of DNA template
(150 ng/μl). The PCR products were separated on 1.8% agarose gel
using EZ-Vision (VWR International, Radnor, PA, USA) followed by UV
revelation.

2.6.3. Molecular resistance screening
The DNA of morphologically resistant cultivars was used for a

second PCR using the marker pairs NS169 and RME1 associated with
the CMD2 resistance gene (Table 2). The 12.5 μl PCR volume contained
2 μl of DNA template (150 ng/μl), 0.25 μl of NS169/SSR and RME1/
SCAR (5 μM), 0.25 μl of dNTPs (10mM), 1.25 μl of 10×PCR buffer,

1.25 μl of MgCl2 (25mM) and 0.38 μl of Taq polymerase (Qiagen Hot-
Star Plus TM PCR). The PCR was run under the following conditions:
2 min at 95 °C and 35 cycles of 30 s at 94 °C, 1min at 55 °C and 1min at
72 °C followed by a final elongation of 5min at 72 °C for the marker
NS169; and 2min at 95 °C, 35 cycles of 30 s at 94 °C, 1min at 50 °C and
1min at 72 °C followed by a final elongation time of 5min at 72 °C for
the marker RME1. The PCR products were analyzed by electrophoresis
in a 1.8% Agarose gel using EZ-Vision followed by UV exposure.

2.7. Statistical analysis

A general linear model was used to correlate the number of suc-
cessful grafts at 2 WAI and the disease severity score. The adjusted
coefficient of determination (R2) was used to indicate the quality of the
regression model. Analysis of variance was used to analyze the response
of different cultivars to CMD, and Fisher's multiple comparison test at
the 5% level was conducted to test for a significant difference among
the disease severity scores of different cultivars. An agglomerative
hierarchical clustering tree was generated using average disease se-
verity to classify the 24 cultivars as described by Lokko et al. [23]. All
analyses were performed in XLSTAT v.2014 (Addinsoft, Paris, France).

3. Results

3.1. Graft success rate

Fig. 1 shows the mean number of successful grafts of each cassava
cultivar. The mean number of successful grafts at 2 WAI varied from
3.16 to 4.83 for each cultivar. The most successful grafts were observed
in cultivars Ouemenou and Ayene Abong-Mbong (each with an average
of 4.86 successful grafts). There was no significant difference (P =

Table 2
Primers used for PCR detection of African cassava mosaic virus (ACMV) and Eastern Africa cassava mosaic virus (EACMV) and the molecular markers associated with
resistance gene CMD2.

Type of virus and
resistance genes

Primers Marker
system

Left primer 5′–3′ Right primer 5′–3′ Size of product
(bp)

Annealing
temperature (°C)

ACMV JSP1/JSP2 ATGTCGAAGCGACCAGGAGAT TGTTTATTAATTGCCAATACT 770 55
EACMV JSP1/JSP3 ATGTCGAAGCGACCAGGAGAT CCTTTATTAATTTGTCACTGC 770 55
CMD2 NS169 SSR GTGCGAAATGGAAATCAATG GCCTTCTCAGCATATGGAGC 319 55

RME1 SCAR ATGTTAATGTAATGAAAGAGC AGAAGAGGGTAGGAGTTATGT 700 50

SSR, simple sequence repeat; SCAR, sequence-characterized amplified region.

Fig. 1. Mean number of successful grafts in each cassava cultivar (three plants with three graft replications per cultivar make a total of 216 plants grafted).

J.A. Houngue et al. Physiological and Molecular Plant Pathology 105 (2019) 47–53

49



0.22) between the successful grafting of different cassava cultivars at 2
WAI. Successful grafts were those that maintained the green color after
two weeks. At least 65% of grafted buds were successful for different
cultivars. No significant correlations (P ˃ 0.05) were found between the
successful grafts and the mean disease severity of different cultivars
(Table 3).

3.2. Severity of CMD

There was a significant difference between CMD severity scores of
different cassava cultivars at 10 WAI (Table 4). At 2 WAI, a high mean
severity was recorded in Ouemenou (2.17). Sixteen cultivars had a
score of 1, two cultivars had a score of 1.50 and the other two cultivars
had a score of 1.83. There was a significant difference between the
mean CMD severity scores of the 24 cultivars (P < 0.0001). Eight
cultivars (Hombete, 8034, Koleahonme, Ouemenou, TME 693, Idilerou,

TMS92/0326 and Ayene Abong-Mbong) were the most susceptible to
infection. At 4 WAI, 11 cultivars had a score of 1, six had a score greater
than 1 and seven had a score greater than 2 (Table 4). The highest
severity scores were in Ouemenou (mean of 2.67) and in Hombete,
8034 and Idilerou (mean of 2.50 for each).

At 6 WAI, mean severity scores also differed significantly among the
24 cassava cultivars (P < 0.0001). Four cultivars had a mean severity
score of 1, nine had a mean severity score greater than 1, ten had a
mean severity score greater than 2 and one had a mean severity score
greater than 3 (Table 4). The highest mean disease severity (3.08) was
observed in the cultivar 8034.

At 8 WAI, two cultivars (Hombete and 8034) had a mean severity
score greater than 3 and 11 cultivars had a mean severity score greater
than 2. Four cultivars had a mean severity score of 1 and six had mean
severity scores greater than 1. A significant difference (P < 0.0001)
was also observed between the mean severity scores of different culti-
vars. The cultivars Hombete and 8034 were the most susceptible to
CMD infection with mean severity scores of 3.10 and 3.20, respectively
(Table 4).

At 10 WAI, a significant difference of severity mean score
(P < 0.0001) was observed under the different cassava cultivars. The
highest mean severity scores of 3.10 and 3.20 were observed in
Hombete and 8034, respectively.

3.3. Classification of cassava cultivars for resistance to CMD

Based on disease severity scores, the 24 cultivars were classified into
four groups: C1, C2, C3 and C4. Group C1 contained the cultivars with a
mean severity score of 3.1–5 at 10 WAI; these cultivars were considered
HS. Group C2 had mean severity scores of 2.1–3 and were considered S.
Group C3 contained cultivars with severity mean scores of 1.1–2,
considered R. Group C4 contained cultivars with severity score of 1,
considered HR. A complete breakdown of cultivar classifications based
on severity scores is provided in Fig. 2. In brief, the cultivars Ad-
jatidaho, Agric-rouge, TME7 and TME01/0098 were HR; 92B/0057,
Ayene Abong-Mbong, BEN86052, TMS92/0057, TMS419, Ag-
blehoundo, Excel and TMS01/1086-55 were R; Hombete and 8034
were HS; and the remaining cultivars were S.

3.4. Virus detection in cassava cultivars

For ACMV, PCR analysis of leaf samples provided amplified pro-
ducts for the two HS cultivars and two of the S cultivars using the JSP1/
JSP2 primers. PCR products were not observed in the two HR cultivars
and the two R cultivars indexed (Fig. 3a).

The samples were also analyzed by PCR for eventual dual infesta-
tion by EACMV using the JSP1/JSP3 primers. No PCR products were
observed in any of the eight cultivars (Fig. 3b); therefore, only ACMV
was inoculated in this study.

3.5. Molecular screening

Analyses using specific markers were conducted to confirm the re-
sistance gene in plants. The molecular markers associated with CMD2
were detected using the primer pair NS169 and RME1. The PCR pro-
ducts revealed the presence of CMD2 in 8 of the 12 resistant cultivars
(Agric-rouge, TMS01/0098, TME7, TMS92/0057, TMS419,
Agblehoundo, Ayene Abong-Mbong and 92B/0057) using the primer
NS169 (Fig. 4) and 6 of the 12 resistant cultivars (TMS01/0098, TME7,
TMS92/0057, TMS419, Agblehoundo and 92B/0057) using the primer
RME1 (Fig. 5).

In summary, the cultivars TMS01/0098 and TME7 were HR, in-
dicating that the bands refer to the presence of the molecular markers
associated with CMD2 on the gels (Figs. 4 and 5). The molecular mar-
kers associated with CMD2 were revealed in the HR cultivar Agric-
rouge only with NS169 and the HR cultivar Atinwewe completely

Table 3
Correlation coefficients between successful grafts and mean disease severity
across all 24 cassava cultivars.

Variables Grafts 2 WAI 4 WAI 6 WAI 8 WAI 10 WAI

Grafts 1
2 WAI 0.10 (ns) 1
4 WAI 0.07 (ns) 0.62* 1
6 WAI −0.06 (ns) 0.51* 0.74* 1
8 WAI −0.05 (ns) 0.41* 0.64* 0.85* 1
10 WAI −0.11 (ns) 0.15 (ns) 0.34* 0.58* 0.71* 1

ns, non-significant at P≥0.05.
WAI, weeks after inoculation.
*, significant correlation (P < 0.05).

Table 4
Severity of cassava mosaic disease (CMD) on 24 cultivars of cassava 2–10 weeks
after inoculation (WAI).

Mean CMD severity score

Cultivar names 2 WAI 4 WAI 6 WAI 8 WAI 10 WAI
Hombete 1.83 ab 2.50 a 2.83 ab 3.10 a 3.10 a
8034 1.50 bc 2.50 a 3.08 a 3.16 a 3.20 a
Koleahonme 1.67 b 2.33 ab 2.83 ab 2.83 ab 2.67 abc
Ouemenou 2.17 a 2.67 a 2.83 ab 2.67 abc 2.50 abcd
TME 693 1.67 b 2.00 bc 2.33 cde 2.50 bcd 2.50 abcd
Idilerou 1.83 ab 2.50 a 2.66 abc 2.33 cde 2.17 cdef
Petit manioc 1.00 d 1.83 c 2.50 bcd 2.50 bcd 2.83 ab
Adjatidaho 1.00 d 1.83 c 2.33 cde 2.33 cde 2.17 cdef
TMS 92/0326 1.50 bc 2.00 bc 2.17 def 2.17 def 2.50 ef
Sanigali 1.00 d 1.33 d 2.00 efg 2.17 def 2.17 cdef
Ntollo 1.00 d 1.33 d 2.00 efg 2.00 ef 2.17 cdef
Excel 1.00 d 1.33 d 1.83 fgh 1.83 f 1.83 efg
Oboul doux 1.00 d 1.00 d 1.83 fgh 1.83 f 2.33 bcde
TME 419 1.00 d 1.00 d 1.67 ghi 2.00 ef 2.00 def
Agblehoundo 1.00 d 1.00 d 1.17 jk 2.00 ef 1.90 efg
TMS 92/0057 1.00 d 1.00 d 1.50 hij 1.83 f 2.00 def
Ayene Abong-Mbong 1.17 cd 1.17 d 1.33 ijk 1.33 g 1.67 fg
TMS 01/1086-55 1.00 d 1.00 d 1.83 fgh 1.83 f 1.83 efg
92B/0057 1.00 d 1.00 d 1.50 hij 1.83 f 2.00 def
BEN/86052 1.00 d 1.00 d 1.17 jk 1.83 f 1.83 efg
TMS01/0098 1.00 d 1.00 d 1.00 k 1.00 g 1.00 h
TME7 1.00 d 1.00 d 1.00 k 1.00 g 1.00 h
Atinwewe 1.00 d 1.00 d 1.00 k 1.00 g 1.00 h
Agric-rouge 1.00 d 1.00 d 1.00 k 1.00 g 1.00 h
LSD 0.43 0.48 0.47 0.46 0.52
R2 0.51 0.70 0.74 0.72 0.63
F 5.49 12.59 15.54 13.45 8.88
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Different letters indicate significant differences between cultivars at P < 0.05
according to Fisher's multiple comparisons; R2 represents the coefficient of
determination; and F represents the Fisher's values. LSD represents Fisher's least
significant difference values associated with WAI.

J.A. Houngue et al. Physiological and Molecular Plant Pathology 105 (2019) 47–53

50



lacked molecular markers associated with CMD2 regardless of the
primer used. The R cultivars TMS92/0057, TMS419, Agblehoundo,
Ayene Abong-Mbong and 92B/0057 had lower CMD symptoms and
showed evidence of containing CMD2, whereas BEN86052, Excel and
TMS01/1086-55 showed lower CMD symptoms but did not appear to
contain the CMD2 gene whatever the primer (Figs. 4 and 5).

4. Discussion

The high success rate of grafting (mean values of 3.16–4.83 among
all cultivars) suggests that grafting is a good technique for transmitting
viruses and for identifying virus-resistant cassava varieties [18,19,26].
However, the success rate of grafting did not statistically differ among
cultivars and the success rate always exceeded 65%. These results were
similar to those of Wagaba et al. [18], who also obtained a high success
rate of grafting in a study of the efficiency of grafting in the transmis-
sion of viruses to cassava plants. This technique is therefore a powerful

tool for rapid selection of cassava varieties against CMD.
There were significant differences in disease severity scores among

cultivars. Cultivars that expressed the disease at 2 WAI were HS, which
supports previous work showing that among susceptible cultivars, the
first viral symptoms can occur within 2 WAI. In our study, symptoms
appeared much earlier than for Wagaba et al. [18] who found the first
symptoms 3–5 WAI. Earlier expression may be related to the high dose
of the inoculum (six diseased buds for each graft) used in our study.
Eight cultivars (Hombete, 8034, Koleahonme, Ouemenou, TME693,
Idilerou, TMS92/0326 and Ayene Abong-Mbong) presented viral
symptoms at 2 WAI; however, viral symptoms did not progress in Ayene
Abong-Mbong. The severity of CMD increased in eight cultivars that
showed symptoms at 2 WAI. Five cultivars showed symptoms by 4 WAI
and seven cultivars showed symptoms by 6 WAI. It was previously
shown that the time at which CMD symptoms manifest is not the same
in all cassava cultivars [27].

The genetic background of cultivars is believed to be the key

Fig. 2. Cassava cultivar classification for resistance to CMD based on severity scores.

Fig. 3. PCR amplification for virus indexing with the specific primers. (a) PCR amplification of African cassava mosaic virus (ACMV) coat protein with JSP1/JSP2
primers; (b) PCR amplification of East African cassava mosaic virus (EACMV) coat protein with JSP1/JSP3 primers using DNA from leaf samples of eight cultivars. The
primers approximately amplified 770 bp of coat protein of each virus. HR=highly resistant, R=Resistant, S = Susceptible, HS= highly susceptible.
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determinant in whether plants resist CMD. Thus, we sought a deeper
understanding of the strains of cassava mosaic virus inoculated to each
cultivar using molecular analyses. The primers JSP1/JSP2 and SJP1/
JSP3 were used to amplify the coat protein of ACMV and EACMV, re-
spectively. Only ACMV was identified in susceptible cultivars. It was
previously reported that mixed infections of ACMV and EACMV cause
severe disease symptoms [28,29]. A high disease severity can be caused
by synergism or pseudo-recombination of several viruses within one
plant [25,30]. The symptoms observed in the cultivars in this study may
be associated with mixed infestations of several variants of ACMV,
which could be detected by selecting specific primers in a follow-up
study. For example, Asare et al. [16] detected 2–4 variants of ACMV in
CMD-susceptible cultivars. In total, 12 cultivars were identified as re-
sistant to CMD including the known R cultivars (TME7 and TMS01/
0098). All these cultivars were further screened for resistance gene
CMD2 using their linked SSR and SCAR as markers [11,31,32].

Resistance genes to CMD have been reported in many studies
[33–35] and used in cassava breeding programs to identify resistant
cassava varieties [11,13,14,19,20]. Three resistance genes, CMD1 (re-
cessive), CMD2 (dominant) and CMD3 (QTL conferring resistance)
[11,19,36] have been used in molecular CMD resistance screening of
cassava, with CMD2 being the most widely used [32,34]. Several
markers have been linked to this resistance gene that facilitate breeding

of CMD-resistant cultivars [20,23,31]. In this study, two markers NS169
and RME1 linked to CMD2 [32,34,36] were used to confirm the pre-
sence of this resistance gene. We found that eight cultivars contained
CMD2, including the known resistant cultivars TME7 and TMS01/0098.
The surprising absence of bands related to the molecular markers as-
sociated with CMD2 in the HR cultivars Atinwewe, BEN/86052, Excel
and TMS01/1086052 suggests that the resistance of these particular
cultivars is not caused by the presence of CMD2; instead, resistance to
CMD may be conferred by other resistance genes in these cultivars
[31,32,34,36,37]. Alternatively, the lack of CMD2 in these HR cultivars
could indicate that the primers used in this study were not reliable for
CMD2 detection in these particular cultivars [23]. It is possible that the
CMD resistance in some cultivars is linked to other QTL that confer
resistance, such as CMD1 or CMD3, which were not studied here.

5. Conclusion

In this research, 24 cassava cultivars from Benin, Nigeria and
Cameroon were screened for CMD resistance. Inoculation was per-
formed by the grafting method and molecular markers linked to the
CMD2 resistance gene were used to detect potential mechanisms of
resistance. Disease symptoms were highly expressed in susceptible
cultivars and less expressed in some resistant cultivars. Of the 24

Fig. 4. PCR detection of the molecular markers associated with the CMD2 gene in highly resistant (HR) and resistant (R) cassava cultivars using the primer NS169
(SSR). The primers amplified 319 base pairs.

Fig. 5. PCR detection of the molecular markers associated with the CMD2 gene in highly resistant (HR) and resistant (R) cassava cultivars using the primer RME1
(SCAR). The primers amplified 700 base pairs.
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cassava cultivars screened against CMD, 12 cultivars were morpholo-
gically resistant. Further molecular screening of the 12 morphologically
resistant cultivars showed that eight possessed CMD2 and four did not.
This work shows that CMD2 is linked to the resistance of cassava cul-
tivars and suggests it is worth searching for other QTL that confer re-
sistance. The resistant cultivars identified in this work can help farmers
to select resistant cultivars and ultimately better control CMD damage.
These cultivars may also be prioritized for breeding programs to im-
prove CMD resistance in other cassava cultivars.

Author contributions

JAH, Z-TM, HBN, and SN designed the study; MJB and CA su-
pervised the research; JAH, GHTC and SN conducted the work; JAH
analyzed the data; JAH and MJB wrote the manuscript; JSP reviewed
article; all authors read, corrected and approved the manuscript.

Competing interests

The authors declare that they have no competing interest.

Additional materials

All data generated or analyzed during this study are included in this
published article.

Acknowledgements

The authors acknowledge the PAFROID (Partenariat inter-uni-
versitaire entre l'AFRique et l'Océan-Indien pour le Développement)
mobility program funded by the European Union. We also acknowledge
the Bill & Melinda Gates Foundation-funded WAVE (West African Virus
Epidemiology) program for additional financial assistance (Grant
number: OPP1082413). The Molecular Genetics Laboratory of
International Institute of Tropical Agriculture, Yaoundé- Cameroon
(IITA-Cameroon) team is gratefully acknowledged.

References

[1] Z. Ambang, A. Amougou, B. Ndongo, J. Nantia, L. Nyobe, Y.S.B. Ongono, Tolérance
de quelques cultivars de manioc (M. esculenta) et de l’espèce sauvage (M. glaziovii) à
la mosaïque virale africaine et à la Cercosporiose, Tropicultura 25 (2007) 140–145.

[2] G.R. Kombo, A. Dansi, L.Y. Loko, G.C. Orkwor, R. Vodouhè, P. Assogba,
J.M. Magema, Diversity of cassava (Manihot esculenta Crantz) cultivars and its
management in the department of Bouenza in the Republic of Congo, Genet.
Resour. Crop Evol. 59 (2012) 1789–1803.

[3] T. Robooni, S. Paul, M. Rob, K. Robert, Combining ability analysis of storage root
yield and related traits in cassava at the seedling evaluation stage of breeding, J.
Crop Improv. 28 (2014) 530–546.

[4] B.L. Patil, C.M. Fauquet, Cassava mosaic geminiviruses: actual knowledge and
perspectives, Mol. Plant Pathol. 10 (2009) 685–701.

[5] J.P. Legg, P. Lava Kumar, T. Makeshkumar, L. Tripathi, M. Ferguson, E. Kanju,
P. Ntawuruhunga, W. Cuellar, Cassava virus diseases: biology, epidemiology, and
management, Adv. Virus Res. 91 (2015) 85–142.

[6] V.N. Fondong, The search for resistance to cassava mosaic geminiviruses: how much
we have accomplished, and what lies ahead, Front. Plant Sci. 8 (2017) 408.

[7] C. Fauquet, M. Mayo, J. Maniloff, U. Desselberger, L. Ball, Virus Taxonomy VIIIth
Report of the International Committee on Taxonomy of Viruses, Elsevier/Academic,
London, 2005, p. 1162.

[8] IITA, Cassava Disease Surveillance Surveys, Annual Survey 2009 Maps Report Final,
International Institute for Tropical Agriculture, 2010.

[9] C. Fauquet, D. Fargette, Cassava mosaic virus/etiology, epidemiology, and control,
Plant Dis. 74 (1990) 404–411.

[10] R.J. Hillocks, J.M. Thresh, Cassava mosaic and cassava brown streak virus diseases
in Africa: a comparative guide to symptoms and aetiologies, Roots 7 (2000) 3–8.

[11] I.Y. Rabbi, M.T. Hamblin, P. Lava Kumar, M.A. Gedil, A.S. Ikpan, J.-L. Jannink,
P.A. Kulakow, High-resolution mapping of resistance to cassava mosaic gemini-
viruses in cassava using genotyping-by-sequencing and its implications for
breeding, Virus Res. 186 (2014) 87–96.

[12] G.M. Otim-Nape, M.W. Shaw, J.M. Thresh, The effects of African cassava mosaic
geminivirus on the growth and yield of cassava in Uganda, Trop. Sci. 34 (1994)
43–54.

[13] A.O. Akano, A.G.O. Dixon, C. Mba, E. Barrera, M. Fregene, Genetic mapping of a
dominant gene conferring resistance to cassava mosaic disease, Theor. Appl. Genet.
105 (2002) 521–525.

[14] E. Okogbenin, M.C.M. Porto, C. Egesi, C. Mba, E. Ospinosa, L.G. Santos, C. Ospina,
J. Marin, E. Barera, J. Gutierrez, I. Ekanayake, C. Iglesias, M. Fregene, Marker-
assisted introgression of CMD resistance in Latin American germplasm for genetic
improvement of cassava in Africa, Crop Sci. 47 (2007) 1895–1904.

[15] M. Bi, H. Aileni, P. Zhang, Evaluation of cassava varieties for cassava mosaic disease
resistance jointly by agro-inoculation screening and molecular markers, Afr. J. Plant
Sci. 4 (2010) 330–338.

[16] P.A. Asare, I.K.A. Galyuon, B. Asare, J.K. Srfo, J.P. Tetteh, Phenotypic and mole-
cular screening of cassava (Manihot esculenta Crantz) cultivars for resistance to
cassava mosaic disease, J. Gen. Mol. Virol. 6 (2014) 6–18.

[17] G.M. Rwegasira, M.E.R. Chrissie, Efficiency of non-vector methods of cassava
brown streak virus transmission to susceptible cassava plants, Afr. J. Food Agr. Nut.
Dev 15 (2015) 1684–5374.

[18] H. Wagaba, G. Beyene, C. Trembley, T. Alicai, C.M. Fauquet, N.J. Taylor, Efficient
transmission of Cassava brown streak disease viral pathogens by chip bud grafting,
BMC Res. Notes 6 (2013) 516.

[19] M. Fregene, E. Okogbenin, C. Mba, F. Angel, M.C. Suarez, J. Guitierez,
P. Chavarriaga, W. Roca, M. Bonierbale, J. Tohme, Genome mapping in cassava
improvement: challenges, achievements and opportunities, Euphytica 120 (2001)
159–165.

[20] E. Okogbenin, C.N. Egesi, B. Olasanmi, O. Ogundapo, S. Kahya, P. Hurtado,
J. Marin, A.O. Akinbo, C. Mba, H. Gomez, C. de Vicente, S. Baiyeri, M. Uguru,
F. Ewa, M. Fregene, Molecular marker analysis and validation of resistance to
cassava mosaic disease in elite cassava cultivars in Nigeria, Crop Sci. 52 (2012)
2576–2586.

[21] I. Zinga, F. Chiroleu, E. Kamba, C. Giraud-Carrier, M. Harimalala, E.K. Komba,
S. Yandia, S. Semballa, B. Reynaud, J. Dintinger, P. Lefeuvre, J.M. Lett, Field eva-
luation of the effectiveness of thermotherapy against cassava mosaic disease in
Central African Republic, Am. J. Exp. Agric. 4 (2014) 1232–1241.

[22] IITA, Cassava in Tropical Africa. A Reference Manual, Chayce Publication Services,
U.K, 1990, p. 196.

[23] Y. Lokko, E.Y. Danquah, S.K. Offei, A.G.O. Dixon, M.A. Gedil, Molecular markers
associated with a new source of resistance to the cassava mosaic disease, Afr. J.
Biotechnol. 4 (2005) 873–881.

[24] S.L. Dellaporta, J. Wood, J.B. Hisks, A plant DNA minipreparation: version II, Plant
Mol. Biol. Rep. 1 (1983) 19–21.

[25] J.S. Pita, V.N. Fondong, A. Sangare, G.W. Otim-Nape, S. Ogwal, C.M. Fauquet,
Recombination, pseudo-recombination and synergism of geminiviruses are de-
terminant keys to the epidemic of severe cassava mosaic disease in Uganda, J. Gen.
Virol. 82 (2001) 655–665.

[26] H. Vanderschuren, A. Alder, P. Zhang, W. Gruissem, Dose-dependent RNAi-medi-
ated geminivirus resistance in the tropical root crop cassava, Plant Mol. Biol. 70
(2009) 265–272.

[27] E. Bisimwa, J. Walangululu, C. Bragard, Cassava mosaic disease yield loss assess-
ment under various altitude agro-ecosystems in the Sud-Kivu region, Democratic
Republic of Congo, Tropicultura 33 (2015) 101–110.

[28] F.O. Ogbe, G.I. Atiri, D. Robinson, S. Winter, A.O. Dixon, F.M. Quin,
G. Thottappilly, First report of East African cassava mosaic begomovirus in Nigeria,
Plant Dis. 83 (1999) 398–402.

[29] S.K. Offei, M. Owuna-Kwakye, G. Thottappilly, Control of African cassava mosaic
disease incidence and severity, Trop. Sci. 36 (1999) 174–181.

[30] V.N. Fondong, J.S. Pita, C. Rey, R.N. Beachy, C.M. Fauquet, Evidence of synergism
between African cassava mosaic virus and the new double recombinant geminivirus
infecting cassava in Cameroon, J. Gen. Virol. 81 (2000) 287–297.

[31] E. Okogbenin, I. Moreno, J. Tomkins, C.M. Fauquet, G. Mkamilo, M. Fregene,
Marker-Assisted breeding for cassava mosaic disease resistance, in: R.K. Varshney,
R. Tuberosa (Eds.), Translational Genomics for Crop Breeding: Biotic Stress, vol. 1,
John Wiley & Sons Ltd., Chichester, UK, 2013, https://doi.org/10.1002/
9781118728475.ch15.

[32] G. Beyene, R.D. Chauhan, H. Wagaba, T. Moll, T. Alicai, D. Miano, J.C. Carrington,
N.J. Taylor, Loss of CMD2-mediated resistance to cassava mosaic disease in plants
regenerated through somatic embryogenesis, Mol. Plant Pathol. 17 (2016)
1095–1110.

[33] R.S. Kawuki, A. Pariyo, T. Amuge, E. Nuwamanya, G. Ssemakula, S. Tumwesigye,
A. Bua, Y. Baguma, C. Omongo, T. Alicai, J. Orone, A breeding scheme for local
adoption of cassava (Manihot esculenta Crantz), J. Plant Breed Crop Sci. 3 (2011)
120–130.

[34] P. Kuria, M. Ilyas, E. Ateka, D. Miano, J. Onguso, J.C. Carrington, N.J. Taylor,
Differential response of cassava genotypes to infection by cassava mosaic gemini-
viruses, Virus Res. 227 (2017) 69–81.

[35] R.S. Bart, N.J. Taylor, New opportunities and challenges to engineer disease re-
sistance in cassava, a staple food of African small-holder farmers, PLoS Pathog. 13
(2017) e1006287.

[36] Y. Lokko, E. Okogbenin, C. Mba, A. Dixon, A. Raji, M. Fregene, Cassava, C. Kole
(Ed.), Genome Mapping and Molecular Breeding in Plants, Pulses, Sugar and Tuber
Crops, Springer-Verlag Berlin Heidelberg, 2007, pp. 249–269.

[37] W. Fredt, F. Oerdon, Molecular markers for gene pyramiding and disease resistance
breeding in barley, in: R.K. Varshney, R. Tuberosa (Eds.), Genomics-assisted Crop
Improvement, vol. 2, Genomics Applications in Crops. Springer, Berlin, Germany,
2007, pp. 81–101.

J.A. Houngue et al. Physiological and Molecular Plant Pathology 105 (2019) 47–53

53

http://refhub.elsevier.com/S0885-5765(18)30151-6/sref1
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref1
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref1
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref2
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref2
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref2
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref2
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref3
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref3
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref3
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref4
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref4
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref5
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref5
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref5
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref6
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref6
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref7
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref7
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref7
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref8
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref8
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref9
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref9
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref10
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref10
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref11
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref11
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref11
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref11
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref12
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref12
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref12
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref13
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref13
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref13
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref14
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref14
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref14
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref14
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref15
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref15
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref15
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref16
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref16
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref16
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref17
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref17
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref17
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref18
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref18
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref18
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref19
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref19
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref19
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref19
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref20
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref20
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref20
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref20
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref20
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref21
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref21
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref21
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref21
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref22
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref22
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref23
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref23
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref23
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref24
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref24
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref25
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref25
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref25
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref25
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref26
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref26
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref26
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref27
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref27
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref27
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref28
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref28
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref28
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref29
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref29
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref30
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref30
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref30
https://doi.org/10.1002/9781118728475.ch15
https://doi.org/10.1002/9781118728475.ch15
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref32
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref32
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref32
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref32
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref33
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref33
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref33
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref33
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref34
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref34
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref34
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref35
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref35
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref35
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref36
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref36
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref36
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref37
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref37
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref37
http://refhub.elsevier.com/S0885-5765(18)30151-6/sref37

	Evaluation of resistance to cassava mosaic disease in selected African cassava cultivars using combined molecular and greenhouse grafting tools
	Introduction
	Materials and methods
	Plant material
	Source of inoculum
	Experimental design
	CMD severity in cassava cultivars
	Classification of cassava cultivars for resistance to CMD
	Virus and resistance gene identification in cassava cultivars
	DNA isolation
	Virus indexing by PCR
	Molecular resistance screening

	Statistical analysis

	Results
	Graft success rate
	Severity of CMD
	Classification of cassava cultivars for resistance to CMD
	Virus detection in cassava cultivars
	Molecular screening

	Discussion
	Conclusion
	Author contributions
	Competing interests
	Additional materials
	Acknowledgements
	References




