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SUMMARY

Cassava brown streak disease (CBSD), caused by the Ipomoviruses
Cassava brown streak virus (CBSV) and Ugandan Cassava brown
streak virus (UCBSV), is considered to be an imminent threat to
food security in tropical Africa. Cassava plants were transgenically
modified to generate small interfering RNAs (siRNAs) from trun-
cated full-length (894-bp) and N-terminal (402-bp) portions of the
UCBSV coat protein (ACP) sequence. Seven siRNA-producing lines
from each gene construct were tested under confined field trials at
Namulonge, Uganda. All nontransgenic control plants (n = 60)
developed CBSD symptoms on aerial tissues by 6 months after
planting, whereas plants transgenic for the full-length ACP
sequence showed a 3-month delay in disease development, with
98% of clonal replicates within line 718-001 remaining symptom
free over the 11-month trial. Reverse transcriptase-polymerase
chain reaction (RT-PCR) diagnostics indicated the presence of
UCBSV within the leaves of 57% of the nontransgenic controls,
but in only two of 413 plants tested (0.5%) across the 14 trans-
genic lines. All transgenic plants showing CBSD were PCR positive
for the presence of CBSV, except for line 781-001, in which 93% of
plants were confirmed to be free of both pathogens. At harvest,
90% of storage roots from nontransgenic plants were severely
affected by CBSD-induced necrosis. However, transgenic lines 718-
005 and 718-001 showed significant suppression of disease, with
95% of roots from the latter line remaining free from necrosis and
RT-PCR negative for the presence of both viral pathogens. Cross-
protection against CBSV by siRNAs generated from the full-length
UCBSV ACP confirms a previous report in tobacco. The information
presented provides proof of principle for the control of CBSD by
RNA interference-mediated technology, and progress towards the
potential control of this damaging disease.

INTRODUCTION

Cassava brown streak disease (CBSD) is an emerging constraint to
the production of the tropical root crop cassava (Manihot escu-
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lenta), and is considered to be one of the world's most serious
threats to food security (Appel, 2011; Pennisi, 2010). The causal
agents of CBSD are the viral pathogens Cassava brown streak
virus (CBSV) and Ugandan Cassava brown streak virus (UCBSV),
both species of the genus /pomovirus, family Potyviridae (Mban-
zibwa et al., 2009; Winter et al., 2010). The disease is transmitted
by the whitefly vector Bemisia tabaci (Maruthi et al., 2005; Mware
et al., 2009) and can result from single or dual infections by these
two positive single-stranded RNA viruses (Mbanzibwa et al.,
2011). Although known to have been present in East Africa
since the 1930s (Storey, 1936), CBSD was mostly confined to the
coastal regions and around Lake Malawi (Legg et al., 2011) until
identification in Uganda in 2004 (Alicai et al., 2007). Since that
time, the disease has developed to epidemic proportions, repre-
senting a significant constraint to cassava production throughout
the region (Campo et al., 2011; Legg et al., 2011), with incidences
reported at 93% of farmers' fields surveyed in western Kenya
(Mware et al., 2009). Unlike cassava mosaic disease (CMD), which
causes distinct leaf deformation and suppressed root yields,
CBSD produces yellow mottling of older leaves, stem lesions
and, most importantly, brown, corky, necrotic lesions within the
storage roots. The necrosis of storage roots can decrease root
weight in the most sensitive cultivars by up to 70% (Hillocks et al.,
2001). In addition, necrotic roots are largely inedible and have
little or no value at market (Hillocks and Jennings, 2003; Hillocks
etal., 2001).

Cassava is central to food and economic security throughout
much of East Africa (Fermont et al., 2010; Omamo et al., 2006).
The impact of CBSD therefore has important implications for
smallholder farmers and rural communities within the region
[Food and Agriculture Organization (FAO), 2011; Fermont et al.,
2008; United States Agency for International Development
(USAID), 2010]. There are also concerns that the disease is advanc-
ing south and westwards, presenting a threat to the large cassava-
producing countries of Central and West Africa (Abarshi et al.,
2010; Ntawuruhunga and Legg, 2007). The development and
deployment of CBSD-resistant germplasm suited to farmers’ needs
are therefore essential if the impact of the disease is to be miti-
gated (Legg et al., 2011).

Recently, we have reported transgenically imparted resistance
to CBSD via RNA interference (RNAI) technology in tobacco (Patil
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etal., 2011) and cassava (Yadav et al., 2011) under controlled
growth conditions. In both cases, inverted repeat constructs
derived from the coat protein (CP) of UCBSV were integrated into
the plant genome and were shown to result in the accumulation of
transgenically derived small interfering RNAs (siRNAs) when
probed with CP-specific sequences. Inoculations were performed
and resistance was assessed by the development of CBSD leaf
symptoms and reverse transcriptase-polymerase chain reaction
(RT-PCR) detection of the viral pathogens. N-terminal, C-terminal
and delta full-length (AFL) inverted repeat CP sequences were
shown to impart 100% resistance to challenge with the homolo-
gous virus (UCBSV) in tobacco, with levels of resistance correlated
with the strength of the siRNA signal within individual transgenic
plant lines (Patil et al., 2011). Graft inoculation with transgenic
cassava also confirmed 100% resistance to, and exclusion of, the
homologous virus by the transgenic scions (Yadav et al., 2011).
Significant cross-protection was also observed when tobacco
plants accumulating high levels of UCBSV AFL-CP-derived siRNAs
were challenged with CBSV (Patil et al., 2011).

In order to assess the efficacy of siRNA-imparted resistance to
CBSD under conditions of naturally vectored disease pressure, a
field experiment with transgenic cassava plants was established in
a confined enclosure at the National Crops Resources Research
Institute (NaCRRI) in Namulonge, Uganda. The data reported here
demonstrate that field-grown cassava plants, transgenic for
inverted repeat constructs of the UCBSV ACP sequence, are resist-
ant to the homologous virus and, in some cases, capable of resist-
ing CBSD disease development in the presence of whitefly-
transmitted CBSV and UCBSV.

RESULTS

Prior to establishing a confined field trial (CFT) of transgenic
cassava plants in November 2010, a survey was completed dem-
onstrating that both UCBSV and CBSV were present at high inci-
dences in the vicinity of the Namulonge research station
(Table S1, see Supporting Information). Stem cuttings from plants
of cultivar TME204, found to be dually infected with both
viruses, were collected and used to establish infector row plants
along all borders of each plot within the CFT (Fig. S1, see Sup-
porting Information).

Seven independent lines of cassava cultivar 60444, transgenic
for construct pILTAB718, and seven transgenic for construct
pILTAB719, were selected for testing under field trial conditions.
pILTAB718 carries an 894-bp inverted repeat construct for the ACP
of UCBSV and pILTAB719 carries a 402-bp N-terminal inverted
repeat from the same ACP sequence (Patil et al., 2011). The 14
transgenic events were selected from 197 originally produced on
the basis of the presence of one or two copies of the T-DNA (Taylor
et al., 2012a), detectable expression of the expected siRNA signal
and, in the case of pILTAB718, performance in previously reported

glasshouse graft-inoculation studies (Yadav et al., 2011). All plant
lines were shown by RT-PCR to be free of CBSD and CMD viral
pathogens prior to export from St Louis, MO, USA (results not
shown). Northern blotting was also performed on these transgenic
lines, confirming continued accumulation of siRNAs specific to the
transgenically expressed viral sequence (Fig. 1). Sixty plants of
each transgenic event, plus nontransgenic control plants of culti-
var 60444 and the CBSD-susceptible landrace Ebwanateraka,
were used to establish randomized triplicated plots under CFT
conditions at NaCRRI. Details of the field trial design are shown in
Fig. S1.

Development of disease symptoms on aerial tissues

Plants were assessed for the number of whitefly vectors and the
development of CBSD and CMD symptoms on a monthly basis for
the 11-month duration of the CFT. Whitefly populations increased
on all control plants of cultivar 60444 and transgenic lines of
pILTAB718 and pILTAB719 from the time of planting, reaching an
average of 75-115 per plant by 5 months after planting (MAP)
(Figs 2C, 3A,B). Elevated whitefly populations preceded the onset
of CMD and CBSD (Fig. 3, Fig. S3, see Supporting Information).
CMD symptom severity remained mild to moderate until 6-7 MAP
(Fig. S3), and had little impact on the ability to observe CBSD
symptoms on leaves and stems.

The development of CBSD was observed as distinct yellow-
coloured mottling on mature leaves and as dark lesions on green
and semi-woody portions of the stems (Fig. 2A,B). Symptoms
appeared on nontransgenic plants of cultivars 60444 and Ebwa-
nateraka at 2-3 MAP, and attained 100% incidence by 67 MAP
(Fig. 3C,D). Transgenic plants of pILTAB719 behaved in a similar
manner, such that, by 10 MAP, all pILTAB719 transgenic plants
showed typical signs of CBSD on leaves and stems (Fig. 3D).
In contrast, transgenic lines expressing the FL-ACP inverted
repeat construct (pILTAB718) showed a delay in onset of CBSD
compared with controls. Plants of lines 718-002, 718-003, 718-
004, 718-006 and 718-007 remained asymptomatic until 5 MAP,
and then started to display CBSD to reach 80%—-100% disease
incidence by 8 MAP. In lines 718-001 and 718-005, symptom
development was suppressed for the whole period of the CFT.
In line 718-005, final foliar CBSD incidence was 48.4% (com-
pared with 100% for control), whereas, in transgenic line 718-
001, only one of 60 plants (1.7%) developed visible CBSD
symptoms on aerial tissues over the 11-month field trial
(Fig. 3C). When plants were assessed for severity of CBSD symp-
toms (Fig. 3E,F, Fig. S2, see Supporting Information), those trans-
genic for pILTAB719 were no different from the controls,
reaching an average severity score of 2.50-3.25 by 7 MAP
before increasing to a maximum of 4.5-5 by the time of harvest.
The severity of CBSD symptoms on diseased plants of transgenic
pILTAB718 lines developed in a similar manner, except in events
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Fig. 1 Small interfering RNA (siRNA)
accumulation from Ugandan Cassava brown
streak virus (UCBSV) coat protein (CP) RNA
interference (RNAI) sequences in plants
transgenic for the full-length (FL)-ACP 1 2
(pILTAB718) or the N-terminus ACP '
(pILTAB719) by Northern blotting. (A) Screening
of transgenic events with a CP-specific probe
for siRNA signals in leaves of in vitro plantlets.
Asterisked plants were selected for the field
trial in Uganda. (B) Example of siRNA
expression from in vitro plants of field
candidate transgenic lines prior to export from
Donald Danforth Plant Science Center (DDPSC),
St Louis, MO, USA to Uganda.

718-001 and 718-005. In the latter, symptom severity did not
develop above an average score of 3.0, whereas CBSD symp-
toms on the single symptomatic plant of line 718-001 were
restricted to stem tissues only, where they reached a maximum
severity of 3 by 7 MAP (Fig. 3E).

RT-PCR for detection of CBSV and UCBSV in plants
within the CFT

Leaf samples were collected from symptomatic plants at 5.5, 7
and 11 MAP, and diagnostic RT-PCR was performed to detect
the presence of UCBSV and CBSV. The primer set described pre-
viously by Mbanzibwa et al. (2011) was employed, allowing
simultaneous diagnostic amplification of both virus species
(Fig. 4). Data are presented in Table 1A-C, showing the number
of plants sampled, occurrence of RT-PCR-detectable infections
and number of plants found to be carrying single and dual infec-
tions with the CBSD causal pathogens. At 5.5 MAP, 248 symp-
tomatic samples were analysed by RT-PCR, with 232 (93.5%)
testing positive for the presence of one or both CBSD viruses.
CBSV was found to be present at high frequency throughout
the season, with nontransgenic controls showing 91% infection
with this virus as early as 5.5 MAP. Levels of UCBSV were some-
what lower, with 23%, 91% and 63% of nontransgenic control
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719-003 and 719-005

Lane 1 - Positive Control Lane 2 — Negative cv.60444
Lane 3-8 - 718-001 Lane 8-12 -718-012

4 5 6 7 8 9 10 1"

Lane 1 — Positive Contrel Lane 2 — Negative cv.60444

Lane 3-7 - 718-004 Lane 8-12 - 719-005

plants sampled shown to be infected with this pathogen at 5.5,
7 and 11 MAP, respectively. Within the nontransgenic controls,
single infections with UCBSV did not exceed 12%, whereas
single infections with CBSV reached 76%. Dual infection rates
increased over the duration of the CFT, rising from 15% to 82%
and 54% of PCR-positive plants at 5.5, 7 and 11 MAP, respec-
tively (Table 1).

Important differences were seen for infection rates between
the transgenic plants and controls, and between plants trans-
genic for pILTAB718 and pILTAB719. Nontransgenic control
plants of cultivars 60444 and Ebwanateraka were found to be
infected with UCBSV at 23% and 42%, respectively, by 5.5 MAP,
but only two of the 155 plants tested from transgenic lines
pILTAB718 and plILTAB719 carried RT-PCR-detectable levels of
this virus (Table 1A). Notably, all PCR-positive pILTAB719 trans-
genic plants tested at this time were found to be infected with
CBSV alone. In contrast, only three samples (all from line 718-
003) were confirmed to be carrying this virus species in plants
engineered with the inverted repeat sequence for the FL-ACP of
UCBSV. These data correlate with information from the visual
assessment of disease symptoms, which indicated that plants
transgenic for pILTAB719 were diseased by 5.5 MAP, with the
vast majority of pILTAB718 remaining free of CBSD at this time
point (Fig. 3).
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Frequencies of virus detection by RT-PCR from leaf samples of
symptomatic plants decreased as the age of the plants increased,
falling from 93% at 5.5 MAP to 66% at 11 MAP. Nevertheless,
across 284 symptomatic leaf samples tested by RT-PCR at 7 and
11 MAP, no detectable infections with UCBSV were found within
transgenic plants, whereas nontransgenic controls were confirmed
to be carrying this virus at frequencies of 91% at 7 MAP and 66%
by 11 MAP (Table 1C). Conversely, the incidence of CBSV
increased in transgenic lines, such that, by the end of the trial,
symptomatic plants of controls, pILTAB719 and pILTAB718 were
confirmed to be infected with CBSV alone.

Thirty-one plants (52%) and 59 plants (98%) of transgenic
lines 718-005 and 718-001, respectively, were observed to
remain free of CBSD leaf and stem symptoms for the duration of
the CFT. To investigate this further, sampling was performed on a
mixture of symptomatic and asymptomatic plants at 7 and

Fig. 2 Cassava brown streak disease (CBSD)
symptoms and whitefly vectors observed on
leaves and stems of plants within the confined
field trial. (A) Distinct yellow mottling caused
by CBSD on mature leaves. (B) Dark brown
coloured necrotic lesions seen on stems of
CBSD-infected plants compared with
noninfected material. (C) Significant whitefly
populations present on the underside of
younger leaves.

9.5 MAP. At 7 MAP, four of nine asymptomatic 718-001 plants
tested positive for the presence of CBSV, but all were negative
for UCBSV (Table 1B). At 9.5 MAP, a more detailed study
was performed in which RNA was extracted from leaves of dif-
ferent ages on the same plant and subjected to diagnostic
RT-PCR (Table 2). All three plants of nontransgenic cassava cul-
tivar 60444 were found to carry mixed infections with UCBSV
and CBSV in their older leaves (Table 2). As predicted by data
from RT-PCR analysis at 7 MAP (Table 1B), a plant from line 719-
005 was found to be infected with CBSV only, whereas, for
plants of transgenic line 718-001, leaves at all positions were
determined to be free of detectable CBSD viruses. The latter
included the one plant of this transgenic line that showed visible
CBSD-like symptoms on its stem tissues (Fig. 3). Further analysis
was carried out on leaves from 30 plants (one symptomatic and
29 asymptomatic) of 718-001 at 11 MAP. At this time point,
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Fig. 3 Development of whitefly populations and visually assessed cassava brown streak disease (CBSD) symptoms on shoots of transgenic and control plants over
the 11-month duration of the confined field trial. (A, B) Average number of whiteflies per plant observed on the undersides of the five uppermost leaves of
transgenic pILTAB718 (A) and pILTAB719 (B) plants and nontransgenic control plants. (C, D) CBSD incidence on nontransgenic control 60444 and Ebwanateraka
(EBW) cultivars and across 60 clonal replicates of seven independent transgenic lines for the inverted repeat constructs plLTAB718 (FL-ACP) (C) and pILTAB719
(N-terminal ACP) (D). (E, F) Severity of CBSD symptoms scored on a scale of 1-5 over time in nontransgenic control cultivars 60444 and EBW and across seven

lines transgenic for the inverted repeat constructs pILTAB718 (FL-ACP) (E) and pILTAB719 (N-terminal ACP) (F). CP, coat protein; FL, full length.

neither CBSV nor UCBSV could be detected in these plants
(Table 1Q).

Incidence and severity of CBSD in storage roots and
impact on agronomic performance

The field trial was harvested at 11 MAP. Plants were uprooted and
storage roots were sliced open to allow visual scoring on a 1-5

© 2012 THE AUTHORS

scale for the presence and severity of the brown necrotic lesions
typical of CBSD in these organs (Fig. S2). Storage roots from 16—18
plants (approximately six per triplicated plot) were assessed in
this manner, and data were collected for total root production
and aerial biomass. No significant differences were observed for
root yields, number of roots or total biomass between 60444
control plants and the transgenic lines (Fig. S4, see Supporting

Information).
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The impact of CBSD on storage root quality was severe. Of the
roots harvested from nontransgenic controls of cultivar 60444,
103 of the 115 (90%) showed damage caused by CBSD, and
disease symptoms were severe in these roots, with average sever-
ity scores of 4.0-4.5 (Figs 5A—C, 6B). The frequency of CBSD root
symptoms was not significantly different between controls and
transgenic lines of pILTAB719 and pILTAB718, except for plants of
718-001 and 718-005. At an average of 63%, line 718-005 dif-
fered significantly from the 60444 control at P > 0.05, whereas
transgenic event 718-001 was significantly different from the con-
trols and all other transgenic lines tested at P > 0.001 (Fig. 6).
Importantly, storage roots from the latter event showed signs of
brown lesions in only five of the 116 roots (4.4%) assessed, with
symptom severity within these seen to be mild, at an average
score of 2 (Figs 5A,B, 7).

Diagnostic RT-PCR performed on total RNA isolated from
peeled storage roots confirmed the presence of CBSV in second-
ary xylem tissues from nontransgenic cultivar 60444 and
pILTAB719 transgenic lines (Fig. 4B). It is not known why UCBSV
was not detected in the storage roots of cultivar 60444, as these
plants were diagnosed as infected with both viruses in their leaf
tissues (Table 1). Interestingly, roots from four plants of the
spreader row cultivar TME204 indicated the presence of UCBSVY,
but not CBSVY, suggesting that the inability to detect UCBSV was
not caused by technical failure, but may reflect biological control
of virus distribution within the storage roots (Fig. 4B). Studies

Lane 5 = 60444 Lane 10=EBW Lane 15=718-005
Lane 6 = 60444 Lane 11=EBW Lane 16 = TME 204
Lane 7=719-001 Lane 12=EBW Lane 17 = TME 204
Lane 8 =719-001 Lane 13 =718-002 Lane - = -ve control
Lane 9=719-005 Lane 14 = 718-005 Lane + = + ve control

Lane 5=60444  Lane 10 =719.001 Lane 15 = TME 204
Lane 6 =60444  Lane 11 =719-005 Lane 16 = TME 204
Lane 7 = 60444 Lane 12 =719-005 Lane - = -ve control
Lane 8 =60444  Lane 13 =TME 204Lane + = +ve control

437bp (UCBSV)
343bp (CBSV)

Fig. 4 Reverse transcriptase-polymerase chain
reaction (RT-PCR) diagnostics for simultaneous
detection of Cassava brown streak virus (CBSV)
and Ugandan Cassava brown streak virus
(UCBSV). (A) Presence of CBSV and UCBSV in
leaf tissues of a subset of field-grown
transgenic and nontransgenic plants 11 months
after planting. (B) Presence of CBSV and
UCBSV in a subset of storage root tissues
harvested from field-grown transgenic and
nontransgenic plants 11 months after planting.
EBW, Ebwanateraka.

. 437bp (UCBSV)
343bp (CBSV)

are ongoing to test this hypothesis. Storage roots harvested from
plants of transgenic line 718-001 were free of detectable levels
of CBSV and UCBSV.

The distribution of CBSD scores for storage roots across the
transgenic lines and controls at harvest is shown in Fig. 7A. If roots
scoring 1 (symptom free) and 2 (minimal disease and still usable)
are combined, 100% and 50% of harvested roots from lines 718-
001 and 718-005 were marketable, whereas less than 10% of the
controls were fit for consumption (Fig. 7B). When combined with
root yields from the CFT, the ‘usable yield" was calculated, defined
as the fresh weight of storage roots with a CBSD symptom score
of 2 or less. Using this assessment, the nontransgenic cultivar
60444 yielded only 2.5 t/ha, whereas the two lines of pILTAB719
and four lines transgenic for pILTAB718 achieved usable yields
above 5 t/ha, with 718-001 delivering a usable yield equivalent to
approximately 20 t/ha (Fig. 6C).

DISCUSSION

Plants of cassava cultivar 60444 were modified to express
inverted repeat constructs of the FL-ACP or N-terminal ACP
sequences from UCBSV (Yadav et al., 2011), and were confirmed
to accumulate the expected siRNAs. A CFT under high disease
pressure was successfully completed to assess both RNAI-
mediated approaches for the control of CBSD under conditions of
natural, whitefly-vectored transmission at NaCRRI, Namulonge,
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Table 1 Incidence and diagnostic detection of cassava brown streak disease (CBSD) within a confined field trial of transgenic and nontransgenic cassava lines at
Namulonge research station.

Virus species detected (%)

No. symptomatic No. symptomatic plants No. PCR-positive Total UCBSV Single infection Single infection Dual infection
Plant line plants (total) analysed by RT-PCR samples positivet Total CBSV positive§ UCBSV only CBSV only UCBSV + CBSV
(A) Incidence and diagnostics for presence of UCBSV and CBSV at 5.5 months after planting
60444 44 (60) 37 34 8 (23.5) 31(91.2) 3(8.8) 26 (76.5) 5(14.7)
EBW 21 (24) 45 43 24 (55.8) 25 (58.1) 18 (41.9) 19 (44.2) 6 (13.9)
718-001 0 (60) na na na na na na na
718-002 1(60) 1 0 0 0 0(0) 0(0) 0(0)
718-003 4 (57) 4 4 1(25) 4 (100) 0 (0) 3 (75.0) 1(25.0)
718-004 0 (60) na na na na na na na
718-005 0 (60) na na na na na na na
718-006 8 (60) 8 6 0 6 (100) 0 (0) 6 (100) 0(0)
719-001 31 (58) 31 26 0 26 (100) 0(0) 26 (100) 0(0)
719-002 16 (52) 16 16 0 16 (100) 0 (0) 6 (100) 0(0)
719-003 23 (49) 23 23 0 23 (100) 0(0) 23 (100) 0(0)
719-004 14 (45) 14 13 0 13 (100) 0(0) 3 (100) 0(0)
719-005 23 (60) 23 22 1 22 (100) 0 (0) 21 (95.5) 1 (4.5)
719-006 22 (59) 22 22 0 22 (100) 0(0) 22 (100) 0(0)
719-007 21 (59) 21 21 0 21 (100) 0(0) 1(100) 0(0)
Total 248 232 (93.5%) 21 (9.1) 198 (85.3) 13 (5.6)
(B) Incidence and diagnostics for presence of UCBSV and CBSV at 7 months after planting
60444 60 (60) 13 1" 10 (90.9) 10 (90.9 1(9.1) 109.1) 9(81.8)
EBW 24 (24) 12 " 10 (90.9) 10 (90.0) 1(9.1) 0(0) 10 (90.9)
718-001 1(60) 10t 4 0(0) 4 (100) 0(0) 4 (100) 0(0)
718-002 40 (60) " 8 0(0) 8 (100) 0(0) 8 (100) 0(0)
718-003 55 (59) 17 11 0(0) 11(100) 0(0) 11(100) 0(0)
718-004 35 (60) 16 14 0(0) 14 (100) 0(0) 14 (100) 0(0)
718-005 6 (60) 12 6 0(0) 6 (100) 0(0) 6 (100) 0(0)
718-006 56 (60) 17 16 0(0) 16 (100) 0(0) 16 (100) 0(0)
718-007 46 (57) 15 12 0 (0) 12 (100) 0 (0) 12 (100) 0(0)
719-001 57 (58) 13 11 0(0) 11 (100) 0(0) 11 (100) 0(0)
719-002 51 (52) 1M 1" 0(0) 11 (100) 0(0) 11 (100) 0(0)
719-003 42 (49) 12 10 0(0) 10 (100) 0(0) 10 (100) 0(0)
719-004 33 (45) 10 10 0(0) 10 (100) 0(0) 10 (100) 0(0)
719-005 60 (60) 10 6 0(0) 6 (100) 0 (0) 6 (100) 0(0)
719-006 59 (59) 14 11 0(0) 11 (100) 0(0) 11 (100) 0(0)
719-007 58 (59) 14 14 0(0) 14 (100) 0(0) 14 (100) 0(0)
Total 198 166 (83.8%) 2(1.2) 145 (87.3) 19 (11.4)
(C) Incidence and diagnostics for presence of UCBSV and CBSV at 11 months after planting
60444 60 (60) 30 26 17 (62.9) 25 (92.6) 3(11.5) 9 (346 14 (53.8)
EBW 24 (24) 12 5 0(0) 5 (100) 0(0) 3 (60.0 2 (40.0)
718-001 1(60) 30* 0 0(0) 0 (0) 0(0) 0(0) 0(0)
718-002 58 (60) 12 5 0 (0) 5 (100) 0 (0) 5 (100) 0(0)
718-003 58 (59) 30 23 0(0) 23 (100) 0(0) 23 (100) 0(0)
718-004 59 (60) 12 4 0(0) 4 (100) 0(0) 4 (100) 0(0)
718-005 29 (60) 30 13 0(0) 13 (100) 0(0) 13 (100) 0(0)
718-006 60 (60) 12 7 0(0) 7 (100) 0(0) 7 (100) 0(0)
718-007 57 (57) 12 6 0(0) 6 (100) 0(0) 6 (100) 0(0)
719-001 58 (58) 12 4 0(0) 4 (100) 0 (0) 4(100) 0(0)
719-002 51 (52) 12 8 0(0) 8 (100) 0(0) 8 (100) 0(0)
719-003 49 (49) 12 10 0 (0) 10 (100) 0(0) 10 (100) 0(0)
719-004 46 (46) 12 8 0(0) 8 (100) 0(0) 8 (100) 0(0)
719-005 60 (60) 12 8 0(0) 87 (100) 0(0) 8 (100) 0(0)
719-006 59 (59) 12 8 0(0) 8 (100) 0 (0) 8 (100) 0(0)
719-007 58 (59) 12 10 0(0) 10 (100) 0(0) 10 (100) 0(0)
Total 235 145 (61.2%) 3(2.1) 126 (86.9) 16 (11.0)

na, not applicable.
60444, wild-type plants of cassava cultivar 60444; EBW, wild-type plants of Ugandan cassava cultivar Ebwanateraka. Plants were planted in a confined field trial as triplicated randomized blocks

of 20 plants.

718, plant lines transgenic for the inverted repeat construct pILTAB718 consisting of the delta full length of the UCBSV coat protein (CP); 719, plant lines transgenic for the inverted repeat
construct pILTAB719 consisting of the N-terminus of the UCBSV CP.
Leaf samples were collected from transgenic and control cassava plant lines showing CBSD symptoms and used as a source of RNA for CBSD virus detection; 1 uL of RNA was used in reverse
transcriptase-polymerase chain reactions (RT-PCR) with the primer pair CBSVDF2/CBSVDR (Mbanzibwa et al., 2011) which detects and distinguishes between CBSV and UCBSV.

*In this case, one symptomatic and nine asymptomatic plants were sampled.
tIn this case, one symptomatic and 29 asymptomatic plants were sampled.

tTotal positive samples showing infection with Ugandan Cassava brown streak virus (UCBSV) alone or UCBSV and Cassava brown streak virus (CBSV).
§Total positive samples showing infection with UCBSV alone or UCBSV and CBSV.
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Table 2 Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis
for the presence of cassava brown streak disease (CBSD) causal viruses in
leaves from various positions on transgenic and nontransgenic cassava plants
9.5 months after planting.

Virus present
Plant Leaf determined by
Plant line ~ number  CBSD severity position  RT-PCR

60444 5 3 1 U
9 u+Vv
15 U+Vv
27 U+Vv
60444 14 3 1 %
8 u+Vv
15 U+Vv
23 u+Vv
60444 18 3 1 %
8 %
15 U+Vv
24 U+Vv
719-12 17 3 1
8
15
24
718-005 18 1 1
8 —
15 -
23 -
3 (stem lesions only) 1 -
9 —
15 -
24 -
718-001 6 1 1 -
8 —
15 -
24 -
1 —
8 —
15 -
25 -
718-001 18 1 1 -
8 —
15 -
23 -
718-001 15 1 1 -
9 —
15 -
23 -

< <

718-001 5

718-001 1" 1

U, Ugandan Cassava brown streak virus; \, Cassava brown streak virus.
Position of sampled leaf is indicated as that below the first fully expanded
leaf (position 1), downwards. CBSD severity was determined as shown in
Fig. 2.

Uganda. Infection of nontransgenic controls reached 100%
within 6 MAP; moreover, transgenic plants of pILTAB719, express-
ing siRNAs from the N-terminal ACP region of UCBSV, developed
typical leaf and stem symptoms at a frequency and severity no
different from the controls. In contrast, plant lines genetically
modified with AFL-CP displayed a 4-month delay in development
of the first CBSD symptoms, with two events, 718-001 and 718-
005, having 98% and 52% of their clonal replicates, respectively,

remaining asymptomatic over the 11-month duration of the CFT
(Fig. 3).

Molecular diagnostic analysis revealed almost complete exclu-
sion of UCBSV in transgenic lines, whether as single infections
with this pathogen or as dual infections in combination with CBSV
(Table 1). Therefore, both UCBSV-ACP siRNA-expressing genetic
constructs were capable of suppressing the replication of the
homologous UCBSV pathogen to below RT-PCR-detectable levels.
This was evident from RT-PCR diagnostics of leaves from sympto-
matic and asymptomatic transgenic plants performed at four time
points during the CFT, for which 393 of 395 samples, representing
both gene constructs, were negative for the presence of UCBSV
(Table 1C). It was apparent, therefore, that CBSD symptoms in
transgenic plants were caused by single infections with CBSV, and
this was confirmed at the molecular level, with symptomatic
plants of pILTAB719 and pILTAB718 found to be infected with this
pathogen only (Table 1A-C). In addition, lack of CBSD symptoms
on clonal plants of transgenic line 718-001 was correlated with
the absence of UCBSV and CBSV, as determined by RT-PCR analy-
sis. Apart from four plants showing a positive signal for the pres-
ence of CBSV at 7 MAP, no detectable levels of UCBSV or CBSV
were seen within its leaf tissues (Tables 1C, 2).

The data presented here confirm the information reported pre-
viously for RNAi-mediated resistance against CBSD by the same
inverted repeat constructs under controlled growth conditions
(Patil etal., 2011; Yadav etal., 2011). In glasshouse graft-
inoculation studies of cassava, all lines transgenic for pILTAB718
proved to be 100% resistant to UCBSV, with plants remaining
symptom free and RT-PCR negative for virus transmission when
scions were grafted onto rootstocks infected with the homologous
UCBSV species (Yadav etal., 2011). Likewise, tobacco plants
genetically modified with constructs pILTAB718 and pILTAB719
(and for an inverted repeat C-terminal version of ACP) provided
resistance to challenge with UCBSV, but only events expressing
FL-ACP (pILTAB718) provided fully effective cross-protection
against infection with strains of the nonhomologous CBSV patho-
gen (Patil et al., 2011). Data from the field studies presented here
corroborate these results, confirming that, although siRNAs from
the N-terminal CP of UCBSV are sufficient to control this virus
species, the FL-ACP sequence is required to generate robust resist-
ance to both CBSD causal viruses.

Based on information from previously published reports
describing RNAi-mediated control of RNA viruses (Collinge et al.,
2010; Tennant et al., 2001), inverted repeat constructs derived
from the CP sequence of UCBSV were predicted to generate
resistance to this virus only. Experimental evidence from the labo-
ratory and the field studies reported here confirms, however, that
a significant level of cross-protection against CBSV is also
achieved. Although the CP nucleotide sequences of the two
viruses vary by 30.5% (CBSV-[UG;Nam;04].CP.HM181930; CBSV-
[TZ;Nal].CP.HM346954), siRNAs transgenically produced by the
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Fig. 5 Cassava brown streak disease (CBSD)
symptoms on storage roots and stems at
harvest, 11 months after planting. (A) Uprooted
storage roots from a plant of line 718-001
transgenic for the inverted repeat sequence
AFL-CP of Ugandan Cassava brown streak
virus (UCBSV) beside a plant of the
nontransgenic cultivar 60444. (B) Storage roots
collected from plants of transgenic line
718-001 showing minimal damage caused by
CBSD. (C) Storage roots of nontransgenic
cultivar 60444 showing severe damage caused
by CBSD.

inverted repeat UCBSV FL-ACP appear to be capable of degrad-
ing the CBSV CP messenger. This is not the case for those gen-
erated by the N-terminal RNAi construct. It is hypothesized that
the siRNA population from the FL-ACP RNAi construct either has
special sequence properties that allow at least some of the popu-
lation to recognize the CBSV CP mRNA, or that this longer frag-
ment is differentially and better processed to siRNAs by plant
Dicers. Effective cross-protection appears to be associated with
the quantity of siRNA production. In transgenic tobacco plants,
cross-resistance to CBSV was correlated with plant lines possess-
ing the highest levels of FL-ACP-derived siRNA accumulation
(Patil et al., 2011). It should be noted that line 718-001, reported
here to display greatest protection against both CBSV and UCBSV
under field conditions, was seen to have a strong siRNA signal
compared with other plant lines transgenic for this RNAi con-
struct (Fig. 1). Further research is ongoing to better understand
the mechanisms behind these results.

The suppression of aerial CBSD symptoms and RT-PCR-
detectable virus in leaf tissues of plant lines 718-001 and 718-005
was correlated with reduced disease incidence in storage roots at
the time of harvest. This result is critical, as it is damage to the
storage roots that affects usable yields for farmers. Nontransgenic
control plants carrying leaves infected with CBSV and/or UCBSV
(Table 1) had severe damage within 90% of their storage roots
(Figs 5 and 6). Tuberous roots from all plants of transgenic line
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pILTAB719 infected with CBSV were likewise affected. In contrast,
of the 116 storage roots harvested from line 718-001, 111 were
seen to be completely free of necrotic damage caused by CBSD,
with the remaining five showing only mild symptoms (Fig. 6A). The
lack of detectable virus within symptom-free storage roots of line
718-001 confirms the data from the leaf tissues (Fig. 4, Table 1)
and indicates the efficacy of UCBSV CP-derived siRNA populations
for the suppression of the agronomic impact of CBSD in this
transgenic event. As a result, the yield of usable roots, those
considered fit for consumption or saleable at market, was esti-
mated to be eight times greater for line 718-001 than for the
nontransgenic controls, and significantly greater than that for
other transgenic events that successfully excluded UCBSV but had
little or no resistance to CBSV (Fig. 6C).

The lack of viral load in resistant plants of vegetatively propa-
gated crops such as cassava is an essential epidemiological factor
in suppressing the subsequent spread and impact of the disease
(Yadav et al., 2011); (Gonsalves et al., 2007). It is apparent from
the present studies that infection with CBSV alone is capable of
causing severe storage root losses, and that both viral pathogens
must be controlled to prevent root yield losses to CBSD. Simulta-
neous suppression of both CBSV and UCBSV to below detectable
levels across all transgenic plants of line 718-001 tested by RT-PCR
is therefore an important outcome of the studies reported here.
Stem cuttings from plants of line pILTAB718 have been replanted
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Fig. 6 Incidence and severity of cassava brown streak disease (CBSD) on
harvested storage roots at 11 months after planting, and its effect on usable
yields across transgenic and nontransgenic plants. (A) Incidence of CBSD in
storage roots. (B) Average severity of CBSD symptoms in diseased roots. Data
are shown as average values from the six innermost plants of each triplicated
plot =+ the standard error. (C) Yield of usable roots within transgenic and
nontransgenic plots. Data are shown as average values from the six
innermost plants of triplicated plots + the standard error. Values assigned
different letters are significantly different at £ > 0.05 as determined by
Duncan’s new multiple range test. EBW, Ebwanateraka.

to assess the impact of the disease on the vigour of the infected
cuttings and to examine the continued efficacy of resistance to
CBSD across vegetative generations.

The data presented here provide proof of principle for the
control of CBSD by RNAi-mediated technology and the first field-
based evidence for transgenic control of a disease in cassava.
Highly effective suppression of UCBSV has been demonstrated, in
addition to partial cross-protection in one transgenic line (718-
005) and significant cross-protection in a second (718-001). It is
hypothesized, therefore, that the co-expression of siRNAs from the

A Distribution of CBSD root symptom scores
. 100%
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Fig. 7 Cassava brown streak disease (CBSD) symptom distribution in roots
from harvested transgenic and nontransgenic plants. (A) Distribution of CBSD
symptom values for storage roots of the three lines transgenic for pILTAB718,
control cultivar 60444 and the landrace Ebwanateraka (EBW). (B)
Photographs of typical CBSD severity in slices of different roots of the three
lines transgenic for pILTAB718 and the control cultivar 60444,

CP sequences of both UCBSV and CBSV within the same plant
holds promise for the integration of robust field resistance to
CBSD into farmer-preferred cassava cultivars. Effective RNAi-
derived protection against RNA viruses has been demonstrated for
papaya (Fuchs and Gonsalves, 2007), squash (Tricoll et al., 1995)
and plum (Hily etal, 2004), with subsequent delivery of
de-regulated, resistant planting materials to farmers. The Virus
Resistant Cassava for Africa (VIRCA) project is exploiting the
knowledge gained from the present studies, and from additional
ongoing CFTs, to develop CBSD-resistant cassava for deployment
to farmers and breeders in Uganda and Kenya (Taylor et al.,
2012b). The results presented indicate that RNAi technology has
the potential to be an important component in the multifaceted
approaches being brought to mitigate the impact of CBSD on
farmer well-being in East Africa, and could be a potential strategy
to combat the effects of its spread to other cassava-producing
regions.
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EXPERIMENTAL PROCEDURES

Plant preparation and viral diagnostics at the Donald
Danforth Plant Science Center (DDPSC)

In vitro plantlets of cassava cultivar 60444, transgenic for pILTAB718
(FL-ACP: 7947-8840 nucleotides) and pILTAB719 (N-terminal ACP: 7947—
8348 nucleotides) inverted repeat constructs of the UCBSV CP gene, were
generated and analysed as described previously (Taylor et al., 2012a;
Yadav et al., 2011). Transgenic and nontransgenic control plantlets were
micropropagated at DDPSC onto Murashige and Skoog (Murashige and
Skoog, 1962) basal medium supplemented with 20 g/L sucrose (MS2)
solidified with 8 g/L Noble agar. Plantlets were confirmed to be free of
CMD and CBSD by diagnostic PCR. To test for the presence of CMD, DNA
was extracted from in vitro leaves using the DNeasy Plant Minikit
(Qiagen, Cat. 69104, Germantown, MD, USA). African cassava mosaic
virus (ACMV) was detected using primer pair JSP0O1 (5'-ATGTCGA
AGCGACCAGGAGAT-3") and JSP002 (5'-TGTTTATTAATTGCCAATACT-3'),
as described by Pita et al. (2001), and East African cassava virus (EACMV)
was detected using primers EAB555F (5'-TACATCGGCCTTTGAGTCGCAT
GG-3') and EAB555R (5'-CTTATTAACGCCTATATAAACACC-3'), as reported
by Fondong et al. (2000). For the detection of CBSD causal viruses,
3-5 mg of total RNA was extracted from in vitro leaves using a Total RNA
MiniKit (IBI Scientific, Peosta, IA, USA), and reverse transcription was
performed using SuperScript™ Il reverse transcriptase primed with oli-
go(dT) (Invitrogen, Grand Island, NY, USA). The resulting cDNA was
used as template for PCR amplification with the universal UCBSV/CBSV
primers 10F (5'-ATCAGAATAGTGTGACTGCTGG-3') and CBSV 11R (5'-
CCACATTATTATCGTCACCAGG-3'), as described by Monger et al. (2001).
The accumulation of transgenically derived siRNAs within in vitro leaf
tissue was confirmed in transgenic cassava plant lines by Northern blot
analysis, following the procedures described by Yadav et al. (2011).
Apical shoots, 2-3 cm in length, were excised from Petri dish-cultured
plantlets and transferred to 50-mL sterile polystyrene Falcon tubes (BD,
Franklin Lakes, NJ, USA) containing 15 mL of MS2 medium solidified with
2.2 g/L Gelzan™ (Sigma Chemical Co., St Louis, MO, USA). One cutting
was placed in each tube and cultured in a growth chamber at 28 °C with
a 14 h/10 h photoperiod and 75 pumols/m?/s light. After 24 days, tubes
were packaged and dispatched with the appropriate import and phy-
tosanitary documentations via courier to NaCRRI, Namulonge, Uganda.

Hardening and soil establishment within
NaCRRI screenhouses

On arrival at NaCRRI, Namulonge, Uganda, tissue culture plantlets were
acclimatized in diffuse light under polythene chambers within a
biosaftey level Il screenhouse at 100% humidity and 24-28 °C. The caps
of the 50-mL tubes were loosened by one-eighth of a turn each day to
allow gaseous equilibration. After 4 days, the plantlets were removed
from the tubes and adhering Gelzan™ was dislodged from the roots by
careful agitation in warm water. Each plantlet was potted individually
into a 10-cm plastic pot containing Fafard 51 soil-less compost
(Hummert International, Earth City, MO, USA) and the medium was satu-
rated with water. Pots were placed within the polythene chambers and
100% humidity was maintained by flooding the floor with water twice
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daily. After 3 days, the plantlets were moved to open benches within the
same screenhouse and grown at a relative humidity of 50-60% and
temperature of 26 = 2 °C. Plants were watered as needed, and fertilizer
was applied as Phyton 27 at 2 mL/L and as 9-45-15 NPK Jack’s Pro-
fessional Water Soluble Peat Lite fertilizer (J.R. Peters Inc., Allentown, PA,
USA) at 0.5 g/L twice weekly.

Field planting, plot design, maintenance
and harvesting

Plants of cassava cultivar 60444, transgenic for pILTAB718 (seven entries)
and pILTAB719 (seven entries), nontransgenic control cultivar 60444 and
the Ugandan farmer-preferred landrace Ebwanateraka were used to estab-
lish a field trial under confined regulated conditions at NaCRRI, Namu-
longe, Uganda. Hardened plants at 8 weeks of age were transferred from
the screenhouse to a CFT enclosure approximately 0.5 ha in size (51 m x
95 m). The field was prepared by ploughing twice with tractor-mounted
equipment. Plants were removed from their pots and planted into 20-cm-
diameter, 15-cm-deep holes, filled with water and backfilled with soil to
establish a randomized complete block experimental design with three
replications. The plot configuration was 20 plants per entry (four rows
wide, each with five plants) at a spacing of 1 m x 1 m (10 000 plants/ha)
(Fig. S1). Stem cuttings of cassava cultivar TME204, growing in the vicinity
of Namulonge research station and showing foliar symptoms of CBSD,
were collected, confirmed by RT-PCR to be infected with both CBSV and
UCBSV (Table S1) and planted to form a border around and between each
experimental plot (Fig. S1). Plants were watered daily for 1 week after
planting and three times per week thereafter. Hand weeding was per-
formed on a fortnightly basis. No agrochemicals or fertilizers were applied
to the field.

Data collection during cultivation and
at harvest

Plants were visually assessed for CBSD and CMD incidence and severity
monthly until harvesting at 11 months of age. CMD symptoms were scored
on all plants within the experimental plots according to the 1-5 scale
reported previously (Terry, 1975). Symptoms of CBSD were assessed by
combining leaf and stem symptoms, as described in Fig. S2, on all plants
within the experimental plots. Plants were also assessed for the average
number of adult whiteflies (Bemisia tabaci) present on the underside of
the uppermost five, fully expanded leaves.

At 11 MAP, the six innermost plants within each plot were harvested by
digging with a hoe to dislodge storage roots from the soil. Stem and
storage root materials were cut and weighed separately using a 200-kg
scale (Hanson TM, Model no. 21, Chicago, IL, USA). ‘Marketable roots’,
defined as those cylindrical or conical-cylindrical storage roots at least
18 cm in length and 4 cm in width, of the kind usually suitable for sale in
the marketplace or home consumption, were separated and weighed. Each
marketable sized storage root was sliced transversely into five pieces and
scored for the presence and severity of CBSD using the 1-5 scale shown in
Fig. S2. Each root was assigned the highest CBSD severity score observed
within its slices. CBSD incidence was computed by expressing the number
of CBSD-affected roots as a percentage of the total roots per plot. The
severity of CBSD per plot was obtained by averaging the individual scores
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of diseased storage roots (those with scores of 2-5) within the triplicated
plots. ‘Usable roots were calculated from the total root weight as those
with CBSD scores of 2 or less, assessed to be acceptable for sale or
household consumption.

Statistical analysis

Field data were analysed using ARM8 (formerly called Agriculture
Research Manager software, Gylling Data Management, Inc., Brookings,
SD, USA) for analysis of variance (aNovA), and entry means were separated
using Duncan’s new multiple range test (P = 0.05).

Sampling and RT-PCR analysis for the detection of
UCBSV and CBSV in field-grown plants

Unless otherwise stated, the youngest leaf showing CBSD symptoms, or
equivalent noninfected tissue, was collected from field-grown plants using
gloved hands, wrapped with aluminium foil and immediately placed in a
container with liquid nitrogen. To collect storage root samples, whole roots
were sliced transversely into 1-2-cm-thick discs at harvest and a repre-
sentative piece was selected and preserved in liquid nitrogen. Total RNA
was extracted from 0.15-0.20 g of leaf material or storage root paren-
chyma following the cetyltrimethylammonium bromide (CTAB) protocol
(Lodhi et al., 1994), and cDNA was synthesized using an Invitrogen Super-
Script® Il First-Strand RT-PCR Kit and oligo(dT) primers according to the
manufacturer’s instructions. Synthesized cDNA was subjected to UCBSV/
CBSV detection by RT-PCR according to Mbanzibwa et al. (2011), using
primers CBSVDF2 (5'-GCTMGAAATGCYGGRTAYACAA-3') and CBSVDR (5'-
GGATATGGAGAAAGRKCTCC-3") which amplify 437 and 343 nucleotides
of the 3'-terminal sequences of the UCBSV and CBSV genomes, respec-
tively. PCR products were resolved by electrophoresis on 1% agarose gel,
fragments were visualized by UV radiation (302 nm) and gel images were
recorded using a Nikon Coolpix P90 digital camera (Nikon Corporation,
Tokyo, Japan).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article:

Fig. S1 Layout of confined field trial. (A) Plants at 3 months after
planting at the research station at the National Crops Resources
Research Institute (NaCRRI), Namulonge, Uganda, showing the
experimental plants surrounded by a single border row of cultivar
TME204 (foreground). (B) Schematic representation of field trial
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plots designed to assess transgenic small interfering RNA (siRNA)-
imparted resistance to cassava brown streak disease (CBSD). Each
green square represents one 1-m? area containing one experimen-
tal plant, to generate 5 x 4 triplicated plots of the same clonal
replicate. Each plot was surrounded on all sides by a single row of
CBSD-infected plants of cassava cultivar TME204 (yellow squares),
collected locally and established from vegetative stem cuttings.
The position of each transgenic and nontransgenic experimental
plant line is shown within the plot design.

Fig. S2 Scoring system utilized for the visual assessment of
cassava brown streak disease (CBSD) symptoms on cassava plants
within the confined field trial. (A) Scoring criteria used for the
assessment of leaves and stems. (B) Scoring criteria used for the
assessment of storage root tissues. (C) CBSD symptoms and asso-
ciated severity scores on storage root slices.

Fig. S3 Development of cassava mosaic disease (CMD) on plants
within a confined field trial designed to assess transgenic small
interfering RNA (siRNA)-imparted resistance to cassava brown
streak disease (CBSD). (A, B) Incidence of CMD symptoms on
experimental plants over the 11-month trial period. (C, D) Severity
of CMD symptoms on experimental plant lines as determined
using a visual score of 1-5. The transgenic cassava lines for
pILTAB718 are shown in (C) and those for pILTAB719 are shown in
(D), with the cultivars 60444 and Ebwanateraka (EBW) as non-
transgenic controls.

Fig. S4 Harvest data of plants from CBSD CFT at 11 months after
planting. Bars show standard error. Different letters indicate sig-
nificant differences at P > 0.05 as determined by Duncan’s new
multiple range test.

Table S1 Presence of Ugandan Cassava brown streak virus
(UCBSV) and Cassava brown streak virus (CBSV) within cassava
brown streak disease (CBSD) symptomatic cassava plants in the
near vicinity of Namulonge research station, September 2010. Leaf
samples were collected from CBSV symptomatic plants at loca-
tions within 1 km of Namulonge research station in September
2010. CBSD leaf symptoms were scored on a scale of 1-5 for
increasing severity of yellow mottling. Reverse transcriptase-
polymerase chain reaction (RT-PCR) diagnostics were performed
as described by Mbanzibwa et al. (2011).

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to
the corresponding author for the article.

MOLECULAR PLANT PATHOLOGY © 2012 BSPP AND BLACKWELL PUBLISHING LTD MOLECULAR PLANT PATHOLOGY (2012) 13(9), 1019-1031



