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A B S T R A C T

Cassava landraces were evaluated for resistance to cassava brown streak disease (CBSD) for two cropping sea-
sons at a disease hotspot area in Naliendele, Tanzania. Based on reactions to CBSD, several landraces including
Chimaje, Mfaransa and Supa B were considered to be resistant to the disease while Kikwada, Mbuyu, and Nyoka
were tolerant. ANOVA revealed that the largest sum of squares (SS) (41.9–86.7%) was attributed to the genotype
of the cassava landraces, while a smaller proportion of SS (8.1–38.2%) was due to genotype by environment
interactions for all traits tested, which included disease symptoms, root weight, number of roots per plant and
dry matter content. Environment accounted for the smallest effect (0.01–26.3%), however, the mean squares was
nonetheless significant for a few genotypes, which indicated that their disease expression was indeed influenced
by the environment. Increased CBSD severity was associated with low temperatures and rainfall. Increased
rainfall towards harvesting led to higher root weight but lower dry matter content in the first cropping season.
Correlation analysis showed that the presence of CBSD symptoms reduces the amount of usable roots, total root
weight, and root dry matter content. Many resistant/tolerant landraces also had high root weight and dry matter
content, and they can be used by farmers to reduce CBSD losses. The landraces described here form novel sources
of CBSD resistance that can be used for breeding disease-resistant cassava varieties with superior agronomic
characteristics.

1. Introduction

3 Cassava brown streak disease (CBSD) is arguably the most dangerous
threat to cassava (Manihot esculenta Crantz), which is Africa’s most im-
portant food security crop. The disease causes losses to cassava root pro-
duction and quality. Cassava brown streak virus (CBSV) (Monger et al.,
2001) and Ugandan cassava brown streak virus (UCBSV) belonging to the
genus Ipomovirus, famly Potyviridae cause CBSD (Mbazibwa et al., 2009).
Both viruses, together called cassava brown streak ipomoviruses (CBSIs),
have a positive-sense single stranded RNA genome (Winter et al., 2010;
Ndunguru et al., 2015). CBSD symptoms include foliar chlorosis and ne-
crosis, brown streaks on stems, constrictions and dry corcky necrotic rot of
roots and stunted plant growth (Hillocks and Jennings, 2003; Winter et al.,
2010; Vanderschuren et al., 2012). CBSIs are mainly spread by the pro-
pagation of infected cassava cuttings by farmers, but also transmitted in a
semi-persistent manner by the insect vector whiteflies, Bemicia tabaci
(Gennadius) (Maruthi et al., 2005, 2017; Mware et al., 2009).

Early reports on CBSD distribution identified the disease to be
mostly restricted to the East African coast and the shores of Lake
Malawi (Nichols, 1950). For many years, it was believed that the dis-
ease does not spread at altitudes 1000 m above sea level (Nichols, 1950;
Hillocks et al., 1999). However, in recent years, outbreaks of CBSD have
been reported at mid altitude levels (1200–1500 m above sea levels) in
Uganda, western Kenya and Tanzania, Mozambique, Rwanda, Burundi,
and in isolated parts of the Democratic Republic of Congo (Mahungu
et al., 2003; Alicai et al., 2007; Jeremiah and Legg, 2008; Osogo et al.,
2014). CBSD is currently estimated to cause annual economic losses in
excess of US$ 726 million (Maruthi MN, unpublished data). A defini-
tive cause for the sudden upsurge in CBSD incidences is yet to be
identified, however, the introduction of the virus to mid-altitude areas
and the presence of high whitefly populations are considered to be the
key drivers of new CBSD outbreaks (Legg et al., 2011, 2014).

CBSD symptom expression and resistance to the virus depends on the
type of the variety (resistant or susceptible), growing conditions
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(temperature, rainfall, altitude etc.), age of the plant and the virus isolate
involved in causing the symptoms (Mohammed et al., 2012). The genetic
factor of the plant is by far the biggest contributor to symptom determi-
nation and disease severity (Nichols, 1950). Cassava breeding for disease
resistance began at the East African Cassava Research Institute at Amani in
northern Tanzania (Nichols, 1950; Hillocks and Jennings, 2003). The
search for resistance led to breeders introgressing disease resistance
through interspecific crosses with wild cassava Manihot spp. (Jennings,
1957). Crosses with Manihot glaziovii backcrossed three times and inter-
crossed with resistant hybrids produced interspecific hybrids that were
rated as highly resistant to another major cassava disease called cassava
mosaic disease (CMD) but moderately resistant to CBSD (Jennings, 1957).
Some of the best-known intercrosses at Amani included cultivars 46106/
27, 5318/34 and 5543/156 (Jennings, 1994). Hybrid 46106/27, also
known as Amani in Tanzania showed high levels of field resistance to
CBSD. 46106/27 is closely related to, but not identical to, a Tanzanian
local cultivar called Namikonga (Kulembeka et al., 2012; Pariyo et al.,
2013). Namikonga was, therefore, considered to be an interspecific hybrid
from the Amani program that was subsequently adopted by the farming
communities and given a local name. Namikonga has been consistently
resistant to CBSD for many years and has the highest general combining
ability for disease resistance (Nichols, 1947; Kulembeka et al., 2012;
Masumba et al., 2017). Some of the present day so-called “local cultivars”
in Tanzania, especially the few which have proved to be resistant/tolerant
to CBSD, including Kigoma Red, Kigoma Mafia and Kiroba are also likely
to have some pedigree related to the Amani breeding program (Mahungu
et al., 2003; Kanju et al., 2010; Pariyo et al., 2015; Bredeson et al., 2016;
Masumba et al., 2017; Nzuki et al., 2017). The best CBSD resistance
genotypes are likely to have survived in farmer fields as landraces in
Tanzania from the Amani research program. Research has also shown that
some of these CBSD-resistant genotypes have performed well in multiple
locations, adapting to different agro-ecologies and disease pressures
(Abaca et al., 2012; Pariyo et al., 2015). For example, Kigoma Red a local
landrace is resistant to CBSD in both Tanzania and Uganda. Identifying
and saving such germplasm is therefore important for controlling the
disease in the affected African countries.

At present, Namikonga still expresses field resistance to CBSD and is
used as one of the best sources of CBSD resistance in conventional
breeding programs (Kanju et al., 2010; Pariyo et al., 2013; Maruthi et al.,
2014; Masumba et al., 2017). Bredeson et al. (2016) reported Namikonga,
TMS130572, KBH2006/18, Mkombozi, TMS 1972205 and Akena to have
a common M. glaziovii haplotype on chromosome 1 designated as the
‘Amani haplotype’. For a long time Kiroba was perceived as an Amani
hybrid but Nzuki et al. (2017) reported that its M. glaziovii haplotype is
different from that of Namikonga and it has a close parent-offspring re-
lationship with tree cassava. When the Amani program ceased in around
1958, it is thought that some of the inter specific crosses found their way
into farmer’s fields in Tanzania and have been incorporated as farmer
varieties (Kanju et al., 2003). The clones may have lost their identities and
are being grown by farmers under different local names. Although cassava
breeders have identified some interspecific hybrids that show strong levels
of resistance/tolerance to CBSD, there are still many unidentified clones
which could potentially be good sources of CBSD resistance/tolerance.
This work was aimed to address this gap with the intention of identifying
best CBSD resistant cassava landraces particularly focusing on clones that
do not develop root necrosis (Legg et al., 2011). New and diverse sources
of resistance are required to combat the newly emerged threat by CBSD in
which mixed infections of both CBSV and UCBSV are common both in mid
and low altitude areas of eastern and southern African regions (Adams
et al., 2013; Osogo et al., 2014; Ndunguru et al., 2015).

2. Materials and methods

2.1. Cassava germplasm and screening location

Sixty-four local landraces were collected from farmer’s fields in 12

administrative districts in the Southern and Eastern zones of Tanzania
(Tandahimba, Mtwara rural, Newala, Masasi, Lindi urban, Lindi rural,
Kilwa, Mtwara Rural, Mtwara, Urban, Rufiji and Mkuranga). These
were established and multiplied at the Naliendele Agricultural Research
Institute (NARI), Tanzania for CBSD resistance screening in open fields.
Cassava varieties Kiroba (CBSD tolerant) and Albert (CBSD susceptible)
available at NARI germplasm collections were used as controls.

In the literature, many terminologies have been used inconsistently
to describe the response of cassava to CBSD, and in general of plants to
virus infections (Cooper and Jones, 1983). Among them, resistance or
field resistance, tolerance or field tolerance, and susceptibility are most
common. Resistance or field resistance commonly indicates lack of
virus multiplication, no or mild symptoms and no reduction in yield.
Tolerant varieties can support virus multiplication, exhibit mild to se-
vere symptoms but no significant reduction in yield, while the sus-
ceptible varieties support high levels of virus multiplication, exhibit
severe symptoms and suffer significant yield loss (Hillocks and
Jennings, 2003; Maruthi et al., 2014). For simplicity, the terminologies
resistance and tolerance were used in this study also to represent field
resistance and field tolerance, respectively.

Screening of germplasm for CBSD infection in the field was con-
ducted in 2014 and 2015 cropping seasons at NARI, which is a hot spot
for CBSD infection. Naliendele lies on the coastal belt of the Indian
Ocean and is located at 10° 22′ 20“S, 40° 10′ 34“E and 111 m above sea
level. The area receives rainfall from December-May with scattered
showers in August-October (Tanzania Meteorological Agency TMA,
2009). The soils are characterised by very deep, well drained, weak
structured, dark reddish brown loamy sand topsoil over a reddish
brown moderately structured sandy loam to sandy clay loam subsoil
(Mugogo and Njapuka, 2007).

2.2. Experimental design

Partially balanced lattice with three replicates was used for this
study. Fifteen cassava cuttings (about 25 cm long and having 4–5 nodes
with viable buds) from each of the local landraces and the controls
(Kiroba and Albert) were planted at spacing of 1.0 m × 1.0 m in
January 2014. To increase CBSD inoculum pressure, cuttings from a
known susceptible and infected genotype Albert were planted after
every 10 rows of the test genotypes to act as a disease spreader. In
addition, the first and last rows were also planted with infected Albert
cuttings to prevent border effects. This configuration ensured that every
plant is exposed to similar high inoculum pressure and no plant escapes
infection. No fertiliser or irrigation was provided (typical rain-fed crop)
but kept weed-free throughout the growing period. The trial was re-
peated in 2015 cropping season.

2.3. CBSD symptoms on leaves and roots

CBSD leaf symptoms incidence and severity was recorded at 3, 6,
and 9 months after planting (MAP). The disease severity was scored on
1–5 scale (Fig. 1) (Hillocks et al., 1996). Plants germinated with disease
symptoms were removed to allow uniform symptom development
across all the varieties. At 12 MAP, plants from each landrace were
harvested (excluding the border plants) and roots examined for symp-
toms. Roots from each landrace were chopped longitudinally and
transversely to identify the presence of necrotic patches on the starch
bearing tissues. Scoring for root necrosis severity was also done based
on a 1–5 scale (Fig. 2) (Gondwe et al., 2002). Data on root necrosis
incidence was collected with incidences recorded from a root necrosis
score of ≥2. Since CBSD mostly affects root quality, usable roots (pa-
latable and marketable) per genotype was determined by cutting out
the necrotic tissues and weighing the unaffected roots. All roots with
necrosis score of ≤2 were considered to be fully usable as only tiny
spots of root necrosis were observed at this score. This is also the
general practice followed by Tanzanian farmers. The weight of usable
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roots was expressed as percentage of the total root weight. Data were
collected on quantitative traits such as root weight in tonnes per hec-
tare, number of roots per plant and dry matter content at 12 MAP.

Root yield in tonnes per hectare (t/ha/) was estimated according to
Kamau et al. (2011).

⎛
⎝

⎞
⎠

=
⎡
⎣

× ⎤
⎦( )

Root yield t
ha

root weight 10000

1000

kg
m2

Root dry matter content was calculated using the specific gravity
method (Kawano, 1987).

= × ⎡
⎣⎢ −

⎤
⎦⎥

−

Dry matter content
weight in air

weight in air weight in water
(%) 158.3

142

2.4. Data analysis

The landraces were classified into three categories based on foliar
and root necrosis severity scores;

1.0–2.0 were considered resistant
2.1–3.0 were considered tolerant, and
3.1–5.0 were considered susceptible
The landraces were also classified on the basis of root necrosis in-

cidence;
0–10% were categorized as resistant
11–40% were categorized as tolerant, and
41–100% were categorized as susceptible.
These two sets of data were used together for classifying the vari-

eties as described previously (Hillocks and Jennings, 2003). Resistant
plants showed low foliar symptoms while tolerant plants readily ex-
pressed foliar symptoms but with low root necrosis severity (Hillocks

Fig. 1. CBSD symptom severity scale 1–5 used for recording sympotms on cassava leaves. 1 = no apparent symptoms, 2 = slight foliar mosaic, no stem lesions, 3 = foliar mosaic, mild
stem lesions no die back, 4 = foliar mosaic and pronounced stem lesions no die back, and 5 = defoliation with stem lesions and pronounced die back.

Fig. 2. CBSD root necrosis symptoms severity scale 1–5 used for recording root symptoms. 1 = no apparent symptoms, 2 = <5% of root necrotic, 3 = 5 – 25% of root necrotic,
4 = 25–50% root necrotic and mild root constriction, and 5 = >50% of root necrotic with severe root constriction. Roots with only scores of ≤ 2 were considered marketable yields.
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et al., 2001). Susceptible varieties showed severe foliar and root
symptoms with high levels of disease incidences.

Analysis of variance was carried out on means of three replications
for CBSD leaf symptoms severity at 3, 6 and 9 MAP, root necrosis se-
verity, root necrosis incidence, usable roots (%), root weight in tonnes
per hectare, dry matter content, and harvest index. Combined ANOVA
was carried out for the two cropping seasons and treatment means se-
parated using Dunnett’s method to compare each local landrace against
control (Kiroba), at 95% confidence level. Spearman’s correlation
analysis was carried out to determine the correlation between CBSD
symptoms, root weight, dry matter content, and harvest index. All
analysis was carried out using the Statistical Analysis System (SAS)
(SAS Institute Inc, 2013).

3. Results

3.1. CBSD foliar symptoms

CBSD mean foliar severity increased throughout the growing sea-
sons. The mean leaf severity was 1.4 (on a scale of 1–5) at 3 MAP, 1.8 at
6 MAP, and 1.9 at 9 MAP (Table 1) across all the varieties tested. At 3
MAP, most landraces had low mean foliar severity ranging from 1.0 to
1.9, which was not significantly (P ≤ 0.05) different from the tolerant
control Kiroba, whose mean foliar severity was 1.3. However, Kigoma
Red, Kitumbua, Mbuyu, Nachinyaya, Ntonto, and Nyankagile had sig-
nificantly (P≤ 0.05) higher mean foliar severity ranging from 2.4 to
2.8. At 6 MAP, Kiroba had a mean foliar severity of 2.1, and while
several landraces had significantly lower mean foliar severity ranging
from 1.2 to 1.5 (Table 1). In contrast, landraces Kigoma Red, Kikombe,
Kitumbua, Mbuyu, Ntonto, and Nyankagile had higher mean foliar se-
verity ranging from 2.7 to 3.1. At 9 MAP, Kiroba had a mean foliar
severity of 2.1, while Benny, Chimaje, Katewanya, Likonde, Limbanga,
Liumbukwa, and Mnacho had significantly lower mean foliar severity
ranging from 1.1 to 1.3. Both tolerant (Kiroba) and susceptible (Albert)
controls had mean foliar severity that were not significantly different
from each other at 3, 6, and 9 MAP (Table 1).

3.2. CBSD root symptoms

The mean root necrosis severity was 1.4 (on a scale of 1–5) across all
the landraces evaluated. Kiroba had a low mean root necrosis severity
of 1.0 and it was not significantly (P≤ 0.05) different from landraces
including Azoa, Benny, Chimaje, Chipanda, Kikwada, Likonde,
Mombasa, Nyoka, and Supa B (Table 1). Albert together with other
landraces including Bangi, Cosmas, Hingawali, Kalinda, Kigoma Red,
and Sumu ya Panya had significantly higher mean root necrosis severity
ranging from 1.4 to 3.4.

Similar results were observed for root necrosis incidence. Kiroba
had low mean root necrosis incidence of 0.0% as none of the roots
showed any disease. Other landraces including Azoa, Bangi, Benny,
Chidubwa, Chimaje, Katewanya, Limbanga, Mfaransa, and Nachinyaya
also had low mean root necrosis incidence ranging from 0.0 to 5.5%,
and they were not significantly different (P ≤ 0.05) from Kiroba. Albert
had the highest mean root necrosis incidence of 99.2%. Landraces in-
cluding Cosmas, Kalinda, Kigoma Red, Mdimbe, Mnondodya,
Nanjenjeha, and Ntonto had significantly higher mean root necrosis
incidence than Kiroba that ranged from 6.1 to 89.8% (Table 1). Kiroba
exhibited the least root necrosis symptoms and therefore all roots
(100%) were usable. Other landraces with high amounts of usable roots
that were not significantly different from the usable roots in Kiroba
included: Azoa, Benny, Mweda, Nakuchima and Simanyu (all > 95%),
and Chimaje, Kiwinda and Limbanga (all 100%) (Table 1). Seriously
affected landraces with lower amounts of usable roots included
Mnondodya 41.5%, Ntonto 42.6%, Sheria 54.5%, Kigoma red 37.6%,
Sumu ya Panya 68.2%, and Cosmas 69.9%, which were all comparable
to the susceptible control Albert 53.2%.Ta
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3.3. Cassava yield traits

The highest mean root weight was recorded in the landrace Mweda
at 35.0 t per hectare (t/ha), which was significantly (P≤ 0.001) higher
than that of Kiroba 22.4 t/ha (Table 1). Kiroba’s root weight was not
significantly different from other landraces except Binti Juma, Cosmas,
Hamad Rashid, Mwendo wa Loya, Nkutiao, Sakada, and Sheria, which
had significantly (P ≤ 0.05) low root weight ranging between
4.7–15.8 t/ha (Table 1). The highest mean number of roots per plant
was recorded in Simanyu at 7.0, which was not significantly different
from Kiroba at 5.4 (Table 1). Kiroba’s mean number of roots per plant
was not significantly different from that of other landraces apart from
Kikombe, Kifuu cha Nazi, Kiwinda, Mfaransa, Nakuchima, Sakada,
Sheria, and Supa, which had significantly (P≤ 0.05) lower mean
number of roots ranging between 2.1–3.6 (Table 1). The highest dry
matter content was recorded in Supa B 38.4%, Binamuli 37.3%, and
Liumbukwa 36.4%. Additionally, these landraces had significantly
(P ≤ 0.001) higher dry matter content compared to Kiroba 27.2%
(Table 1). Significantly low dry matter content was recorded in Sheria
22.2% and Mkwanyule 22.6%.

3.4. Mean squares and sum of squares for traits evaluated

The ANOVA revealed a larger percentage of total sum of squares
(SS) ranging from 42.2 to 78.2% attributed to the cassava genotypes for
CBSD foliar symptoms at 3, 6 and 9 MAP; root necrosis severity; root
necrosis incidence; usable roots; root weight; number of roots per plant
and dry matter content. The mean squares were also very highly sig-
nificant (P ≤ 0.001) (Tables 2–4). Genotype by season interaction was
second with SS percentage ranging from 20.9 to 35.1% and with very
highly significant (P≤ 0.001) mean squares (Tables 2–4). The en-
vironment accounted for the least variation observed with SS ranging
from 0.01 to 26.8% but still with very highly significant mean squares
(P ≤ 0.001). All the above differences were analysed for their effect on
CBSD leaf symptoms severity at 6 and 9 MAP, root necrosis severity,
usable roots, root weight, dry matter content, and harvest index (Tables
2–4). A large SS indicated that the genotypes were diverse with large
differences among the means, contributing to most variations in the
traits analysed. The smaller proportion of SS for genotype by environ-
ment interaction indicated that the differences among the genotypes by
environment interaction means was not very high. The magnitude of
only the environment SS was very small thus indicating that effect of
the environment on two seasons was not that substantial.

3.5. Environmental influences on traits tested

In this study data for foliar symptoms was collected in March (3

MAP), June (6 MAP) and September (9 MAP) while data for root
symptoms, root weight, dry matter content, and harvest index were
collected in December after harvesting. It was generally observed that
higher temperatures, relative humidity, and rainfall resulted to a period
of active growth in the plants with reduced CBSD symptom severity.
Rainfall, relative humidity and temperatures were higher at 3 MAP
when compared to 6 MAP and 9 MAP (Fig. 3). This could explain the
drastic increase in mean leaf CBSD symptoms severity from 3 MAP to 6
MAP but a slight increase in symptoms severity from 6 MAP to 9 MAP.
Additionally, higher means for CBSD foliar and root symptoms were
observed in trial 1 in 2014 compared to trial 2 in 2015 (Table 1).
Slightly higher rainfall and temperatures were recorded in 2015 com-
pared to 2014 during 1–9 MAP (Fig. 3), and this may have influenced
the lower symptom severity observed in trial two (Table 1). Season
effect was also observed in root weight, number of roots per plant, and
dry matter content. There was a higher mean root weight of 18.7 t/ha
in 2014 when compared to 14.0 t/ha in 2015. In contrast, the mean dry
matter content was 27.1% in 2014 and 32.4% in 2015 (Table 1). The
high levels of rainfall recorded in November 132.2 mm and December
102.9 mm in 2014 (Fig. 3), may have influenced higher root weight, but
a lower dry matter content.

3.6. Correlation analysis

There was a significant positive correlation between CBSD foliar
symptoms severity at 3 MAP and 6 MAP (P≤ 0.001, r = 0.54)
(Table 5). A significant moderately positive correlation was observed
between foliar symptoms severity at 3 MAP and 9 MAP (P≤ 0.001,
r = 0.43). Similarly, a significant positive correlation was observed
betweeen foliar symptoms severity at 6 MAP and 9 MAP (P≤ 0.001,
r = 0.61). These results showed that approximately 50% of the plants
with foliar symptoms at 3 MAP also had symptoms at 6 and 9 MAP.

No correlation was observed between foliar symptoms at 3 MAP and
root necrosis severity (Table 5). However, there was a significant po-
sitive correlation between foliar symptoms at 3 MAP and root necrosis
severity (P ≤ 0.05, r = 0.11), between foliar symptoms at 6 MAP and
root necrosis severity (P≤ 0.001, r = 0.22), and between foliar
symptoms at 9 MAP and root necrosis (P≤ 0.001, r = 0.22). Similar
results were observed between symptoms and root necrosis incidence
where, foliar symptoms at 3 MAP was positively correlated to root
necrosis incidence (P≤ 0.01, r = 0.13), foliar symptoms at 6 MAP was
positively correlated to root necrosis incidence (P≤ 0.001, r = 0.21),
and foliar symptoms at 9 MAP was positively correlated to root necrosis
incidence (P ≤ 0.001, r = 0.20) (Table 5). Additionally, a significantly
high positive correlation was found between root necrosis and root
necrosis incidence (P≤ 0.001, r = 0.90).

On the other hand, a significant low negative correlation was

Table 2
Means of squares and sums of squares for CBSD foliar symptoms.

Source of Variation df Foliar symptoms at 3 MAP Foliar symptoms at 6 MAP Foliar symptoms at 9 MAP

MS SS SS (%) MS SS SS (%) MS SS SS (%)

Total 173 – 89.9 – – 143.9 – – 127.6 –
Season 1 0.03ns 0.03 0.03 2.74*** 2.74 1.90 7.45*** 7.45 5.84
Block (Season*Replicate) 46 0.11ns 5.01 5.57 0.10ns 4.39 3.05 0.17* 7.82 6.13
Genotype 63 1.05*** 66.1 73.5 1.41*** 88.8 61.7 1.07*** 67.5 52.9
Genotype*Season 63 0.30*** 18.8 20.9 0.76*** 48.0 33.4 0.71*** 44.8 35.1
Error 210 0.08 17.3 – 0.08 16.3 – 0.12 24.5 –

df, MS, SS – degrees of freedom, mean squares, and sum of squares, respectively,
*P≤ 0.05.
**P ≤ 0.01.

ns P > 0.05.
*** P≤ 0.001
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observed between foliar symptoms and usable roots at 3 MAP
(P ≤ 0.001, r =−0.15), 6 MAP (P≤ 0.001, r = −0.23) and 9 MAP
(P ≤ 0.001, r =−0.22). A highly negative correlation was observed
between root necrosis and usable roots (P≤ 0.001, r = −0.88), as well
as root necrosis incidence and usable roots (P ≤ 0.001, r = −0.88).
The low positive correlation between foliar and root symptoms showed
that plants with foliar symptoms did not necessarily have root symp-
toms. The results also showed that plants with severe root necrosis also
had high root necrosis incidence and subsequent low amount of usable
roots.

Finally, a significant negative correlation was observed between
root weight and root necrosis incidence (P≤ 0.001, r =−0.14)
(Table 5). Comparably, a negative correlation was observed between
foliar symptoms at 6 MAP and dry matter content (P≤ 0.001,
r = −0.15), foliar symptoms at 9 MAP and dry matter content
(P ≤ 0.001, r = −0.15), and root necrosis and dry matter content
(P ≤ 0.001, r = −0.15). A high positive correlation was recorded be-
tween root weight and number of roots per plant (P≤ 0.001 r = 0.58).
Simillarly, a positive correlation was observed between root weight and
usable roots (P ≤ 0.01 r = 0.13). This showed that some high yielding
landraces had more usable roots (Table 5). Although there were low
negative correlations between CBSD symptoms and number of roots per
plant, they were nonetheless not significant.

4. Discussion

Varied responses to CBSD were recorded among the tested landraces
in field experiments for two seasons. In the case of resistant plants,
infection by viruses can occur but pathogen growth and disease de-
velopment in the plant was minimal. Consequently, the disease symp-
toms were generally localized or absent (Cooper and Jones, 1983; Kang
et al., 2005). These were the characteristics seen on Namikonga which
had perpetually exhibited no or low symptoms severity for many years,
and hence considered resistant (Maruthi et al., 2014; Masumba et al.,
2017). The term tolerance is used to describe a host that can be infected
by a virus which causes symptoms without significantly diminishing the
plant growth or yield (Cooper and Jones, 1983). An example in our case
is Kiroba, the tolerant control, which had foliar symptoms severity
score of up to 2, but no visible root symptoms, and thus had 100%
usable roots. Susceptibility on the other hand describes a host plant
with high virus titres, severe symptoms both on leaves and roots and
thus significant yield loss (Maruthi et al., 2014). We used Albert as the
susceptible control, which expressed both leaf and root symptoms, and
as a result reduced usable roots. Using these criteria, we classified the
cassava landraces into the resistant, tolerant and susceptible categories.

Our resistant landraces had minimal foliar and root symptoms with
100% usable roots. They included Chimaje, Chipanda, Limbanga,
Mfaransa, Mkwanyule, Mweda, Mwendo wa Loya, Ndanda, Nkutiao,
Sakada, Supa B, and Supa Jangwa. The tolerant landraces included
Chidubwa, Kikwada, Mbuyu, Mreteta, Musa Said, Nachinyaya,
Nanjenjeha, Nyankagile, Nyoka, and Vicent. These readily developed
foliar symptoms but with delayed or absent root symptoms, similar to
Kiroba (Hillocks and Jennings, 2003). Other landraces which can also
be regarded as tolerant but had slightly higher foliar and root symptoms
compared to Kiroba included Binty Ally, Kalinda, Kibangameno, Kifuu
cha Nazi, Kitumbua, Likonde II, Mdimbe, Namanjongonda, Nalile-
kuchumba, Nanjeja, and Victory. The susceptible landraces included
Cosmas, Kigoma Red, Mnondodya, Ntonto, Sheria, and Sumu ya Panya.
These were similar to susceptible control Albert, which had moderate to
severe foliar symptom severity, but high root symptoms severity and
only about half the roots were usable. The low foliar symptom severity
observed in Albert showed that this probably is not the most susceptible
variety and has some levels of tolerance to the disease for foliar
symptoms, but not to root necrosis, which will only be discovered when
the plants are harvested. This is the greatest source of food insecurity to
cassava farmers growing CBSD-susceptible varieties as the extent of theTa
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damage is only visible after harvest.
Genotype and genotype by environment interactions contributed to

major variations observed for all traits tested. They accounted for the
largest SS observed with very highly significant means squares. The
environment alone accounted for the smallest SS except for a few
genotypes. The results showed that although the traits examined were
mostly under genetic control, there were a few genotypes whose trait
expression was influenced by the environment. Similar results were
reported earlier on genotype and genotype by environment effects on
CBSD symptom expression and root weight (Boakye et al., 2013;
Tumuhimbise et al., 2014; Pariyo et al., 2015). High disease incidences
and severe symptoms have been reported in higher altitudes prone to
cooler temperatures, during low night temperatures and moisture stress
(Nichols, 1950; Jennings, 1957; Rwegasira, 2009). CBSD symptoms are
usually variable and irregular and depend on many factors including
plant age, cultivar (genotype), environmental conditions (i.e. altitude,
temperature, rainfall quantity) and virus species (Hillocks and
Jennings, 2003; Mohammed et al., 2012; Patil et al., 2014). We gen-
erally observed active plant growth with concurrent reduction in dis-
ease severity at higher temperatures, relative humidity and rainfall.

The low positive correlation of r < 0.25 between leaf symptoms,
and both root necrosis and incidence indicated that the presence of leaf
symptoms does not always determine the presence of root necrosis as
observed in landraces Kikwada and Kiroba. They readily expressed leaf
symptoms but with low or no root necrosis. These observations are in
agreement with Nzuki et al. (2017) who reported different QTLs for
root necrosis and foliar symptoms in Kiroba. They identified 15 sig-
nificant QTLs, two were associated with CBSD root necrosis only, while
seven were associated with CBSD foliar symptoms only. These results
are also similar to< 50% association between foliar symptoms and root
necrosis reported earlier (Hillocks et al., 1996; Abaca et al., 2012).
However, high positive correlation (P ≤ 0.001, r = 0.90) was seen

between root necrosis severity and incidence. This meant that varieties
with high root necrosis severity also had high root necrosis incidences
and consequently greater reduction in usable roots. CBSD symptoms
both on leaves and roots can also affect key agronomic traits such as
root weight and dry matter content (Rwegasira, 2009). The total root
weight and number of roots per plant were mostly negatively correlated
with CBSD symptoms although the correlation was not statistically
significant. However, there was a significant negative correlation
(P ≤ 0.001, r = −0.14) between total root weight and root necrosis
incidences indicating that a high root necrosis severity can lead to se-
verely reduced root weight. Some roots with high root necrosis severity
may also be constricted or deformed, making them difficult to process,
further resulting in reduced root weight (Legg and Hillocks, 2003). A
significantly negative correlation between CBSD symptoms severity (on
leaves and roots) and dry matter content showed that the disease causes
reduction to cassava profitability. Similar results were also reported
previously (Aigbe and Remison, 2010; Abaca et al., 2012).

In addition to disease resistance or tolerance, some landraces also
had desirable root traits. Mweda, Limbanga, and Chipanda, which were
resistant to CBSD, also had high root weight, high number of roots per
plant, and high dry matter content. The tolerant control Kiroba had a
mean yield of 22.4 t/ha, 5.4 roots per plant, and 27.2% dry matter
content. Kiroba is, however, is reported to be a high yielding variety
with a potential production of 40.5 t/ha (Kundy et al., 2014). The low
yields of Kiroba in our studies could be due to the lowly fertile sandy
soils of NARI. Nyoka, Nanjenjeha, Musa Said, Mreteta, and Mbuyu were
tolerant to CBSD and also similar to Kiroba in yield potential. These can
be promoted directly for farmer cultivation in disease affected regions.
Some other landraces such as Ntonto and Sumu ya Panya were sus-
ceptible to CBSD but had desirable root qualities including high yield
potential. These can be used in cassava breeding programs.

The most effective and realistic way of reducing cassava losses due
to CBSD is by deploying resistant and tolerant varieties. Cassava land-
races identified to be resistant or tolerant in this study already have
desirable root traits including high yields and dry matter content and
preferred by farmers. These can be multiplied and used for direct cul-
tivation or in breeding for minimizing the impact of CBSD on affected
communities. Landraces with high yields, dry matter content and har-
vest index but susceptible to CBSD can be exploited for their superior
agronomic characteristics. The Amani researchers of the 1940s and
1950s developed several disease resistant cassava varieties (Nichols,
1947; Jennings, 1957). Although this program has long closed with the
departure of the British from eastern Africa, and an official collection of
their material was not maintained, however, they appear to have sur-
vived as landraces with local farmers. These lines should be typed
molecularly to eliminate duplications as well as to determine their
pedigrees.

Table 4
Means of squares and sums of squares for cassava root traits.

Source of Variation Df Root weight (t/ha) Root number Dry matter content

MS SS SS (%) MS SS SS (%) MS SS SS (%)

Total 173 – 20294.5 – – 567.0 – – 9937.2 –
Season 1 1936.1*** 1936.1 9.54 6.68ns 6.68 1.18 2665.1*** 2665.1 26.8
Block (Season*Replicate) 46 7.20ns 331.3 1.63 0.72ns 33.1 5.84 6.72ns 309.1 3.11
Genotype 63 194.0*** 12218.6 60.2 5.73*** 360.7 63.6 66.8*** 4209.1 42.4
Season*Genotype 63 92.2*** 5808.5 28.6 2.64*** 166.5 29.4 43.7*** 2753.9 27.7
Error 210 9.0 1898.2 – 0.65 136.0 – 5.23 1098.4 –

df, MS, SS − degrees of freedom, mean squares, and sum of squares, respectively.
*P≤ 0.05.
**P≤ 0.01.

ns P > 0.05.
*** P≤ 0.001.

Fig. 3. Seasonal variability in rainfall and temperature.
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5. Conclusion

8 The findings from this study have shown that the landraces from
Tanzania had different responses to CBSD. Landraces with minimal
CBSD foliar and root symptoms were categorized as resistant and in-
cluded Chimaje, Mfaransa and Supa B, while tolerant landraces devel-
oped foliar symptoms with minimal root necrosis and included
Kikwada, Mbuyu, and Nyoka. Suceptible landraces had severe root
necrosis regardless of the degree of foliar symptom severity, and they
included Kigoma Red and Sumu ya Panya. Some of the resistant/tol-
erant landraces had high root weight and dry matter content, and could
be used by farmers to reduce CBSD losses. Correlation analysis revealed
that the presence of CBSD symptoms reduces the amount of usable
roots, root weight, and dry matter content. Percent sum of squares re-
vealed that response to CBSD and other roots traits tested is mostly
genetically controlled. However, the expression of a few landraces was
affected by environment as low rainfall and temperature coincided with
increased severity and incidence. Resistant landraces identified in this
study can be used in cassava breeding programs for direct cultivation as
well as transferring resistance to farmer-preferred varieties.
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