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Cassava plays a key role in the food security and economy of Cameroon, but its production is constrained by
cassava mosaic disease (CMD). However, comprehensive surveys of CMD in Cameroon have been lacking. This
study aimed at evaluating the current status of CMD and its whitefly vector. Field surveys were conducted in
2020 using a sampling, diagnostics and data storage protocol that has been harmonized across 10 West and
Central African countries for ease of comparison. Thirty plants per field were assessed for CMD severity, whitefly
abundance and source of infection. Surveys were conducted in 343 fields and confirmed the presence of CMD in
all 10 regions of Cameroon. Among the 10,057 assessed plants, 33.07% were deemed healthy (asymptomatic). At
the field level, only 6.7% fields were found to be healthy. The mean CMD incidence across the country was
66.93%, and the mean severity score was 2.28. The main mode of infection was likely through contaminated
cuttings. The mean whitefly count per plant was 5.78. This study is the first countrywide survey of CMD in
Cameroon and provides insights that can be useful for improving the country’s CMD intervention and man-

Bemisia tabaci
Cassava mosaic geminiviruses
Cassava database

agement strategies.

1. Introduction

Cassava viruses threaten food security and income for millions of
Africans who depend on cassava (Manihot esculenta) and cassava prod-
ucts for their food and livelihood. Cassava mosaic disease (CMD) and
cassava brown streak disease are the two most important constraints
affecting cassava production in Africa (Legg et al., 2014a; Patil et al.,
2015). In Cameroon, cassava is cultivated in all 10 regions of the
country, the largest producers being East, Centre and South Regions
(Njukwe et al., 2013; INS, 2017), but the presence of CMD is a constraint
in all cassava-growing areas (Akinbade et al., 2010). The disease is
caused by cassava mosaic geminiviruses (CMGs), which are gem-
iniviruses of the genus Begomovirus, family Geminiviridae. Out of the nine
CMG species found in Africa (Soro et al., 2021), previous studies
confirmed the occurrence of African cassava mosaic virus (ACMV), East
African cassava mosaic Cameroon virus (EACMCV) and East African
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cassava mosaic virus (EACMV) in CMD etiology in Cameroon (Fondong
et al.,, 2000; Akinbade et al., 2010). The Ugandan variant of EACMV
(EACMV-UG), a very virulent recombinant strain responsible for the
severe CMD epidemics in East and Central Africa, was also reported in
Cameroon, in the East Region (Akinbade et al., 2010). These CMG spe-
cies and strains frequently occur in mixed infections and their synergy
results in more severe crop symptoms (Fondong et al., 2000; Chikoti
et al., 2019).

The CMGs are transmitted by members of the cryptic whitefly species
complex Bemisia tabaci (Gennadius) (Aleyrodidae: Hemiptera). The vi-
ruses are spread through infected cuttings originating from diseased
plants and used as planting material or by infected whiteflies feeding on
the plants (Zinga et al., 2013; Legg et al., 2014b; MacFadyen et al.,
2018). In addition to its ability to transmit CMGs and cassava brown
streak viruses (Maruthi et al., 2017), B. tabaci also damages cassava
through direct feeding which causes chlorotic mottling and twisting or
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curling, particularly on upper leaves (Bellotti and Arias, 2001; Legg
et al., 2014b). They produce honeydew that falls onto the lower leaves,
leading to black sooty mold colonization and the subsequent reduction
of photosynthesis (Bellotti and Arias, 2001; Legg et al., 2014b).

Symptoms of CMD are generally visible on the leaves, and their
extent may vary according to the virus species or strain, the environment
and the cassava plant host (Legg and Thresh, 2003). Infected plants
express a range of symptoms and the most typical consist of a yellow or
pale green chlorotic mottling on leaves, commonly accompanied by
distortion and crumpling (Fauquet and Fargette, 1990; Legg and Thresh,
2003). In the case of mild symptoms, leaf chlorosis, leaf distortion or
malformation may be absent on some leaves. Severe symptoms are
associated with plant stunting, or necrosis and shriveling of petioles
(Fauquet and Fargette, 1990; Legg and Thresh, 2003).

Cameroon’s economy remains highly dependent on its agricultural
sector, which employs about 60% of the national active labor force (Abia
et al., 2016; INS 2017). Agriculture contributes around 15.33% to the
gross domestic product and 24.49% of merchandise exports (Mouafor
et al., 2016). The current government strategy for agricultural devel-
opment revolves around a more intensive-based agricultural sector,
which is stimulated by dynamic and growth-generating value chains
that provide employment — this includes cassava. Even though cassava is
produced mostly by smallholders in Cameroon, the country produced
about 4,858,329 tonnes of cassava in 2020, placing the country 13th in
the world for its contribution of about 1.6% of world production
(FAOSTAT, 2020). In 2020, the extent of cassava cultivation was almost
329,371 ha (FAOSTAT, 2020) with an average yield of 14.75 t/ha.
Cassava is also used as a source of income generation. It provides higher
income to growers well over that for rice and maize, its two major
competitors in Cameroon (Mvodo and Liang, 2012).

Cassava yields in Cameroon are low, based on the cultivated areas
and the existence of suitable climate conditions. Productivity could be
increased if improved varieties, disease-free planting materials, and
good management practices were used. As indicated by Akinbade et al.
(2010) and Tize et al. (2021), CMD is a serious constraint to cassava
production, leading to heavy yield losses. Cassava is grown in a wide
range of regions in Cameroon — from the equatorial rainforest in the
south to the subtropical semi-arid in the north — thus, cassava variety,
variation of cultural practices and environmental factors at different
sites may have a bearing on CMD incidence and severity and the vector
abundance. Good quality survey data for CMD are still lacking in
Cameroon. To our knowledge, the last published surveys conducted by
the International Institute of Tropical Agriculture focused only on the
virus diagnosis in the Centre, South and East Regions (Akinbade et al.,
2010). However, countrywide surveys coupled with the use of an effi-
cient data collection method are needed to provide recommendations
for the control initiatives and effective management of cassava virus
diseases.

Therefore, this study aimed to analyze the current status of CMD and
its whitefly vector in Cameroon. It was carried out under the project
Central and West African Virus Epidemiology (WAVE) for food security.
The WAVE program addresses virus diseases that infect cassava, yams
and sweet potato by empowering smallholder farmers and appropriate
stakeholders with appropriate technologies to better manage these dis-
eases in 10 countries across West and Central Africa, including
Cameroon. We conducted field surveys in all cassava-growing areas in
Cameroon, determined the CMD incidence, severity and whitefly
numbers, as well as possible relationships between associated-CMD
variables (incidence, severity and vector abundance), and field alti-
tude using a comprehensive, multi-dimensional cassava database.

2. Materials and methods
2.1. Location

Administratively Cameroon is divided into 10 regions and 58
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divisions which can also be distinguished by dominant climatic and
vegetative features (Table 1).

2.2. Survey

Using WAVE’s harmonized sampling methods and standardized
diagnostic protocols (Sseruwagi et al., 2004; Eni et al., 2021; Soro et al.,
2021), field surveys were conducted in all 10 regions of Cameroon
(Fig. 1). This involved collecting data and samples (cassava leaves and
whitefly vector) from cassava plants at 3-6 months after planting. A
total of 343 fields were randomly chosen and surveyed from the 10
regions.

The survey route was along marked roads to villages, and fields
within the villages were sampled. Distances between survey sites varied
depending on the availability of cassava farms in each area but the
minimum distance was generally 20-30 km. Before entering farms,
verbal permission to enter and work in their fields was requested by the
survey team from the field owners or their representatives.

2.3. Data recording and storage

At each survey site, data were recorded using a tablet with the survey
software iForm Zerion (version 9.1.6) developed by the University of
Cambridge, UK’s Epidemiological Modelling Group. Data recorded at
each site comprised the name and administrative unit of the locality,
geographical coordinates (latitude and longitude), altitude of sampling
sites, the CMD symptoms observed, and whitefly counts. Additional
information on cassava variety, date and time, field size, planting type
and distance between surveyed fields was also recorded. The recorded
data were uploaded to iForm’s cloud-based database and then integrated
into the WAVE Cube - the latter is a novel, multi-dimensional database
for the storage of cassava data that was developed specifically for cas-
sava data storage within the WAVE program.

A total of 30 cassava plants were assessed along 2 diagonals in an X
shape (15 plants chosen randomly on each diagonal). The distance be-
tween plants assessed varied depending on the size of the field (0.3-2
ha). On each selected plant, observations were made on CMD severity,
whitefly abundance and where the plant was infected — the source of
infection was determined as either from cuttings or by the vector.

The severity of the symptoms was recorded using the standard scale
of 1-5: 1 = No symptoms; 2 = Mild chlorotic pattern on entire leaflets
with no leaf distortion or size reduction of leaflets; 3 = Strong mosaic
pattern on the entire leaf, with some distortion of lower one-third of

Table 1
Description of regions of Cameroon.
Region Average Average mean Annual Predominant
rainfall temperature relative agro-ecological
(mm) Q) humidity (%)  zone
Far-North ~ 717.49 28.18 52 I
North 1155.72 26.51 52 I
Adamawa 1508.35 23.36 59 I
East 1552.58 24.31 84 \
West 1949.45 22.70 87 111
North- 1897.01 23.01 87 111
West
Littoral 2371.29 25.93 87 v
South- 2362.54 25.12 87 v
West
South 1861.32 24.59 84 \
Centre 1700.45 24.62 84 A%

Observed average annual rainfall and mean temperature were for the period
1991-2020 (Harris et al., 2020).

Source (average humidity): https://www.timeanddate.com, accessed March 29,
2022.

1 = Sudano-Sahelian, II = High Guinea Savannah, IIIl = Western Highlands, IV =
Humid Forest (monomodal rainfall), V = Humid Forest (bimodal rainfall).


https://www.timeanddate.com
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Fig. 1. Regions and field locations surveyed in Cameroon.

leaflets, no size reduction; 4 = Severe mosaic distortion of two-thirds of
leaflets and general reduction in leaf size; and 5 = Very severe symp-
toms, including severe chlorosis, leaves distortion and plant stunting
(Hahn et al., 1980).

The CMD incidence was calculated as the percentage of CMD-
symptomatic plants out of the total plants assessed. The incidence was
then visually categorized into five percentage bands: fields with 0 inci-
dence were recorded as Healthy; >0-25% as Low incidence; >25-50% as
Medium incidence; >50-75% as High incidence; and >75-100% as Very
High incidence.

The whitefly population was estimated by counting the number of
whiteflies on the top five fully expanded leaves of each plant. The mean
of whiteflies per plant was calculated as the total number of whiteflies
recorded on 30 plants divided by 30. About 100 adult whiteflies per
surveyed field were collected randomly from cassava plants and stored
in screw cap Eppendorf tubes containing 90% ethanol. Tubes were
labeled and sealed with parafilm. The whitefly samples will be used later

for vector biotyping, which is beyond the scope of this study.

The source of infection was determined according to Sseruwagi et al.
(2004): whitefly-derived infections cause disease symptoms only on the
upper leaves, whereas cutting-derived infections also cause symptoms
on the lowest first formed leaves.

At each field, samples of cassava leaves displaying different severity
scores (mild symptoms, severe symptoms and, if possible asymptomatic
from healthy plants) were collected and conserved in a plant press.
Collected leaf samples were labeled with barcodes for later use in virus
characterization.

2.4. Data visualization and analysis

Data from the WAVE Cube can be accessed for examination at
various levels: field, division, region and country. The data can be
selected and visualized in different formats, e.g. table, graph or histo-
gram. Maps can be generated using Microsoft’s PowerBI modeling tool
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using the coordinates recorded in the Cube.

Statistical analyses were performed using SPSS software (version 25
for Windows, SPSS Inc., Chicago, IL, USA). Pairwise correlations be-
tween variables were examined using Spearman’s rank correlation an-
alyses. The map of Cameroon showing the regions and geographical
distribution of the surveyed fields was developed using ArcGIS version
10.8.1.

3. Results
3.1. CMD status in surveyed fields

At the plant level, 3326 out of 10,057 assessed plants were healthy
(asymptomatic) and received a score of 1. The highest severity score (5)
was recorded on only 23 plants. There were 5111 plants assigned a
severity score of 2, which was the most frequently observed severity
score (Table 2).

Out of 343 fields, 23 were characterized as healthy, and received a
score of 0. Although these fields were scattered across the country, nine
were in the North Region and eight in the Adamawa Region. Two
healthy fields were in the East Region, and a single field was located in
each of the Centre, Littoral, West and South Regions. However, the mean
CMD incidence across the country was 66.93%, which is considered
high. This likely resulted from many of the fields having high incidence
scores, with 181 fields showing incidence scores exceeding 75% (Fig. 2).
A weak, positive correlation was found between CMD incidence and
severity score (P < 0.01) (Table 3).

The mean CMD incidence ranged from 30% for the North Region to
89.14% for the South Region (Table 4). The low CMD incidence of the
North was likely because this region had the highest number of healthy
fields, and all four divisions surveyed in this region had an incidence
below 37.67%. Nonetheless, among all divisions, the lowest CMD inci-
dence of 6.60% was recorded for Faro et Deo Division in the Adamawa
Region. The very high CMD incidence for the South Region was
consistent among divisions in this region. In contrast, among all di-
visions, the highest mean CMD incidence (100%) was recorded for
Nyong et Mfoumou (Centre), Bamboutos (West) and Menchum (North-
West).

The mean CMD severity across the country was 2.28. The West Re-
gion had the lowest mean CMD severity (2.06). This is unsurprising
because three divisions out of the four (Bamboutos, Menoua and Mifi)
with the lowest CMD severity mean (2) were located in the West Region.
Bui in the North-West Region was the only division not in the West
Region that displayed the lowest CMD severity mean. Although the Far-
North was the region with the highest mean CMD severity (2.81), Ngo-
Ketunjia, the division with highest severity mean (3.0) was located in
the North-West Region.

3.2. Whitefly population

Mean whitefly counts varied with survey site (Table 4). The mean
whitefly count per plant across the country was 5.78. At the regional
level, the mean whitefly count varied from 1.97 in the Far-North Region
to 20.6 in the North-West Region. However, greater variation was
observed among divisions. The highest whitefly mean count of 48.63

Table 2
Number of plants for CMD severity scores and infection sources.

Severity Number of Cutting-derived Whitefly-derived
scores plants infection infection
Severity 1 3326 - -

Severity 2 5111 4817 294

Severity 3 1373 1272 101

Severity 4 224 197 27

Severity 5 23 15 8

Total 10,057 6301 430
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Table 3
Pairwise Spearman rank correlation coefficients r; (normal text) and P-values
(italics).

Parameters CMD CMD Whitefly Altitude
incidence severity abundance

CMD incidence 1 0.303** 0.278** —0.104
. 0.000 0.000 0.055

CMD severity . 1 0.014 —0.024
0.792 0.656

Whitefly .. .. 1 —0.263**

abundance - e . 0.000
Altitude . .. .. 1

** significant at P < 0.01 (two-tailed), n = 343.

was recorded for Nkam Division (Littoral Region) while Faro et Deo in
the Adamawa Region had the lowest mean (0.29). Field-level data
showed four fields with whitefly counts higher than 50 located in the
Littoral, South-West and North-West Regions. The field with the highest
whitefly mean count per plant of 297 was located in the Littoral Region
(Supplementary material 1).

3.3. Relationship between whitefly populations and other variables

Whitefly counts had weak, positive correlations (P < 0.01) with CMD
incidence (Table 3). The lowest whitefly count was observed in healthy
fields, and CMD incidence increased with increasing whitefly counts
(Fig. 3). The highest whitefly mean count of 7.14 was recorded in fields
within the very high CMD incidence band.

Although there were no correlations between CMD severity and
whitefly abundance (P = 0.792) (Table 3), the highest whitefly mean
count (7.69) was recorded on plants with CMD severity score of 2
(Fig. 4). As CMD severity increased, the whitefly population gradually
decreased. The lowest whitefly mean count (2.65) was recorded on
plants with the highest severity score.

Surveyed fields were located at different altitudes varying from the
coastal regions at 0 m above sea level (ASL) up to the Western Highlands
at 1703 m ASL (Supplementary material 1). Statistical analysis revealed
a significant weak negative correlation between altitude and whitefly
abundance (P < 0.01) (Table 3).
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Table 4 Table 4 (continued)
Number of surveyed fields per region, CMD severity, CMD incidence and Region Number Division CMD CMD Whitefly
whitefly number (by division, within region). of fields severity incidence number
Region Number Division CMD CMD Whitefly mean mean
of fields severity incidence number Haut Nkam 2.17 46.00 373
mean mean Menoua 2.00 35.00 4.48
Adamawa 50 2.31 54.07 4.41 Mifi 2.00 23.33 2.33
Djerem 2.27 57.04 5.57 Ndé 2.11 76.67 4.23
Faro et Deo 2.08 6.60 0.29 Noun 2.03 68.89 1.49
Mayo- 2.13 61.67 0.49 Mean 343 2.28 66.93 5.78
Banyo

At region or division levels, CMD severity mean: sum of all plant severity values

Mberé 2.46 72.42 13.55 .
Vina 2,32 55.56 0.89 greater than 1 out of the count of infected plants.
Centre 67 2.35 81.69 3.60 CMD incidence mean: percentage of the total count of infected plants out of total
Haute- 2.72 74.81 1.87 count of plants.
Sanaga Whitefly number: mean number of whitefly per plant.
Lekié 2.43 89.91 1.39
Mbam et 2.35 92.22 2.35
Inoubou
Mbam et 2.10 61.85 6.74 8
Kim 7 —F—
Mefou et 2.41 98.33 2.00 5
Afamba < 6
Mefou et 2.21 96.67 1.65 g —
Akono i 5
Nyong et 2.21 90.00 4.56 § 4
Kéllé =
Nyong et 2.37 100.00 2.12 3
Mfoumou %
NyongetSo  2.46 95.24 3.30 s 2
East 56 2.44 60.55 4.02 1
Boumba et 2.42 73.33 3.01 |+|
Ngoko 0
Haut-Nyong 2.43 60.21 3.00 0 (Healthy) >0-25% >25-50% >50-75% >75-100%
Kadei 2.36 69.26 4.07 (Low) (Medium) (High) (Very high)
Lom et 2.52 49.12 5.45
Djerem CMD incidence band
Far-North 14 2.81 39.85 1.97
?;Zr:::zt 3?3 ?gzg 1;2 Fig. 3. Mean number of whiteflies per plant by CMD incidence band. Bars
Chari represent standard error of mean (SEM).
Mayo- 2.50 13.33 2.90
Danay
Mayo-Sava 2.83 40.00 1.20
Mayo- 2.56 45.00 3.13
Tsanaga
Littoral 26 2.23 80.61 17.77 9
Moungo 2.15 52.11 6.79
Nkam 2.19 86.19 48.63 5 8 e
Sanaga- 2.30 96.33 5.05 o
Maritime g 7
Wouri 2.04 86.67 6.90 a 6
North 33 2.28 30.00 2.18 =
Bénoué 2.29 37.67 5.33 Q5 ——
Faro 2.36 12.22 2.06 =
Mayo-Louti  2.32 36.67 2.98 z 4
Mayo-Rey 2.25 27.96 0.37 g 3
North- 7 2.28 89.01 20.60 %’ -
West 2
Bui 2.00 70.00 3.03
Menchum 2.03 100.00 6.33 1
Momo 2.40 91.67 28.89
Ngo- 3.00 50.00 1.00 0
Ketunjia Severity 1 Severity 2 Severity 3 Severity 4 Severity 5
South 54 2.13 89.14 4.78
DjaetLobo  2.10 84.96 3.88 CMD severity
Mvila 2.08 97.96 3.82
Ocean 2.18 89.41 6.44
\1\]121: du 212 90.37 370 Fig. 4. Mean number of whiteflies per plant within each CMD severity cate-
South- 16 2.10 73.68 19.45 gory. Bars represent SEM.
West
Fako 2.05 48.22 9.02 3.4. Source of CMD infection
Manyu 2.10 95.33 18.81
West 20 Meme 2(1)2 23::2 ;3727 The visual assessment showed that the main mode of CMD infection

Bamboutos 2.00 100.00 2.73 was through contaminated cuttings (Table 2). This accounted for
approximately 93.6% of diseased plants across all surveyed areas.



O. Doungous et al.

Infection of the remaining diseased plants (6.4%) may have been caused
by the insect vector B. tabaci.

4. Discussion

This study is the first countrywide survey of CMD in Cameroon. The
high mean CMD incidence in the country may be associated with many
factors. Most farmers still use low-yield local landraces that are highly
susceptible to CMD, and often do not follow good management prac-
tices. This is unsurprising since most farmers do not consider CMD a
serious constraint (Poubom et al., 2005), or do not know the cause or the
vector of the disease, as also reported in other African countries (Chikoti
et al., 2016; Houngue et al., 2018).

A few healthy farms were found, mostly in the North and Adamawa
Regions. The Adamawa, North and Far-North Regions generally had low
CMD incidence and severity compared to the other regions. The low
level of CMD found may be because farmers in these regions have
benefited from and adopted improved varieties. Fotso et al. (2018)
showed in field experiments that these varieties had less than 16% CMD
infection across different environments of Cameroon. The intensifica-
tion of cassava cultivation in these regions is recent compared to the
other regions (Kegah et al., 2018). As these farmers cultivate cassava in
large areas, this required substantial investment that often leads to
adoption of better management practices against cassava pests and
diseases.

In this survey, the adult whitefly numbers per plant averaged 5.78.
This figure is higher than those recently reported in Ghana (Oppong
et al., 2021) and Burkina Faso (Soro et al., 2021). The high whitefly
population could be attributed to the differences in factors such as
cassava cultivars, whitefly genotypes, cultural practices, or climate
change that have been reported to affect whitefly infestation on cassava
(Uzokwe et al., 2016; MacFadyen et al., 2018; Mugerwa et al., 2019;
Kriticos et al., 2020; Kalyebi et al., 2021).

At the regional level, whitefly counts in the South-West, North-West
and Littoral Regions were higher than those of the other regions. The
high whitefly population in these regions could be partly due to the
common cultivation of improved varieties, which have been shown to
attract more whiteflies compared to local landraces (Omongo et al.,
2012; Kalyebi et al., 2018; Doungous et al., 2021). Moreover, for the
Littoral and South-West Regions, the high whitefly abundance could also
be related to their high relative humidity and low altitude as these re-
gions are close to the Atlantic Ocean. Whitefly counts decreased with
increasing altitude, as also reported in Madagascar and Tanzania by
Harimalala et al. (2015) and Szyniszewska et al. (2017), respectively. In
the North and Far-North regions, the relative humidity is lower, and the
annual mean temperature is higher compared to the other regions,
which may be one of the reasons whitefly abundance was lower. Katono
et al. (2021) showed that high temperature and low relative humidity
had a negative effect on B. tabaci abundance on cassava.

Although cutting-derived infection was higher compared to whitefly-
derived infection, there was a positive correlation between whitefly
presence and disease incidence. Therefore, the absence of whiteflies in
the North (Leunda, Poli and Toubaka) and Adamawa (Djalingole, Mayo
Baleo and Woulde) Regions and the very low whitefly counts recorded in
the remaining healthy farms may contribute to the absence of CMD
symptoms. However, the lowest whitefly mean count was recorded on
plants with the highest severity score. This could be because virus-
infected cassava leaves may be repellent to or present an unattractive
environment for whitefly settling as it has been reported in other sys-
tems (Wamonje et al., 2020).

Our data highlighted counts of more than 50 adult whiteflies per
plant in some surveyed fields. This is alarming since epidemics of CMD
and other cassava diseases in Uganda, parts of western Kenya and north-
western Tanzania have been associated with similar whitefly pop-
ulations on cassava (Colvin et al., 2004; Legg et al., 2014b; Mugerwa
et al., 2021).

Crop Protection 158 (2022) 106017

This first countrywide study demonstrates that CMD is widely
distributed in Cameroon and that the main source of dissemination is
through infected cuttings. To better manage CMD and improve cassava
productivity, there is a need for an integrated strategy based on multi-
plication, distribution, and adoption of improved resistant or tolerant
cassava planting materials for local farmers, training of farmers on
recognition of the disease and use of healthy cuttings when establishing
new plots. The high whitefly count and the exchanges of contaminated
planting materials by farmers between regions and countries provide
suitable conditions for introduction and expansion of virulent CMG
species or strains leading to a pandemic of severe CMD. Future efforts
should aim to characterize the viruses and vectors, reinforce phytosa-
nitary and quarantine measures, and implement a frequent surveillance
or monitoring program to prevent the spread of CMD and to minimize its
impact in order to mitigate possible outbreaks.

Data availability statement

The data supporting the findings of this study are available from the
corresponding author upon request.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors are very grateful to farmers and colleagues for their
assistance during the field surveys. This work was supported, in whole,
by the Bill & Melinda Gates Foundation (BMGF), United States and the
United Kingdom Foreign, Commonwealth & Development Office
(FCDO) under grant number OPP1212988/INV-002969 to the Central
and West African Virus Epidemiology (WAVE) Program for root and
tuber crops — through a subgrant from Université Félix Houphouét-
Boigny (UFHB) to the Institute of Agricultural Research for Development
(IRAD). The WAVE Cube multi-dimensional database was developed by
Scriptoria Sustainable Development Solutions (UK) with funding under
grants from BMGF to the AgShare.Today program (OPP1138946) and
from BMGF and FCDO to the ACES program (INV-003892). Under the
grant conditions of the Foundation, a Creative Commons Attribution 4.0
Generic License has already been assigned to the Author Accepted
Manuscript that might arise from this submission.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cropro.2022.106017.

References

Abia, W.A., Shum, C.E., Fomboh, R.N., Ntungwe, E.N., Ageh, M.T., 2016. Agriculture in
Cameroon: proposed strategies to sustain productivity. Int. J. Res. Agric. Food Sci. 2,
1-12.

Akinbade, S.A., Hanna, R., Nguenkam, A., Njukwe, E., Fotso, A., Doumtsop, A., Ngeve, J.,
Tenku, S.T.N., Lava Kumar, P., 2010. First report of the East African cassava mosaic
virus-Uganda (EACMV-UG) infecting cassava (Manihot esculenta) in Cameroon. New
Dis. Rep. 21, 22.

Bellotti, A.C., Arias, B., 2001. Host plant resistance to whiteflies with emphasis on
cassava as a case study. Crop Protect. 20, 813-823.

Chikoti, P.C., Melis, R., Shanahan, P., 2016. Farmer’s perception of cassava mosaic
disease, preferences and constraints in Lupaula province of Zambia. Am. J. Plant Sci.
7,1129-1138.

Chikoti, P.C., Mulenga, R.M., Tembo, M., Sseruwagi, P., 2019. Cassava mosaic disease: a
review of a threat to cassava production in Zambia. J. Plant Pathol. 101, 467-477.

Colvin, J., Omongo, C.A., Maruthi, M.N., Otim-Nape, G.W., Thresh, J.M., 2004. Dual
begomovirus infections and high Bemisia tabaci populations: two factors driving the
spread of a cassava mosaic disease pandemic. Plant Pathol. 53, 577-584.



https://doi.org/10.1016/j.cropro.2022.106017
https://doi.org/10.1016/j.cropro.2022.106017
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref1
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref1
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref1
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref2
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref2
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref2
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref2
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref3
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref3
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref4
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref4
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref4
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref5
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref5
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref6
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref6
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref6

O. Doungous et al.

Doungous, O., Khatabi, B., Hanna, R., Tchuanyo, M., Kuate, A.F., Fondong, V.N., 2021.
Acibenzolar-S-methyl induces resistance against cassava mosaic geminiviruses in
Nicotiana benthamiana and their vector Bemisia tabaci in cassava (Manihot esculenta).
Crop Protect. 150, 105795.

Eni, A.O., Efekemo, O.P., Onile-ere, O.A., Pita, J.S., 2021. South West and North Central
Nigeria: assessment of cassava mosaic disease and field status of African cassava
mosaic virus and East African cassava mosaic virus. Ann. Appl. Biol. 178, 466-479.

FAOSTAT, 2020. FAO. Online statistical database: food balance. FAOSTAT (accessed
March 15, 2022). http://fao.org/faostat/fr/#data/QCL/vivualiz.

Fauquet, C., Fargette, D., 1990. African cassava mosaic virus: etiology, epidemiology,
and control. Plant Dis. 74, 404-411.

Fondong, V.N., Pita, J.S., Rey, M.E.C., de Kochko, A., Beachy, R.N., Fauquet, C.M., 2000.
Evidence of synergism between African cassava mosaic virus and a new double-
recombinant geminivirus infecting cassava in Cameroon. J. Gen. Virol. 81, 287-297.

Fotso, A.K., Hanna, R., Kulakow, P., Parkes, E., Iluebbey, P., Ngome, F.A., Suh, C.,
Massussi, J., Choutnji, I., Wirnkar, V.L., 2018. AMMI analysis of cassava response to
contrasting environments: case study of genotype by environment effect on pests and
diseases, root yield, and carotenoids content in Cameroon. Euphytica 214, 155-167.

Hahn, S.K., Terry, E.R.T., Leuschner, K., 1980. Breeding cassava for resistance to cassava
mosaic disease. Euphytica 29, 673-683.

Harimalala, M., Chiroleu, F., Giraud-Carrier, C., Hoareau, M., Zinga, I.,
Randriamampianina, J.A., Velombola, S., Ranomenjanahary, S., Andrianjaka, A.,
Reynaud, B., Lefeuvre, P., Lett, J.-M., 2015. Molecular epidemiology of cassava
mosaic disease in Madagascar. Plant Pathol. 64, 501-507.

Harris, 1., Osborn, T.J., Jones, P., Lister, D., 2020. Version 4 of the CRU TS monthly high-
resolution gridded multivariate climate dataset. Sci. Data 7, 109.

Houngue, J.A., Pita, J.S., Cacai, G.H.T., Zandjanakou-Tachin, M., Abidjo, E.A.E.,
Ahanhanzo, C., 2018. Survey of farmers’ knowledge of cassava mosaic disease and
their preferences for cassava cultivars in three agro-ecological zones in Benin.

J. Ethnobiol. Ethnomed. 14, 29.

INS, 2017. Agriculture. In: Annuaire statistique du Cameroun. Institut National de la
Statistique, Cameroun, pp. 184-207. Edition 2017.

Kalyebi, A., Macfadyen, S., Parry, H., Tay, W.T., De Barro, P., Colvin, J., 2018. African
cassava whitefly, Bemisia tabaci, cassava colonization preferences and control
implications. PLoS One 13, e0204862.

Kalyebi, A., Macfadyen, S., Hulthen, A., Ocitti, P., Jacomb, F., Tay, W.T., Colvin, J., De
Barro, P., 2021. Within-season changes in land-use impact pest abundance in
smallholder African cassava production systems. Insects 12, 269.

Katono, K., Macfadyen, S., Omongo, C.A., Odong, T.L., Colvin, J., Karungi, J., Otim, M.
H., 2021. Influence of cassava morphological traits and environmental conditions on
field populations of Bemisia tabaci. Insects 12, 604.

Kegah, F.N., Tchuente, H.N.T., Ndjouenkeu, R., 2018. State of knowledge on gari in
Cameroon. In: Food Science & Market. Ngaoundere (Cameroon). RTBfoods Project
Report.

Kriticos, D.J., Darnell, R.E., Yonow, T., Ota, N., Sutherst, R.W., Parry, H.R., Mugerwa, H.,
Maruthi, M.N., Seal, S.E., Colvin, J., Macfadyen, S., Kalyebi, A., Hulthen, A., De
Barro, P.J., 2020. Improving climate suitability for Bemisia tabaci in East Africa is
correlated with increased prevalence of whitifies and cassava diseases. Sci. Rep. 10,
22049.

Legg, J.P., Thresh, J.M., 2003. Cassava virus diseases in Africa. In: Proceedings of a
Conference on Plant Virology in Sub Saharan Africa, 4-8 June 2001. Ibadan, Nigeria,
pp. 517-522.

Legg, J.P., Somado, E.A., Barker, 1., Beach, L., Ceballos, H., Cuellar, W., Elkhoury, W.,
Gerling, D., Helsen, J., Hershey, C., Jarvis, A., Kulakow, P., Kumar, L., Lorenzen, J.,
Lynam, J., McMahon, M., Maruthi, G., Miano, D., Mtunda, K., Natwuruhunga, P.,
Okogbenin, E., Pezo, P., Terry, E., Thiele, G., Thresh, M., Wadsworth, J., Walsh, S.,
Winter, S., Tohme, J., Fauquet, C., 2014a. A global alliance declaring war on cassava
viruses in Africa. Food Secur. 6, 231-248.

Legg, J.P., Shirima, R., Tajebe, L.S., Guastella, D., Boniface, S., Jeremiah, S., Nsami, E.,
Chikoti, P., Rapisarda, C., 2014b. Biology and management of Bemisia whitefly
vectors of cassava pandemics in Africa. Pest Manag. Sci. 70, 1446-1453.

Crop Protection 158 (2022) 106017

MacFadyen, S., Paull, C., Boykin, L.M., De Barro, P., Maruthi, M.N., Otim, M.,

Kalyebi, A., Vassao, D.G., Sseruwagi, P., Tay, W.T., Delatte, H., Seguni, Z., Colvin, J.,
Omongo, C.A., 2018. Cassava whitefly, Bemisia tabaci (Gennadius) (Hemiptera:
Aleyrodidae) in East African farming landscapes: a review of the factors determining
abundance. Bull. Entomol. Res. 108, 565-582.

Maruthi, M.N., Jeremiah, S.C., Mohammed, 1.U., Legg, J.P., 2017. The role of the
whitefly, Bemisia tabaci (Gennadius), and farmer practices in the spread of cassava
brown streak ipomoviruses. J. Phytopathol. 165, 707-717.

Mouafor, B.I., Temegne, N.C., Ngome, A.F., Malaa, D., 2016. Farmer’s adoption of
improved cassava varieties in the humid forest agroecological zone of Cameroon.
Greener J. Agric. Sci. 6, 276-284.

Mugerwa, H., Rey, M.E.C., Tairo, F., Ndunguru, J., Sseruwagi, P., 2019. Two sub-Saharan
Africa 1 populations of Bemisia tabaci exhibit distinct biological differences in
fecundity and survivorship on cassava. Crop Protect. 117, 7-14.

Mugerwa, H., Sseruwagi, P., Colvin, J., Seal, S., 2021. Is high whitefly abundance on
cassava in Sub-Saharan Africa driven by biological traits of a specific, cryptic Bemisia
tabaci species? Insects 12, 260.

Mvodo, M.E.S., Liang, D., 2012. Cassava sector development in Cameroon: production
and marketing factors affecting price. Agric. Sci. 3, 651-657.

Njukwe, E., Hanna, R., Kirscht, H., Araki, S., 2013. Farmers perception and criteria for
cassava variety preference in Cameroon. Afr. Stud. Monogr. 34, 221-234.

Omongo, C.A., Kawuki, R., Bellotti, A.C., Alicai, T., Baguma, Y., Maruthi, M.N., Bua, A.,
Colvin, J., 2012. African cassava whitefly, Bemisia tabaci, resistance in African and
South American cassava genotypes. J. Integr. Agric. 11, 327-336.

Oppong, A., Prempeh, R.N.A., Abrokwah, L.A., Annang, E.A., Marfo, E.A., Kubi, Z.A.,
Danquah, N.A.O., Agyekum, A., Frimpong, B.N., Lamptey, J.N.L., Mochiah, M.B.,
Pita, J.S., 2021. Cassava mosaic virus disease in Ghana: distribution and spread.

J. Plant Physiol. Pathol. 9, 258.

Patil, B.L., Legg, J.P., Kanju, E., Fauquet, C.M., 2015. Cassava brown streak disease: a
threat to food security in Africa. J. Gen. Virol. 96, 956-968.

Poubom, C.F.N., Awah, E.T., Tchuanyo, M., Tengoua, F., 2005. Farmers’ perceptions of
cassava pests and indigenous control methods in Cameroon. Int. J. Pest Manag. 51,
157-164.

Soro, M., Tiendrébéogo, F., Pita, J.S., Traoré, E.T., Somé, K., Tibiri, E.B., Néya, J.B.,
Mutuku, J.M., Simporé, J., Koné, D., 2021. Epidemiological assessment of cassava
mosaic disease in Burkina Faso. Plant Pathol. 70, 2207-2216.

Sseruwagi, P., Sserubombwe, W.S., Legg, J.P., Ndunguru, J., Thresh, J.M., 2004.
Methods of surveying the incidence and whitefly vector populations on cassava in
Africa: a review. Virus Res. 100, 129-142.

Szyniszewska, A.M., Busungu, C., Boni, S.B., Shirima, R., Bouwmeester, H., Legg, J.L.,
2017. Spatial analysis of temporal changes in the pandemic of severe cassava mosaic
disease in Northwestern Tanzania. Phytopathology 107, 1229-1242.

Tize, 1., Fotso, A.K., Nukenine, E.N., Masso, C., Ngome, F.A., Suh, C., Lendzemo, V.W.,
Nchoutnji, I., Manga, G., Parkes, E., Kulakow, P., Kouebou, C., Fiaboe, K.K.M.,
Hanna, R., 2021. New cassava germplasm for food and nutritional security in Central
Africa. Sci. Rep. 11, 7394.

Uzokwe, V.N.E., Mlay, D.P., Masunga, H.R., Kanju, E., Odeh, 1.0.A., Onyeka, J., 2016.
Combating viral mosaic disease of cassava in the Lake Zone of Tanzania by
intercropping with legumes. Crop Protect. 84, 69-80.

Wamonje, F.O., Tungadi, T.D., Murphy, A.M., Pate, A.E., Woodcock, C., Caulfield, J.C.,
Mutuku, J.M., Cunniffe, N.J., Bruce, T.J.A., Gilligan, C.A., Pickett, J.A., Carr, J.P.,
2020. Three aphid-transmitted viruses encourage vector migration from infected
common bean (Phaseolus vulgaris) plants through a combination of volatile and
surface cues. Front. Plant Sci. 11, 613772.

Zinga, 1., Chiroleu, F., Legg, J., Lefeuvre, P., Komba, E.K., Semballa, S., Yandia, S.P.,
Mandakombo, N.B., Reynaud, B., Lett, J.-M., 2013. Epidemiological assessment of
cassava mosaic disease in Central African Republic reveals the importance of mixed
viral infection and poor health of plant cuttings. Crop Protect. 44, 6-12.


http://refhub.elsevier.com/S0261-2194(22)00113-2/sref7
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref7
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref7
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref7
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref8
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref8
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref8
http://fao.org/faostat/fr/#data/QCL/vivualiz
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref10
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref10
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref11
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref11
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref11
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref12
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref12
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref12
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref12
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref13
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref13
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref14
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref14
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref14
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref14
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref15
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref15
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref16
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref16
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref16
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref16
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref17
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref17
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref18
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref18
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref18
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref19
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref19
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref19
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref20
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref20
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref20
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref21
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref21
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref21
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref22
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref22
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref22
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref22
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref22
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref23
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref23
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref23
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref24
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref24
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref24
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref24
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref24
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref24
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref25
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref25
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref25
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref26
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref26
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref26
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref26
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref26
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref27
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref27
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref27
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref28
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref28
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref28
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref29
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref29
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref29
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref30
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref30
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref30
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref31
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref31
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref33
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref33
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref34
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref34
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref34
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref35
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref35
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref35
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref35
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref36
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref36
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref37
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref37
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref37
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref38
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref38
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref38
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref39
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref39
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref39
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref40
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref40
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref40
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref41
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref41
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref41
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref41
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref42
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref42
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref42
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref43
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref43
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref43
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref43
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref43
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref44
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref44
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref44
http://refhub.elsevier.com/S0261-2194(22)00113-2/sref44

	Cassava mosaic disease and its whitefly vector in Cameroon: Incidence, severity and whitefly numbers from field surveys
	1 Introduction
	2 Materials and methods
	2.1 Location
	2.2 Survey
	2.3 Data recording and storage
	2.4 Data visualization and analysis

	3 Results
	3.1 CMD status in surveyed fields
	3.2 Whitefly population
	3.3 Relationship between whitefly populations and other variables
	3.4 Source of CMD infection

	4 Discussion
	Data availability statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


