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Abstract Xanthomonas campestris pv. musacearum,
the causal agent of Xanthomonas wilt of banana
(XW), does not infect or cause symptom development
in all physically attached shoots in an infected mat.
Incomplete/partial systemicity and latent infections often occur. The single diseased stem removal (SDSR, the
removal of only symptomatic plants) technique depends
on these observations. The SDSR technique, as an alternative or complementary practice to complete mat
uprooting (CMU) for XW control, was evaluated at
eight XW pilot sites in eastern Democratic Republic of
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Congo as a novel control option. This technique is lowcost, simple and easily applicable. Within one month,
XW plant incidence at the experimental sites declined to
below 10%, while within three and 10 months declined
to below 2% and 1%, respectively. Restoration of banana plots was observed even in plots that initially had
over 80% plant disease incidence. CMU removes a
larger portion of the inoculum in a field but is very
tedious, time consuming and costly in terms of labour
and lost production, due to the premature cutting of
symptomless plants that potentially could bear a bunch.
CMU can potentially prevent further spread when XW
appears for the first time on a farm or location. The
choice of CMU relative to SDSR also depends largely
on farming objectives. CMU can be carried out in intensive and market-oriented production systems, whose
ultimate target is eradication, for example, in SouthWestern Uganda. In contrast, SDSR is more appealing
to subsistence-oriented production, such as in eastern
DR Congo, Burundi or central Uganda, whose target is
more oriented towards management/control. SDSR can
be suggested where access to clean planting material is
difficult, thus could be recommended to a very large
percentage of small-scale farmers in the currently affected banana-based production systems in east and central
Africa.
Keywords Bacterial wilt of banana . Complete mat
uprooting . Democratic Republic of Congo . Disease
control . Farming objectives . Xanthomonas campestris
pv. musacearum
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Introduction
Xanthomonas wilt of banana (XW), caused by
Xanthomonas campestris pv. musacearum (Xcm) continues to be a major threat to banana-based livelihoods
in East and Central Africa. The disease was initially
reported on enset (Ensete ventricosum) in Ethiopia in
the 1930s (Castellani 1939) and confirmed by Yirgou
and Bradbury (1968, 1974). The disease subsequently
emerged in central Uganda and the North Kivu province
of eastern Democratic Republic of Congo (DR Congo)
in 2001 causing yield losses of up to 100%
(Tushemereirwe et al. 2004; Ndungo et al. 2006). Over
the next decade, the disease spread to all key banana
producing countries in East and Central Africa (Reeder
et al. 2007; Mbaka et al. 2009; Carter et al. 2010). By
2004, 33% of banana farms in Uganda were infected by
the disease with yield losses estimated at 30–52%
(Karamura et al. 2010). In Uganda alone, studies put
the potential economic welfare losses due to uncontrolled XW at US$ 200–295 million per year
(Kalyebara et al. 2006; Abele and Pillay 2008).
Previous XW control packages, including the complete uprooting of diseased mats, have been reported by
local farmers as too tedious to implement. Field situations are not easily managed and farmers are not always
inclined to remove an entire banana mat when only one
pseudostem may be showing disease symptoms
(Mwangi and Nakato 2007).
In addition, studies of technology dissemination have
shown that adoption of particular techniques depends on
the perception that farmers have of the technique’s effectiveness (World Bank 2007). In the case of XW,
farmers have often received inconsistent information
about the ways the disease is transmitted, spread and/
or controlled. Some farmers came to believe that the
disease could not be controlled. Other farmers realized
that individual efforts to control the disease were not
very effective, if their neighbours did not control as well.
The reason was that fields, where the disease was not
controlled, remained a source of infection for
neighbouring farms. As a result, out-scaling efforts in
East and Central Africa have had varying (often poor)
degrees of success (Tinzaara et al. 2013).
Studies on endophytic movement/systemicity of
Xcm, within a plant and mat, carried out at a forested
quarantine site at Kifu (Mukono central Uganda)
showed that cutting pseudostems of inflorescenceinfected plants at ground level, when symptoms are still

limited to the male buds (i.e. the extreme part of the
inflorescence), minimized the risk of the Xcm bacteria
reaching banana corm tissue and the attached lateral
shoots (Ssekiwoko et al. 2006; Ocimati et al. 2013).
Systemicity studies at Kifu demonstrated that only 8–
25% of the attached lateral shoots developed visible
symptoms after inoculation through the inflorescence
of the parent plant, and symptom development on/
decay of the parent plant (Ocimati et al. 2013, 2014).
It should be noted that these decaying diseased parent
plants were not cut off at soil level and were left to rot in
situ. No de-suckering or de-leafing was done at Kifu and
no garden tools were used in the experiments, hence
preventing any kind of tool-mediated transmission.
Studies on host plant colonization revealed that the
bacteria do not invade all the physically connected
lateral shoots (incomplete systemicity thus occurs) and
the shoots which contain bacteria mainly have latent
infections and grow to bear marketable and edible
bunches (Ocimati et al. 2013, 2014; Nakato et al.
2014). These studies also revealed a decline in Xcm
populations, with subsequent generations in the latently
infected mats (Ocimati et al. 2014).
Field observations have been done in affected regions
located in central Uganda and eastern DR Congo, where
banana systems are managed less intensively. There,
many farmers, who were advised to remove diseased
mats, even if only one symptomatic plant was present in
a mat, only cut down single visibly diseased stems
(Kubiriba et al. 2012; Jogo et al. 2013; Ocimati et al.
2014). Nonetheless, a good level of symptomless plant
growth was observed on these farms, with subsequent
production of edible bunches. Laboratory assessment of
suckers from fields with 70% XW incidence in eastern
DR Congo returned an Xcm incidence of 3%. Toolmediated infections predominate in the sampled fields
that are located at high altitude sites that do not support
much insect activity and as such insect-mediated infections. This suggests that the endophytic movement of
Xcm was incomplete irrespective of the mode and point
of infection.
All these observations (both on station and on farm)
led to the concept of the single diseased stem removal
(SDSR) technique, whereby only the symptomatic
plants/stems within a mat are removed/cut at soil level.
The underlying idea of the SDSR technique was that the
continued removal of only the diseased plants in a field
would reduce the inoculum level within the mat/field.
Such action may prevent the inoculum from colonizing
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other attached healthy suckers, thus reducing plant disease incidence to an acceptable level. The immediate
removal of visibly infected plants also significantly
reduces the time window for disease transmission from
the symptomatic plants to other healthy plants within the
field or in the neighbourhood. For example, a prematurely ripe XW infected bunch will attract birds, bats or
insects thus supporting the dissemination of bacterial
ooze by means of their claws, legs or beaks (Gold and
Bandyopadhyay 2005; Tinzaara et al. 2006; Biruma
et al. 2007). Studies were initiated at eight XW pilot
sites in the Kivu provinces (eastern DR Congo) to
follow and assess the evolution of plant disease incidence when rigorously (i.e., timely removal of all symptomatic plants) applying the SDSR technique on affected farms and to possibly develop this method into an
effective control strategy.

Materials and methods
The single diseased stem removal [SDSR] technology
package
The implemented SDSR technique included six steps.
These were: i) a weekly cutting, at soil level, of all
symptomatic stems; ii) the immediate removal of the
apical meristem of cut plants in the vegetative stage, to
prevent possible re-growth; iii) the addition of soil on
the cut surface, to minimize vector contact with bacterial
ooze that could be flowing out of the basal cut stem; iv)
a careful disinfection of the cutting tools with fire, after
all visibly diseased stems have been cut; v) disposal of
cut stems at the edge of the plantation/a compost heap in
a corner of the farm during annual crop cultivation/
intercropping (it is advisable to leave the cut stems
intact, as additional cuts would enhance oozing out of
bacteria); and vi) avoid or minimize farm tool use for deleafing and de-suckering of excess healthy/
asymptomatic plants during the initial 3–4 and preferably up to 6 months of SDSR application. In addition, the
removal of male buds after the formation of the last hand
of female fruit using a forked wooden stick needs to be
implemented (Blomme et al. 2009). During this period,
de-leafing to reduce shade levels for annual crops can be
replaced with bending of leaves by pulling the lamina
downwards by hand, until the petiole bends and breaks.
This practice prevents disease transmission, which
could otherwise occur when using metallic tools to cut

leaves, a common practice at the time of intercropping
bananas with annual crops (e.g., legumes, vegetables
and sweet potato). In the case of tall mature banana
plants, leaves could be pulled down by using a bent or
hooked wooden stick (Fig. 1). Bent healthy leaves can
be left hanging against the pseudostem and photosynthesis may to some extent continue on these leaves.
Pilot site assessment of the SDSR technique
The SDSR technique was piloted at five sites in the
South Kivu and 3 sites in the North Kivu provinces
(Fig. 2) of eastern DR Congo starting in April 2013.
The SDSR technique was evaluated in two scenarios. In
the worst case scenario, SDSR was applied on 10 plots
under strict control at Katana, in which the entire banana
plants (symptomatic and symptomless) on the farms
with over 80% initial XW plant incidence had been
slashed down by desperate farmers. This cutting by
farmers could have spread the disease to other attached
but still healthy plants through the used cutting tools. In
the second case, SDSR was evaluated at four sites (three
comprising 30 farms each and the fourth comprising
three sub-villages with a total of 1150 farms on Iko
Island, located in Lake Kivu) in South Kivu and three
sites of 30 farms each in North Kivu (Fig. 2).
SDSR at the Katana Centre pilot site (worst case
scenario)
The Xanthomonas wilt SDSR field experiment at
Katana Centre was established in April, 2013. Here east
African highland beer banana (Musa AAA genome
group) cultivation dominates the production landscape.
The disease arrived in this village in 2011. Plant disease
incidence reached an average 80% in January 2013. By
February 2013, a large number of farmers had already
cut down entire banana plots at soil level, with the aim
of gradually uprooting the entire fields. Crop rotation
was attempted, replanting the banana plots with crops
such as sugarcane, maize, cassava, sweet potato, beans,
tomatoes and solanum potato was ongoing or planned.
Based on the fact that incomplete systemicity occurs
after Xcm infection (Ocimati et al. 2014), it was postulated that some healthy stems were still present, before
cutting, in these heavily diseased fields at Katana centre.
However, tools used by the farmers for cutting down
stems were not disinfected between plants or mats. The
use of one cutting tool to remove all stems in a plot
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Fig. 1 Leaf bending using a wooden stick to reduce shade levels during annual crop intercropping

could thus potentially have infected the remaining
healthy plants. These fields thus reflect a worst-case
scenario.
In an attempt to rehabilitate these plots and prevent
the planned uprooting of all corms by desperate farmers,
a controlled experiment on ten of these banana plots,
each containing 60 mats, at one large farm was initiated.
All mats per plot were marked with plastic ribbons and
numbered to assess/monitor disease development within
each mat. The selected plots were fenced off, using a live
fence of Dracaena fragrans to prevent the entry of small
ruminants. All experimental plots in Katana centre were
manually weeded in September 2013 and to a lesser
extent in February 2014, due to increasing shade, as part
of field preparation for annual crop intercropping.
Farmers were advised to practice hand weeding around
all mats instead of using a hoe to minimize infecting
healthy mats through possible root damage. However, as
intercropping with annual crops (e.g. beans, sweet potato and maize) continued during the experimental period
(mainly in 2013 as increasing shade prevented annual
crop intercropping during 2014), a modest level of tool
use by farmers was still observed.
The application of the SDSR technique was carried
out when disease symptoms were observed on emerging
suckers. No sucker management (i.e. de-suckering of
healthy or asymptomatic lateral shoots) was carried out
during the experiment.
In addition, from May until July 2013, some 21
innovative/interested neighboring farmers learnt about

disease epidemiology and control and had started applying the SDSR technique on their farm. This was
anticipated to eliminate potential sources of infection
and to minimize re-infections from the neighborhood.
In July 2013 disease control in 35 neighboring farms,
covering a 200 m radius around the experimental site,
was regularly monitored by the project field assistants to
create a zone of at least 200 m without standing diseased
plants, around the 10 centrally located experimental
plots. All sources of inoculum were thus removed in
the experimental plots, as described above, and in the
200 m peripheral zone. All stems in the whole area (as of
respectively April and July, 2013 for the experimental
site and buffer zone) were monitored for symptoms at
weekly intervals.
Data collected included the number of visibly healthy
and diseased plants per mat. The number of healthy
flowering plants, and the number of harvested bunches
and their weights were recorded starting from February
2014 up to January 2015 at the Katana centre site.
SDSR on farmers’ fields (additional pilot sites)
in the south and north Kivu provinces
The farmer field sites (Fig. 2) covered initial mean plant
disease incidence ranges of 1–5%, 15–35 and 40–55%.
The study site altitude ranged from 1150 to 1925 m
above sea level and was primarily dominated by East
African Highland bananas. The South Kivu sites, with
30 banana farmers each, were selected in June–July,
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2013. These include Cikoma village (initial plant XW
incidence level of 46%), Kagundu village (initial plant
incidence level of 33%) and Bukunda village (initial
plant incidence level of 1%). The SDSR experiments
at Iko Island started in August 2013. Data collection at
Iko was carried out on 100 banana farms in each of three
sub-villages. The disease was first observed in Iko
Island in the year 2012 and the average initial
plant incidence across the area was still low
(2%). This Island is located about 1.5 km from
the Katana coast line, hence limiting entry of
infection from the mainland.
In North Kivu three sites, each having 30 banana
farms/farmers, were selected in July–August, 2013,
namely Kakuka, with a mean plant incidence of
53%, Mahamba, with a mean plant incidence of
18% and Mungo, with an initial mean plant incidence of 3%.

A

Across all the sites, each farm acted as a replication.
All participating farmers in these seven sites were
trained in disease epidemiology, recognition and control
options. In contrast to the Katana centre site, where
farmers had already cut down with a single machete
all plants (i.e. diseased and healthy ones), all the other
seven sites started as unmanaged, diseased small-scale
banana plantations. Farms at the pilot sites were on
average 0.5 ha large and east African highland banana cultivars (Musa AAA-EA group) dominated at
all sites, with banana mats comprising on average of
3 to 10 plants.
Similar to Katana centre, locally recruited field assistants were identified and trained in each of the seven
sites to implement the SDSR activities, train farmers and
to collect data.
To assess the initial disease incidence, the total number of mats and plants per mat, and the number of

B

Katana centre
Iko Island

Bukunda

Cikoma

Kagundu

Mahamba

Kakuka

Mungo

Fig. 2 Map depicting the location of the 8 Xanthomonas wilt pilot sites (indicated by •) across the North (a) and South (b) Kivu provinces of
eastern Democratic Republic of Congo
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diseased plants per mat and diseased mats were recorded
on each farm at the start of all experiments. The initial
mat disease incidence was calculated, for each farm, as
the number of mats that contained at least one visibly
diseased plant as a proportion of the total number of
mats. Disease incidence at the plant level was calculated
as diseased plants/total number of plants in a plot. At
each of the seven sites and at Iko Island, plant incidence
data were collected weekly until the end of July 2014
from all farms. Any visibly diseased stem was recorded
and immediately cut down at soil level, hence reducing
sources of inoculum. Caution was taken to prevent
injuring and possibly infecting adjacent plants.
Farmers were informed about the possible modes of
disease transmission such as insects (Gold and
Bandyopadhyay 2005; Gold et al. 2006; Tinzaara et al.
2006), nectar- and/or fruit-feeding bats and birds
(Biruma et al. 2007), foraging small ruminants and the
need to take caution to minimize disease spread through
them. However, it was postulated that the removal of all
sources of inoculum from the fields in each cluster
would minimize these risks. At the onset of these experiments on farmer’s fields, and as in the Katana centre
site, all farmers living in the periphery of each cluster
(up to a 200 m radius from the site) (farmer numbers
ranged from 22 to 150) were trained and supported to
apply the control package. Disease management in the
peripheral zones was less strict, for example, potential
modes of XW spread through leaf cutting, the use of
non-sterilized tools, through insects, bats, birds and
browsing domestic animals were not strictly monitored
and controlled in the buffer zones.
Factors/practices that could possibly affect the efficiency of SDSR and XW control package (using a scale
from 1 to 5, 1: not important, 5: very important) were
assessed through interviews with key informants at the
pilot sites in North and South Kivu. The common practices assessed included: i) cutting of green leaves before
bean planting; ii) cutting of green leaves for covering
beer banana fruits/bunches during fruit ripening; iii)
cutting of green leaves for covering cassava tubers during fermentation/for covering various items/vegetables
and for construction purposes; iv) refusing to cut diseased banana stems during annual cropping (mainly
beans); v) piling of cut diseased leaves and stems
against/around healthy mats before bean planting; and
vi) gender related concerns (e.g. fear of conflicts between men and women, when applying SDSR during
annual cropping, as annual crops are mostly managed

by women, whereas bananas and other perennial crops
are mostly managed by men) and competition for available labour during the annual cropping season.
The effect of rainfall (season) on plant disease incidence was monitored across the sites. In both South and
North Kivu, rains are bi-modally distributed, with a
short rainy season from March till June and a longer
rainy season from September till December. The average annual rainfall in South Kivu is 1500 mm (Ngongo
and Lunze 2000), while in North Kivu it varies between
1300 and 1800 mm (ENRA 2012).
Weeding at the seven other pilot sites was done by
farmers using a hoe or by hand before planting annual
crops or taro (Colocasia spp.).

Xcm isolation from symptomless suckers in previously
infected mats
The presence and quantity of Xcm bacteria (number of
colony forming units/ml) in randomly selected healthy
looking or symptomless maiden suckers (i.e. suckers
which are at least 2 m tall), across the three sites in
North Kivu, were assessed 12 months after the establishment of the XW pilot sites (i.e. early August 2014).
A total of 10 mats were assessed at each of the three
sites. In addition, 10 samples were also selected from
visibly diseased plants in adjacent zones lacking intervention next to the three XW sites as positive checks.
Three inner leaf sheath sections of 5 cm length were cut
from the lower pseudostem of selected maiden suckers.
These samples were assessed for Xcm bacteria at the
National Agricultural Research Laboratories (NARL) of
National Agricultural Research Organisation (NARO)
located in Kawanda, central Uganda. In the laboratory,
the pseudostem tissues were surface sterilized by wiping
with cotton wool soaked in 70% ethanol. 1 g crosssectional samples were carefully cut using separate sterile blades, chopped into smaller pieces, crushed and
suspended in sterile double distilled water to obtain a
bacterial suspension. The suspension was then serially
diluted (suspension:water 1:9) and 10 μl of the 2nd, 4th,
6th and 9th dilution spread plated on a semi-selective
medium (Yeast Peptone Glucose Agar (YPGA) supplemented with 5-fluorouracil and cephalexin; Mwangi
et al. 2007). The plates were incubated at 24 °C for
72 h and Xcm colonies, characterized by predominantly
shiny, dome-shaped, circular, smooth, mucoid yellow
colonies were counted. All the Xcm putative colonies
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were confirmed with PCR using Xcm specific primers
(Adriko et al. 2011).
Statistical analysis
All data were collated using Excel (Microsoft) and
analysis of variance (ANOVA) and means separation
with least significant difference at 5% were obtained
using the GenStat V. 12 statistical software (VSN
International Ltd 2009).

Results
SDSR assessment at Katana Centre
The trial at Katana centre represented a worst-case scenario, where, initially, farmers cut down banana plants
without sterilizing tools, potentially infecting all plants
in a mat. In addition, during the initial cutting down of
complete plots, farmers did not remove the apical meristems of severed plants and this could have led to
regrowth of infected plants in most mats. The application of SDSR on diseased stems/re-sprouts resulted in a
steep decline in XW incidence during the first two
weeks due to treatment application and thereafter in a
steady decline with time in the XW incidence to below
0.5% by the 10th month of experimentation (Fig. 3 a).
By the end of the trials, at 16 months after trial initiation
(July 2014) the disease incidence was still below 0.5%.
Moderate fluctuations in XW incidence were visible in
the first three to four months of SDSR application, with
a steadier decline observed in the later phases of the
experiments.
A plot of the natural log of the mean incidence over
time revealed a relative decrease in incidence at a rate of
−6.6% per week with an adjusted R2 value of 0.83
(Fig. 3 b). Changes in the slope with time were observed, with a steeper slope in the first two weeks (slope:
-72%; R2: 0.89), a more gentle slope from week 3 to
week 31 (slope: -1.4%; R2: 0.5) and a doubling of the
slope from week 32 to 65 (slope: -2.8%; R2: 0.6).
A total of 15% of the mats did not show any diseased
plants over the 66 weeks of the experiment. Most of the
mats (60%) had only between one and five diseased
plants cut over the 66 weeks duration of the study
(Fig. 4). A quicker restoration was observed in mats
which had 1–5 cut plants. For example, significantly
more mats (P < 0.001) in the 1–5 cut plant category

recovered (i.e., when a mat becomes and stays asymptomatic) from the disease at 60, 45, 30 and 15 weeks
before closure of the trials (Table 1). Most mats in this
category (71%) had not shown any diseased plants
during the final 30 weeks of the trial.
Although severed stems were left intact in the field
(outside the main annual cropping seasons) at the pilot
sites, no unusual numbers of diseased plants were subsequently observed in their vicinity.
In the 200 m peripheral buffer zone around the site,
XW plant incidence had declined to about 2% at six
months and 1% after 10 months of treatment (Fig. 3 a).
A lower relative slope of −2.62 (R2: 0.3) was observed
in the buffer zones at Katana compared to the controlled
experiments at the Katana pilot site (slope: -6.63; R2:
0.83) suggesting a lower rate of decline in XW incidence
in the buffer zones (Table 2). No strict XW control was
implemented in the buffer zone compared to the controlled trial at Katana.
Despite the fact that all visibly diseased stems had
been cut down over a 15 month period, a very high plant
density (Figs. 5 b and c) was observed during the
experiment at the Katana centre site. Numerous
resprouts emerged around each cut down diseased plant
leading to vigorous overall mat development. It was
anticipated that the observed high planting density
would result in the production of small bunches due to
interplant competition. Recoveries in yield were also
calculated. By the 11th month of experimentation, a
few plants had already started to flower at the Katana
centre site and by the 20th month around 700 healthy
bunches had been recorded and 300 bunches (with a
mean weight of 18 kg) harvested by the 21st month (30
January, 2015) after trial initiation across the 10 experimental plots.
SDSR on farmer’s fields
Comparable trends in XW incidence to that at the
Katana pilot site were observed at the seven sites in
which SDSR was applied on farmers’ fields (Table 2;
Fig. 6). Within one month the plant disease incidence at
the sites had declined to below 10% level, while within
two months the disease incidence dropped to below 2%
both in North (Table 2) and South Kivu province sites
(Fig. 6; Table 2). A similar reduction in plant disease
incidence was observed in the 200 m peripheral zones
added to the sites at a later stage of the study (Table 2).
The rate of reduction in plant disease incidence,
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Fig. 3 a Changes in Xanthomonas wilt (XW) plant incidence
over time following the removal of single diseased plants in
controlled experiments on farmers’ fields at the Katana centre pilot
site and surrounding 200 m wide buffer zone, in South Kivu
province. The initial plant incidence for both the pilot site and

surrounding farms was 80%. The figure shows plant disease
incidence data starting at week one after trial initiation in order
to present a more detailed graph. b Plot of the natural log of XW
incidence in 3a (Katana centre trial plots) over time

although quite sharp, had a tendency to be slightly
slower when the initial plant disease incidence level

was higher. The rainy season (September to December,
2013) was observed not to affect the downward trend in
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Fig. 4 Percentage frequency for
different levels of cut diseased
plants over 66 weeks in single
diseased stem removal
experiments at Katana center.
Bars denote error bars at 5%
confidence interval

60.0

% frequency of mats

50.0

40.0

30.0

20.0

10.0

0.0

0

1 to 5

6 to 10

11 to 15

16 to 20

21 to 25

26 to 29

Mat categories by number of plants cut over 16 months

plant disease incidence levels. Across all sites plant
disease incidence levels reduced to below 1% after
10 months (Fig. 6, Table 2).
A steady reduction in plant disease incidence was
also observed at Iko Island even though initial plant
disease incidence levels were relatively low (ranging
from 0.9 to 2.0%), reaching below 0.1% at 10 months
after treatment initiation.
Several factors were observed to potentially affect the
efficiency of SDSR application on farmers’ fields. Key

informants at the pilot sites in both South and North
Kivu ranked the cutting of green leaves to reduce shade
for planting annual crops (especially beans), cutting of
green leaves for covering beer banana fruits/bunches
during fruit ripening and refusal to cut diseased banana
stems during annual cropping (to prevent damaging
annual crops) as the most important factors interfering
with the efficiency of the SDSR application (Table 3).
Gender related concerns, when applying SDSR during the annual cropping season and competition for

Table 1 Percentage of mats free of diseased plants for varying time periods (weeks) prior to the closure of the Katana centre trial for
different levels of cut diseased plants in a mat over 66 weeks
Number of cut % of mats (out of a % of mats free of diseased plants for varying times prior to the closure of the trial (n = 600 mats)
diseased plants total of 600 mats)
in a mat
Last 15 weeks prior
Last 30 weeks prior
Last 45 weeks prior to
Last 60 weeks prior
to closure of trial#
to closure of trial
closure of trial
to closure of trial
>30

0a

-&

-

-

-

26 to 30

0.17 a

0.0 a

0.0 a

0.0 a

0.0 a

21 to 25

0.84 a

20.0 a

10.0 a

0.0 a

0.0 a

16 to 20

2.34 a

14.0 a

15.0 a

0.0 a

0.0 a

11 to 15

5.67 a

50.4 b

19.6 ab

3.3 a

0.0 a

6 to 10

16.33 b

66.6 bc

38.7 b

13.7 b

0.0 a

1 to 5

59.00 c

89.6 cd

70.8 c

48.1 c

11.6 b

0

15.65 b

100.0 d

100.0 d

100.0 d

100.0 c

Lsd

7.64***

24.27***

19.91***

7.086***

2.041***

***: denotes a highly significant difference
#: a mat is considered to contain diseased plants when a single diseased plant was observed
&: no mats had more than 30 cut diseased plants
Means followed by the same letter(s) a-c within the same column are not significantly different at 5% least significant difference (Lsd)

9.8
17.03
12.46
21.5

Mungo

Kakuka buffer

Mungo buffer

Mahamba buffer

37.9

0.9

Iko (Canjo)

Mahamba

2.0

Iko (Nyanwenya)
67.6

1.7

Iko (Kazino)

Kakuka

10.3

Kagundu buffer

#: W: week and M: month

North Kivu

2.2

32.6

Kagundu
24.8

45.5

Cikoma

Cikoma buffer

1.4

Bukunda

Bukunda buffer

80.0
80.0

Katana

South Kivu

Initial

1.47

3.49

2.89

0.43

3.36

6.69

0.65

0.26

0.26

1.89

6.41

0.45

2.40

4.87

0.14

5.94

5.54

W#1

1.26

1.13

1.10

0.96

2.63

7.57

0.24

0.10

0.90

1.54

3.56

0.29

1.66

2.83

0.09

4.15

2.90

W2

1.58

0.98

0.83

1.52

3.17

3.82

0.07

0.07

0.59

1.47

1.98

0.87

1.79

2.01

0.14

5.27

2.52

W3

1.16

0.96

1.01

1.25

0.58

3.84

0.09

0.06

0.43

1.56

1.27

0.38

1.31

2.63

0.09

1.09

1.03

W4

0.61

1.40

0.50

0.85

0.72

0.91

0.10

0.17

0.27

0.70

1.60

0.01

0.98

1.14

0.02

1.96

1.65

M2

0.43

0.79

0.38

0.51

1.32

1.58

0.17

0.35

0.49

0.77

0.70

0.17

0.88

1.39

0.19

1.50

1.84

M4

0.31

0.71

0.15

0.47

0.89

1.97

0.13

0.36

0.58

0.43

0.66

0.47

1.05

1.80

0.04

1.51

1.59

M6

Mean Xanthomonas wilt incidence (%) across ten banana plots

Katana buffer

Village/ site

Province

0.26

0.81

0.27

0.27

0.93

0.41

0.11

0.07

0.24

0.29

0.52

0.48

0.71

1.42

0.13

1.89

0.48

M8

0.68

0.99

0.36

0.33

0.37

0.14

0.10

0.06

0.15

0.23

0.35

0.18

0.39

0.72

0.31

1.06

0.31

M10

0.84

0.89

0.21

0.43

0.44

0.29

0.03

0.01

0.02

0.19

0.13

0.14

0.15

0.28

0.11

0.58

0.02

M16

0.16

0.15

0.21

0.49

0.38

0.61

0.32

0.51

0.69

0.52

0.82

0.29

0.73

0.63

0.12

0.33

0.83

R2

-7.7

-13.80

-13.60

-2.83

-3.53

-6.38

-2.76

-4.42

-4.56

-1.3

-2.3

-0.9

-7.71

-7.3

-2.45

-2.62

-6.63

Slope (relative decline in
XW incidence / week)

No strict control

No strict control

No strict control

Low initial incidence

Low initial incidence

Low initial incidence

No strict control

No strict control

No strict control

Low initial incidence

No strict control

Controlled trial

Comments

Table 2 Evolution of Xanthomonas wilt plant incidence from the start of the trial up to 16 months after trial initiation for the various pilot sites and buffer zones in South and North Kivu. R2
values and slope (relative decline in XW incidence/week) of regressions of log values of percentage incidence against time for different locations are also presented
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Fig. 5 A banana field that had been cut down by farmers due to a
high Xanthomonas wilt plant incidence at the Katana trial site in
South Kivu province (6 a), the same field fully recovered and
looking healthy 9 months after diseased re-sprouts were singly
removed and their apical meristems removed (6 b), aerial view of

the banana plots 16 months after trial initiation when numerous
plants had produced flowers/bunches (6 c) and (6 d) several
bunches harvested from the trial plots for juice and beer production
21 months after trial establishment

available labour during the annual cropping season were
reported to moderately interfere with the efficiency of
the SDSR technique. Cutting of green leaves for covering cassava tubers during fermentation/for covering various items/vegetables and for construction purposes and
piling of cut diseased leaves and stems against/around
healthy mats before bean planting were considered to be
of minor importance.

symptomatic plants that served as positive controls. All
the colonies that were characteristic of Xcm from the
positive plant samples were confirmed to be positive
with Xcm specific primers (Adriko et al. 2011) using
PCR (Fig. 7).

Discussion
Xcm isolation from symptomless suckers in previously
infected mats
Colonies characteristic of Xcm were recovered in only
6.9% of the sampled asymptomatic maiden suckers
sampled from mats that had recovered from the disease
through SDSR in the experimental sites in North Kivu.
In contrast, Xcm was isolated in 100% of samples from

Initial results from the XW pilot site work show that
appropriate application of this novel control package
brings down plant disease incidence from as high as
80% to below 2% in less than three months. Plant
disease incidence levels subsequently further dropped
to below 1% levels, with banana plots regaining their
full productivity, even in the worst case situation where
all stems were initially cut with a single knife by farmers
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Fig. 6 Changes in Xanthomonas wilt incidence (at plant level)
over time following the removal of single diseased plants and the
removal of the apical meristems of vegetative stage diseased plants
to prevent re-growth in controlled experiments on farmers’ fields
in three villages in South Kivu. The initial Xanthomonas wilt

incidences for the villages were 45.5%, 32.6% and 1.4% for
Cikoma, Kagundu and Bukunda, respectively. The figure shows
plant disease incidence data starting at week one after trial initiation in order to present a more detailed graph

(as in the Katana centre site), potentially infecting all
plants. The removal of inoculum in the neighborhood of
these experiments (i.e., 200 m radius) could also have
prevented or minimized re-infections from these adjacent zones, thus also contributing to the observed reduction in plant disease incidence.
Moderate fluctuations in XW incidence during the
first 3–4 months were noted, possibly due to the relatively high Xcm inoculum still resident within the banana mats. With continuous removal of diseased plants,
a subsequent steady decline in XW incidence was observed, most likely due to a reduction in the amount of
bacteria within the mats. The lower R2 value in the
buffer at Katana compared to the controlled Katana
experiment suggests that several factors other than the
control treatments contributed to the observed slower
decline in XW incidence in the buffer. For example,
potential modes of XW spread through leaf cutting,
using non-sterilized tools, browsing domestic animals
and insects, bats or nectar-sucking birds were not strictly
monitored and controlled in the buffer zones.

In the controlled experiment at Katana, most of
the mats were observed to have recovered by the
end of the experiment i.e. no more symptomatic
plants observed, with significantly higher recoveries
observed in the mats in which few plants had died
(1–5 plants) over the period of experimentation. For
example, 74 and 91% of the mats in the category of
1–5 cut plants had recovered over respectively, the
last 8 and 4 months of experimentation. The results
of these experiments clearly support the incomplete
systemicity factor. The fact that a large number of
lateral shoots showed no visible symptoms and
most mats were fully recovered by the end of the
experiment supports the observations made by
Ocimati et al. (2013, 2014) in on-station experiments in central Uganda. Ocimati et al. (2013,
2014) observed that a very large number of lateral
shoots do not contain bacteria or have latent infections (with very low numbers of Xcm bacteria) and
only a few eventually showed visible symptoms
and died.
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Table 3 Ranking of factors that can possibly interfere with the
efficiency of the SDSR technique and XW control package (using
a scale from 1 to 5, 1: not important, 5: very important). SK and
NK denote South Kivu and North Kivu provinces, respectively
Pilot site

Factors interfering with the efficiency of
SDSR technique
*A

B

C

D

E

F

G

Katana centre, SK 5

5

2

5

2

4

3

Iko, SK

5

5

2

5

2

4

3

Cikoma, SK

5

5

2

5

2

4

3

Kagundu, SK

5

5

2

5

2

3

3

Bukunda, SK

5

5

2

5

2

4

3

Mungo, NK

5

5

2

5

2

4

3

Mahamba, NK

5

5

2

5

2

3

3

Kakuka, NK

5

5

1

5

2

4

3

*A: denotes cutting of green leaves before bean planting; B:
cutting of green leaves for covering beer banana fruits/bunches
during fruit ripening; C: cutting of green leaves for covering
cassava tubers during fermentation)/for covering various items/
vegetables and for construction purposes; D: refusing to cut banana stems during annual cropping (mainly beans); E: piling of cut
diseased leaves and stems against/around healthy mats before bean
planting, F: Gender related concerns (e.g. annual crops managed
by women whereas bananas are managed by men, conflicts when
applying SDSR during annual cropping between men and women)
and G: Competition for available labour during the annual
cropping season

Small-scale farmers in eastern DR Congo predominantly source planting material from their own or neighbors’ fields. About 50% of these farmers select symptomless suckers in infected fields, with a good level of success. For example, one farmer reported a cumulative plant

Fig. 7 A gel showing Xanthomonas campestris pv. musacearum
amplification for colonies from symptomatic samples S1 to S10
and one asymptomatic sample A4. ‘+’ and ‘–‘, respectively stand
for the positive and negative controls

disease incidence of only 13% when using symptomless
suckers sourced from a heavily diseased field (Mariam
Bumba and Jules Ntamwira 2014, personal communication). On farm experiments using asymptomatic suckers
sourced from diseased fields in North Kivu have shown, a
cumulative plant disease incidence of 4.2% at 11 months
after trial initiation (Charles Sivirihauma 2014, personal
communication). In the current study, only 6.9% of
suckers from mats that had recovered from XW disease
in North Kivu tested positive for Xcm. The observed low
incidence could be accounted for by residual Xcm still
within the mats or re-infection from outside or both.
Possible reasons for the observed incomplete
systemicity could be i) the hard corm tissue that may
(to some extent) limit the movement of the bacteria
towards the physically/physiologically attached lateral
shoots, ii) the occurrence of an induced reaction in the
lateral shoots after the initial inoculation/infection of the
mother plant and iii) possible interaction of Xcm with
endophytes [in the corm tissue], completely suppressing
them or preventing them from rapidly multiplying and
spreading into the attached shoots.
The success of SDSR is further strengthened by the
recovery in yields observed at the Katana center experiment. For example, 20 months after trial initiation
around 700 healthy bunches had been recorded and
300 bunches harvested (with a mean weight of 18 kg)
by the 21st month. According to the owner of the
experimental plots, one highland beer banana bunch
can be sold for 2000 CFr (1 US$ = 900 CFr) on the
local market, while the transformation of the fruits into
banana beer fetches around 3000 CFr per bunch. The
complete first harvest (700 bunches) across the 10 plots
at the Katana Centre pilot site thus translated in a monetary income of around 2333 US$ for the owner of the
10 on-farm experimental plots.
Over the 16 month duration of the trials, more and
faster mat restoration was noted in mats with relatively
fewer cut resprouts (1–10) compared to those with more
cut plants (>10), though the latter category only
accounted for about 10% of the mats in the experiments.
The number of cut plants per mat is a good measure of
the amount of disease causing inoculum. We postulate
that the higher the amount of the inoculum in a mat, the
longer it will take for a mat to recover and vice versa. We
postulate that, at the time farmers’ were cutting all plants
in the diseased fields of Katana, a higher number of
infected plants in a particular mat, would lead to a higher
number of new infections on remaining healthy plants
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within that mat or neighbouring mats. Bacterial ooze on
a contaminated blade may however largely be cleaned
by the sheer force of cutting a pseudostem. This would
mean that the first few stems to be cut using a contaminated blade have a higher risk of getting infected. This
risk will reduce while cutting subsequent healthy stems
(as the knife gets Bcleaned^ in the process). Hence, the
higher the number of infected plants within a particular
mat, the higher the risk of infecting the remaining
healthy stems in that same mat or neighbouring mats.
A factor that might also have contributed to the large
numbers of diseased plants in some mats at Katana
Centre, is the fact that some of the cut vegetative stage
diseased stems might have re-sprouted as their apical
meristems were not correctly removed during the initial
stage/weeks of the trials.
It should be noted that by the end of the 16th month
(July 2014) of SDSR application, there were no instances in which the disease was completely eliminated
from any experimental plot, though most mats had not
shown any diseased plant in the last 30 weeks of the
trial. SDSR does not remove all sources of inoculum
from a field (at least over the 16 months of the
experiment) and thus needs to be applied rigorously
(as soon as the first symptoms are observed on a
plant), frequently (at least once a week) and as long
as the disease is present in one mat on a farm or in
the vicinity of that farm.
It should be applied along with other recommended
management practices, like early male bud removal, the
use of sterilized tools and the disposal of infected plant
material at the edge of plots or in a compost heap. In
addition, it is recommended to only cut a diseased stem
once (at the base), and leave the cut plant intact in order
to avoid leakage of bacterial ooze. Ideally, this technique
should become part and parcel of on-farm management
practices in banana-based farming systems affected by
Xanthomonas wilt.
Early male bud removal technique should be applied
as part of banana farm management practices in affected
zones, especially in lowland areas [<1700 m] where
high insect populations are found and zones with ABB
type of bananas, e.g. ‘Pisang Awak’ that are susceptible
to insect vector mediated infections (Biruma et al. 2007;
Blomme et al. 2009; Rutikanga et al. 2015).
Complete mat uprooting removes a larger portion of
the inoculum level in a field but is obviously very
tedious and time consuming. It is also costly in terms
of lost production due to the premature cutting of many

plants that would have otherwise produced a bunch and
is more effective when it is applied by all affected
farmers. However, it could be applied when the disease
incidence is still very low, to prevent further spread
when the disease appears for the first time on a farm or
in a location. The choice of complete mat uprooting
relative to SDSR also depends largely on farming objectives. Complete mat uprooting can be applied in
intensive and market-oriented production systems
whose ultimate target is eradication, for example, as is
the case in South-Western Uganda. In contrast, SDSR is
more appropriate in sites, such as eastern DR Congo and
Burundi, where the main objective is subsistence and
the target is more oriented towards management/control.
Jogo et al. (2013) assessed determinants of adoption
of Xanthomonas wilt cultural control practices
and underscored the importance of tailoring
recommendations to different production systems. For
example, in Uganda, there are two main production
systems. One is the poorly managed ‘Pisang Awak’
(Musa ABB genome) beer banana system, in which
farmers simply harvest the bunches that survive
diseases and weeds. The other system is the
intensively managed East African Highland Banana
(Musa AAA-EA genome) production system, in which
farmers are actively participating in banana markets and
also rely on the cooking bananas for food security. A
2010 household survey targeting these banana-based
systems showed that the market-oriented farmers were
more likely to adopt uprooting of the entire mat (53% of
AAA-EA farmers vs. 30% of ‘Pisang Awak’ farmers),
whereas 54% of the interviewed ‘Pisang Awak’ farmers,
and 81% of the AAA-EA farmers, said they had practiced cutting of single diseased stems (Jogo et al. 2013).
These results clearly indicate that a large portion of
farmers, even in the more intensively cultivated AAAEA systems, find it difficult to uproot complete mats.
Thus, the SDSR technique could be advocated when:
i) farmers are not willing to adopt complete mat
uprooting; ii) production is not market-oriented or management levels are not optimal as is the case in e.g.
eastern DR Congo, central Uganda or Burundi; and
iii) access to clean planting material is difficult or
expensive. Understandably, this covers a rather
large percentage of small-scale farmers in the currently affected banana-based production systems in
east and central Africa.
Cutting of green leaves before bean planting and
cutting of green leaves for covering beer banana fruits/
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bunches during fruit ripening could significantly interfere with the application of the SDSR in case garden
tools are not properly disinfected.
Gender roles in crop management were listed to
potentially influence the success of SDSR application.
For example, SDSR application during annual crop
cultivation within banana plantations was reported to
potentially incite conflicts between male and female
farmers within a household. Banana mats are predominantly managed by male farmers, while their female
counterparts mostly manage annual crops.
SDSR application during annual crop cultivation is
easier when annual crops with short stature (e.g. bush
beans and sweet potatoes), that cannot impede movement, are grown. These allow the cut stems to be easily
removed without damaging the annual crops. However,
this operation becomes significantly more difficult when
climbing beans are grown as some of the bean vines can
be attached to the banana pseudostems or leaves.
The application of the SDSR by men during annual
crop cultivation may cause friction within the household
as women are worried that falling larger diseased stems
may damage their annual crops. In such situations, the
cutting down of large diseased plants should be done by
first cutting the stem mid-way (as is done during bunch
harvesting) in order to avoid annual crop damage.
Therefore, in order to overcome gender bottlenecks,
strategies are needed to properly understand and take
into consideration gender issues when designing and
disseminating a XW control package.
In addition, the onset of the annual cropping season
in subsistence farming systems is characterized by peaks
in labour demand and farmer attention may be diverted
to the annual crops. It is hence advised to have all visibly
diseased banana plants removed before the onset of the
annual cropping season. If the application of the SDSR
technique was already started several months before the
onset of the annual cropping season, then inoculum
levels in the banana plantations will have reduced
significantly and the number of diseased plants
that will be observed during annual cropping will
be minimal, hence limiting any possible friction
between men and women farmers.
Adoption of technologies depends on a large set of
socio-economic, bio-physical and institutional factors,
including e.g. environmental variables, household livelihood strategies, gender relations, the complexity of the
recommendation, the neighbors’ control strategies and
the support structure at community level which all need

to be considered in technology design and dissemination. The ultimate goal is to offer farmers management
options that are adapted to their local and individual
situation, not only SDSR or complete mat uprooting,
but others such as cultivars that are less vulnerable to
insect vector transmission.
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