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Abstract 

Background:  Ginger bacterial wilt is the most destructive disease that causes qualitative and quantitative rhizome 
yield losses in Ethiopia. Field studies were conducted to assess yield loss caused by bacterial wilt of ginger in differ-
ent wilt management systems at Teppi and Jimma, Ethiopia, during 2017. Management systems were host resistance 
(Boziab and Local) and cultural practices (lemon grass, potassium fertilizer and soil solarization), which were applied as 
sole and in different levels of integrations. The experiments were factorial arranged in a randomized complete block 
design with three replications. Disease, growth, yield and yield-related data were collected from central rows of each 
experimental plot. Data were subjected to analysis of variance using linear general model (GLM) procedure of SAS ver-
sion 9.3. Mean separation was made using least significant difference test. Correlation among parameters and linear 
regression of rhizome yield versus final wilt incidence were computed using Minitab 14 statistical package.

Results:  Analysis of variance indicated that variety, cultural practices and variety × cultural practice interaction effects 
significantly reduced wilt incidence and increased rhizome yield and its components. Variety Boziab recorded rela-
tively more yield and yield components than the Local variety. Rhizome yield gains of about 51.4% in Local and 51.9% 
in Boziab at Teppi and 39.4% in Local and 49.1% in Boziab at Jimma were obtained due to integrated application of 
lemon grass with soil solarization and soil fertilization. The mean relative yield loss calculated for control plots due to 
bacterial wilt ranged from 51.4 to 51.9% at Teppi and 39.4 to 49.1% at Jimma. The lowest relative yield loss was com-
puted from plots treated with either lemon grass with soil fertilization and solarization or lemon grass with soil fertili-
zation. Final wilt incidence was inversely and highly significantly (P ≤ 0.001) correlated (r = − 0.90** and − 0.88**) with 
rhizome yield of Boziab and Local, respectively, at Teppi. The slope of the regression line also estimated that for each 
unit increase in percent of final mean wilt incidence, there was a rhizome yield reduction of 0.18 t ha−1 for Boziab and 
0.19 t ha−1 for Local variety at Teppi. Similar trends were observed at Jimma. Moreover, the most integrated treatment 
provided higher net benefit with optimum marginal rate of return than others.

Conclusion:  The overall results indicated that integration of host resistance with cultural practices reduces yield loss, 
improves ginger productivity and significantly reduces bacterial wilt epidemics, and thus, it is recommended in the 
study areas and other related agroecologies.
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Background
Ginger (Zingiber officinale Rosc.), belonging to the family 
Zingiberaceae, is one of the earliest known oriental spices 
and is being cultivated widely both as a fresh vegetable 
and dried spice. Ginger has been used as spice and medi-
cine [1, 2]. The crop is known to have been introduced to 
Ethiopia as early as in the thirteenth century [3]. It is cul-
tivated in south, southwestern and northwestern parts of 
the country as cash crop for its aromatic rhizomes and is 
among the important spices used in every Ethiopian dish 
[4]. Almost 10  years back, 22.6 million $USD had been 
earned from ginger export in Ethiopia [5]. The potential 
ginger production belt of the country is dominated by 
southern areas. For instance, in the previous years, 85% 
of the total arable land allotted for ginger production 
and 35% of the farmers involved in ginger production are 
from southern Ethiopia [6].

The production of ginger, however, is largely affected by 
diseases caused by bacteria, fungi, viruses, mycoplasma 
and nematodes [1, 7]. Bacterial wilt of ginger (Ralstonia 
solanacearum Yabuuchi) inflicts serious economic losses, 
and it is widely distributed in tropical and subtropical 
regions of the world [8]. Bacterial wilt is very important 
in major ginger growing areas of southwestern Ethiopia, 
where ginger is widely and mainly produced for commer-
cial purposes [9, 10]. Disease incidence in the field usu-
ally ranges from 10 to 40%, but the disease is also known 
to destroy the crop completely [11]. Bacterial wilt inci-
dence of 80–100% is also reported in ginger in Ethiopia 
[12].

Ralstonia solanacearum is soil- and plant-inhabiting 
and highly heterogeneous bacterial pathogen of many 
important crops worldwide [13]. A wilting and yellow-
ing of the lower leaves which extend upward until all the 
leaves appear golden yellow in appearance are the first 
recognizable symptom of bacterial wilt in ginger. There-
after, it also moves up through the vascular system and 
finally blocks water transportation, which causes wilt-
ing [14]. R. solanacearum is transmitted by infected rhi-
zome seed, contaminated soil, public irrigation water and 
equipment [15]. Management of bacterial wilt is very dif-
ficult because of its wide host range, long survival in the 
soil, several modes of spread, survival potential as latent 
infection, ability to grow endophytically, relationship 
with weeds and its genetically diverse strains [16].

However, different management methods including 
cultural, biological, chemical and physical are described 
in the literatures. Bio-fumigation is a potential candidate 
option for integrated bacterial wilt management system 
through the release of toxic and volatile chemical gases 
during decomposition and simultaneously improving soil 
health via incorporating valuable organic matter [17]. 
Previous studies also revealed the importance of fertilizer 

application to reduce incidences of bacterial wilt in sev-
eral pathosystems [18, 19]. For example, applications of 
potassium fertilizer enhance host resistance through car-
bohydrate accumulation and translocation of important 
chemicals and make them available in the xylem, which 
in turn strengthens stem tissue and resistance toward 
pathogen attack [20]. Moreover, soil solarization through 
plastic mulches is intended to raise soil temperature to a 
level lethal to survival of soil pathogens [21]. It is found 
important in reducing incidence of wilt diseases in vari-
ous crops [22, 23]. Host resistances are also suggested; 
but resistant ginger genotypes do not exist in the country.

Nevertheless, there is no single control effective 
measure against the pathogen [24, 25]. As a result, gin-
ger bacterial wilt is still highly distributed and severe 
in the country, and ginger growing farmers considered 
the disease as a major production constraint. Thus, it is 
recommended to have some level of bacterial wilt con-
trol through combined application of diverse methods 
such as host resistance, cultural practices, biological 
and chemical control in integrated disease management 
schemes. However, there is very little research done so far 
on the effects of integrated ginger bacterial wilt manage-
ment through soil solarization, fertilizer soil amendment 
and bio-fumigation in Ethiopia. Therefore, the objective 
of the current study was to determine the magnitude of 
ginger rhizome yield losses due to bacterial wilt in differ-
ent wilt management systems in Ethiopia.

Materials and methods
Experimental sites
The experiments were conducted at Teppi National 
Spice Research Centre (TNSRC) and Jimma Agricul-
tural Research Center (JARC), Ethiopia, in the 2017 
main cropping season. TNSRC is found between 35o08′ 
longitude and 7o08′ latitude and at an altitude of 1200 m 
above sea level. The average maximum and minimum 
temperatures are 30 and 15  °C, respectively. It receives 
an average annual rainfall of 1630 mm [26]. Jimma Agri-
cultural Research Center is located between 7o40′37′N 
and 36o49′47′E and at an altitude of 1753  m above sea 
level. The average maximum and minimum temperatures 
are 26.2 and 11.9  °C, respectively. It receives an average 
annual rainfall of 1532 mm [27]. The daily minimum tem-
peratures range from 9.2 to 12.9  °C at Teppi and 9.4 to 
11.2  °C at Jimma, while the daily mean maximum tem-
peratures range from 26.4 to 32.2 °C at Teppi and 26.4 to 
28.4 °C at Jimma (May to December) in 2017.

Experimental materials and treatments
Rhizomes of ginger varieties treated with hot water at 
50  °C for 10 min were used for all treatments including 
the control. Boziab (37/79) variety of ginger which was 
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released from TNSRC and the local variety (Jimma local) 
was evaluated for their response to bacterial wilt alone 
and in integration with potassium fertilizer soil amend-
ment, soil solarization and bio-fumigation by lemongrass 
(Cymbopogon citratus). Both varieties are adapted to low- 
to midland areas and propagated by rhizome with varia-
ble productivity potential, but without disease resistance 
reaction report. Boziab is known to take 210 to 270 days 
to mature and was released in 2007.

Seed soaking with hot water was used to disinfect seeds 
from the target bacterium for all treatments including 
control, which was intended to free/reduce seed borne 
inocula. In addition, soil bio-fumigation with lemon grass 
plus soil solarization, and inorganic soil amendment with 
potassium fertilizer were applied as cultural management 
practice to reduce pathogen inocula and prevent dis-
ease epidemics and in turn to increase ginger productiv-
ity. The soil of the experimental unit was amended with 
potassium fertilizer at a rate of 100 kg ha−1 [28]. Lemon 
grass was obtained from TNSRC, and shoots of young 
lemon grass were chopped and incorporated into each 
plot at the rate of 10 t ha−1 [29] 4  weeks before plant-
ing. The soil was thoroughly mixed with chopped lemon 
grass, ensuring that all the residues were well incorpo-
rated into the soil. The soil was then re-moistened with 
water to increase the rate of decomposition.

For soil solarization, the plot to be solarized was thor-
oughly cultivated and leveled so as to prevent tearing 

of sheet. Thereafter, all plots were irrigated to moisten 
and covered with a clear and transparent polyethylene 
sheet of 15  mm thickness for 6  weeks. All free edges 
were buried, and then, the soil around them compacted 
so as to prevent escape of heated air or moisture from 
solarized plots. Hot water-treated rhizome of each test 
variety without any cultural practice was left as con-
trol (Table 1). The experiment relied entirely on natural 
epidemics of bacterial wilt, because both experimental 
areas are hot spot to the disease and considered as sick 
plots for screening studies, and the previous history of 
the field also confirmed it. The identity of the pathogen 
was confirmed by modified procedures of Kelman [30].

Experimental design and management
A total of 16 treatments including controls were laid 
out in a randomized complete block design in a facto-
rial arrangement with three replications. Planting was 
made on a gross plot size of 2.88 m2 (1.2 m width and 
2.4 m length) with four rows of ginger and two harvest-
able central rows. A recommended spacing of 0.15  m 
between plants and 0.3  m between rows was used. 
Spacing between plots and blocks was 0.5 and 1  m, 
respectively. The two central rows were considered for 
data collection in both locations. Planting was done 
on May 05, 2017, at Teppi and May 12, 2017, at Jimma. 
All other cultural practices for growing ginger under 
field conditions were done uniformly following recom-
mended practices.

Data collection
Growth and yield parameters
Data on ginger growth and yield parameters were 
recorded from the central two rows of each plot. Plant 
height (cm) was measured from 12 plants per plot start-
ing from the base of the stem to the tip of the plant by 
using meter tape, and their mean was taken per plot at the 
time of maturity. The number of tillers per plant (NTPP) 
was counted as the number of tiller shoots produced by 
12 sample plants, and their mean was considered as num-
ber of tillers per plant per plot at the time of maturity. The 
number of fingers per plant (NFPP) was determined as the 
number of rhizome fingers arose from mother rhizome of 
12 plants, and their mean was taken to get number of fin-
ger per rhizome per plot at the time of harvesting. Total 
rhizome yield (kg ha−1) was also calculated as the rhizome 
yield in kilogram harvested from two central rows and 
converted to per hectare using the following formula and 
later on expressed in t ha−1 for analysis:

Yield (kg ha−1
) =

Yield (kg) of two central rows× 10,000m2

Net area (m2) of the two central rows/plot

Table 1  Treatments, descriptions and  their respective 
combinations for  the  experiment at  Teppi and  Jimma, 
Ethiopia, during the 2017 main cropping season

1  HWT = hot water treatment of ginger rhizome to free/reduce load of 
seedborne inocula

S/n Description of treatment and respective combinations1

1 HWT + Boziab (control)

2 HWT + Boziab with lemon grass

3 HWT + Boziab with potassium fertilizer

4 HWT + Boziab with soil solarization

5 HWT + Boziab with lemon grass and potassium fertilizer

6 HWT + Boziab with lemon grass and soil solarization

7 HWT + Boziab with potassium fertilizer and soil solarization

8 HWT + Boziab with potassium fertilizer, lemon grass and soil 
solarization

9 HWT + Jimma local (control)

10 HWT + Jimma local with lemon grass

11 HWT + Jimma local with potassium fertilizer

12 HWT + Jimma local with soil solarization

13 HWT + Jimma local with lemon grass and potassium fertilizer

14 HWT + Jimma local with lemon grass and soil solarization

15 HWT + Jimma local with potassium fertilizer and soil solarization

16 HWT + Jimma local with potassium fertilizer, soil solarization and 
lemon grass
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Relative yield loss (%) from each plot was calculated 
using the formula suggested by Sharma and Sharma 
(2008).

where RYL = relative yield loss in rhizome yield (reduc-
tion in rhizome yield); Y1 = maximum mean rhizome 
yield of the best treatment in the experiment; and 
Y2 = mean yield of the other treatments and control plots.

Wilt incidence assessment
Ginger bacterial wilt incidence (number of plants wilted) 
was visually assessed at 15  days interval starting from 
45  days after planting (DAP) at Teppi and 60 DAP at 
Jimma. The assessment was made eight and seven times 
at Teppi and Jimma, respectively. Ginger plants that 
showed either complete or partial wilting were all con-
sidered wilted and staked to avoid double counting in 
subsequent assessments. Wilt incidence for each treat-
ment was then calculated as percentage of total number 
of plants emerged.

Data analysis
Analysis of variance (ANOVA) was run for growth, yield 
and wilt incidence data to see the effect of treatments and 
their interactions. When ANOVA was found significant, 
least significant difference (LSD) was used for mean sepa-
ration at 5% level of significance. ANOVA was performed 
using SAS GLM procedure version 9.3 [31]. Correlation 
coefficients of ginger growth and yield parameters with 
final wilt incidences were computed to establish their 
relationships. Linear regression analysis was computed 
by plotting rhizome yield data against final wilt incidence. 
Regression analysis and coefficient of determination (R2) 
were done using the Minitab 14 statistical package. Varia-
tion in the regression was estimated using the coefficient 
of determination (R2). The two locations were consid-
ered as different environments because of heterogeneity 
of variances as tested using Bartlett’s test [32], and the 
F-test was significant. Thus, data were not combined for 
analysis.

Results
Disease incidence
Wilted ginger plants of experimental plots were exam-
ined, and the identity of the pathogen and the cause of 
wilting were once again confirmed to be R. solanacearum 
using standard procedures. Interaction effects of varieties 
by cultural management practices on mean wilt incidence 
showed a highly and significant (P < 0.001) difference 
at all dates of wilt assessments at Teppi and at late wilt 

RYL (%) =
(Y1 − Y2)× 100

Y1

recording (120, 135 and 150 DAP) periods of the epidem-
ics at Jimma. Also, there was significant (P ≤ 0.05) differ-
ence at 90 and 105 DAP, but there was no any significant 
difference at 60 and 75 DAP at Jimma. Analysis of vari-
ance also resulted in significant variations between loca-
tions, varieties and among management practices. Mean 
disease incidence ranged from 49.03 to 75.24% in treated 
plots in comparison with 79.47% in control plots of vari-
ety Local at Teppi and from 42.04 to 78.92% in managed 
plots in comparison with 80.44% in untreated plots of 
variety Local at Jimma at the final date of wilt assessment 
(150 DAP). Very similar trends were also observed for 
the variety Boziab at both experimental locations at same 
date of wilt assessment (Table 2).

Percentage mean wilt incidence reduction compu-
tations made for both ginger varieties per treatment 
revealed clear differences between management imposed 
plots and control plots. At 150 DAP, lemon grass with 
fertilizer application and soil solarization reduced mean 
wilt incidence by 38.30%, followed by lemon grass with 
fertilizer application (25.91%) compared to control plots 
of the variety Local. Similarly, 47.74% reduction in mean 
wilt incidence was obtained from plots treated with 
integrated application of lemon grass and fertilizer, fol-
lowed by lemon grass with fertilizer application and soil 
solarization treated plots (42.06%) in comparison with 
controls in the Local variety at Jimma at the final date of 
wilt assessment. The lowest (5.32% at Teppi and 1.89% 
at Jimma) mean wilt incidence reduction was calcu-
lated from variety Local managed by sole application of 
soil solarization in the cropping season. With regard to 
Boziab, closely similar trends were obtained in mean wilt 
incidence reduction at both locations.

Effect of bacterial wilt on ginger growth
Interaction effects of variety by cultural management 
practices were highly and significantly (P < 0.001) differ-
ent in growth parameters both at Teppi and at Jimma, 
except for plant height, which recorded nonsignificant 
difference and number of tillers per plant, which was 
significant (P ≤ 0.05) at Teppi. At Jimma, the maximum 
plant height (70.2  cm) was recorded from plots treated 
with integrated application of lemon grass and soil 
solarization in Local variety and Boziab (70.0  cm) but 
statistically on par with the most integrated treatment 
(combined application of lemon grass with fertilizer and 
soil solarization). In contrast, the lowest plant height was 
recorded from untreated control plots, which included 
55.9 cm in Local and 53.3 cm in Boziab variety (Table 3).

A marked difference was also observed between man-
aged and untreated control plots of both ginger varieties 
for NTPP at both experimental sites. Higher NTPP was 
counted from plots that obtained the most integrated 
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treatment in variety Local (11.6) and in Boziab (12.5) 
than NTPP gained from the rest treatments. The next 
highest NTPP (10.7) was registered from plots treated 
with lemon grass in Local and combined application of 
lemon grass and soil solarization in Boziab (11.9), which 
was compared numerically, while the lowest NTPP was 
recorded from untreated control, which was 8.9 in variety 
Local and 8.10 in Boziab variety (Table 3). Similar trends 
were recorded for both varieties evaluated at Jimma 
experimental site.

Effect of bacterial wilt on number of fingers per rhizome
Analysis of variance for interaction of variety by cul-
tural management practices showed highly significant 
(P < 0.001) variation in number of fingers per rhizome 
at both experimental locations and mean values are 
presented in Table  4. In this regard, plots that received 
Boziab with lemon grass, soil solarization and fertilizer 
application had the highest (7.7) number of fingers per 
rhizome at Teppi. Similarly, the same treatment obtained 
the maximum (6.9) number of fingers per rhizome in the 

Table 2  Interaction effects of  cultural management practices and  ginger varieties on  bacterial wilt (R. solanacearum) 
initial and final mean disease incidence (%) at Teppi and Jimma, Ethiopia, during the 2017 main cropping season

1  L = lemon grass; F = fertilizer; S = soil solarization; L + F = lemon grass with fertilizer application; L + S = lemon grass with soil solarization; F + S = fertilizer 
application with soil solarization; and L + F + S = lemon grass with fertilizer application and soil solarization
2  PDIi = percent mean disease incidence at 45 and 60 days after planting (DAP) at Teppi and Jimma, respectively, and PDIf = percent mean disease incidence at 150 
DAP. ns nonsignificant. Means followed by same letter(s) within adjacent columns of same parameter under each variety are not significantly different at 5% level of 
significance

Treatment 
combination1

Mean disease incidence (%) at Teppi2 Mean disease incidence (%) at Jimma2

Local Boziab Local Boziab

PDIi PDIf PDIi PDIf PDIi PDIf PDIi PDIf

Control 15.79a 79.47a 14.49a 79.76a 15.46a 80.44a 15.21a 77.15c

L 9.65cd 63.02d 6.48f 48.74g 8.02ef 52.75fg 6.93ef 51.07gh

F 11.91b 58.88e 9.64cd 64.47d 13.20bc 64.45d 11.73c 63.60d

S 14.37a 75.24b 15.30a 77.87a 14.94a 78.92ab 14.40ab 75.21bc

L + F 9.89c 58.88e 7.88ef 64.48d 7.86ef 42.04k 7.41ef 46.96ij

L + S 9.41cd 75.24b 10.00c 52.15f 9.93d 54.72ef 8.33e 47.90ij

F + S 14.70a 69.44c 9.60cd 64.46d 12.72c 64.08d 11.84c 55.71e

L + F + S 8.25de 49.03g 7.40ef 45.85h 7.20ef 46.61j 6.44f 49.75hi

LSD (0.05) 2.19 1.02 ns 2.81

CV (%) 2.20 7.84 8.93 2.80

Table 3  Interaction effects of  ginger varieties by  cultural management practices on  plant height and  number of  tillers 
per plant at Teppi and Jimma, Ethiopia, during the 2017 main cropping season

1  L = lemon grass; F = fertilizer; S = soil solarization; L + F = lemon grass with fertilizer application; L + S = lemon grass application with soil solarization; 
F + S = fertilizer application with soil solarization; L + F + S = lemon grass application with fertilizer and soil solarization. ns nonsignificant. Means followed by same 
letter(s) within adjacent columns of same parameter under each variety are not significantly different at 5% level of significance

Treatment 
combination1

Growth parameters at Teppi Growth parameters at Jimma

Plant height (cm) Tiller number Plant height (cm) Tiller number

Local Boziab Local Boziab Local Boziab Local Boziab

Control 54.83i 55.03hi 8.9f 8.10f 55.9fg 53.3g 7.1fgh 6.8h

L 58.97ef 60.4de 10.7cd 9.5ef 67.3bc 60.7d 9.3bcd 9.2cd

F 58.66efg 59.53e 10.5cd 10.0de 59.7de 61.0d 7.5efg 7.4efgh

S 55.46hi 57.03fgh 9.2ef 10.0de 56.7f 56.9f 7.8e 6.9gh

L + F 63.93bc 64.9b 10.5cd 11.2bc 68.2abc 57.4ef 9.9b 9.2cd

L + S 62.36cd 63.86bc 10.6cd 11.9ab 70.2a 70.0a 7.5ef 9.8bc

F + S 56.66ghi 58.53efg 10.5cd 9.8de 57.9ef 66.7c 9.0d 7.1fgh

L + F + S 64.06bc 67.97a 11.6b 12.5a 69.2abc 69.8ab 9.7bc 10.9a

LSD (0.05) ns 0.85 2.5 0.66

CV (%) 2.14 4.9 2.61 4.6
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Local variety as compared to other treatments and con-
trol plots at Teppi. The same story was maintained for 
number of fingers per rhizome at Jimma. Control plots 
recorded only 3.2 and 3.3 number of fingers per rhizome, 
which were half less than the mean value, in Local and 
Boziab variety, respectively, at Jimma. However, both gin-
ger varieties recorded relatively lower number of fingers 
per rhizome in which Boziab recorded average number of 
fingers per rhizome of 6.0 at Teppi and 5.8 at Jimma.

Effect of bacterial wilt on ginger rhizome yield
Analysis of variance also revealed highly significant 
(P < 0.001) variation for variety by cultural manage-
ment practices in rhizome yield both at Teppi and at 
Jimma (Table 4). The highest (16.0 t ha−1 in Boziab and 
14.6 t ha−1 in Local) rhizome yield was obtained from 
integrated application of lemon grass with soil solari-
zation and soil fertilization, followed by plots treated 
with combined application of lemon grass and soil 
fertilization where 13.5 and 13.1 t ha−1 rhizome yield 
were obtained in Boziab and Local variety, respectively, 
at Teppi. Similarly, the lowest rhizome yield was har-
vested from untreated plots, which was about 7.1–7.7 
t ha−1 at Teppi. Closely similar results were obtained 
for rhizome yield from both varieties at Jimma exper-
imental location. Accordingly, untreated plots had 
lower rhizome yields (on average 7.4 t ha−1 at Teppi 
and 8.4 t ha−1 at Jimma) than rhizome yields obtained 
from other treated plots. In same analogy, the most 
integrated treatment provided higher net benefit with 
optimum marginal rate of return than others for each 
variety at both locations (data not shown).

The mean yield loss calculated against untreated plots 
due to bacterial wilt ranged from 51.4 to 51.9% at Teppi 
and 39.4 to 49.1% at Jimma (Table 5). Relative yield loss 
was reduced by all combinations of varieties with cul-
tural practices. The most integrated treatment recorded 
none to only 10.9% relative yield loss in comparison 
with other treatments excluding the control. Following 
it, integrated application of lemon grass and soil fertili-
zation caused the lowest (10.3% in Local and 15.6% in 
Boziab) mean relative yield loss at Teppi. More or less 
a similar trend in rhizome yield loss for both varieties 
was computed at Jimma.

Association of disease and growth and yield parameters
Computing correlation between final mean disease inci-
dences and growth and yield parameters was important 
since change of wilt incidence influenced the response 
of growth and yield parameters during the experi-
ment. Mean bacterial wilt incidence (at 150 DAP) had 
negative and highly significantly (P ≤ 0.01) correlation 
(r = − 0.90** and − 0.88**) to rhizome yield in variety 
Boziab and Local at Teppi, respectively. Similarly, mean 
wilt incidence (at 135 DAP) was negatively and highly 
significantly (P ≤ 0.01) correlated with rhizome yield 
of Local (r = − 0.91**) and Boziab (r = − 0.92**) variety 
at Teppi (Table 6). Final mean disease incidence (at 135 
DAP) and yield (r = − 0.91** and − 0.85**) in Boziab and 
Local variety, respectively, at Jimma had negatively and 
highly significant (P ≤ 0.01) correlation.

Moreover, final mean disease incidence (at 150 DAP) 
and number of fingers per rhizome were observed to 
negatively and highly significantly (P ≤ 0.01) correlated 

Table 4  Interaction effects of  ginger varieties by  cultural management practices on  number of  fingers per  rhizome 
and yield at Teppi and Jimma, Ethiopia, during the 2017 main cropping season

1  L = lemon grass; F = fertilizer; S = soil solarization; L + F = lemon grass with fertilizer application; L + S = lemon grass application with soil solarization; 
F + S = fertilizer application with soil solarization; and L + F + S = lemon grass application with fertilizer and soil solarization. Means followed by same letter(s) within 
adjacent columns of same parameter under each variety are not significantly different at 5% level of significance

Treatment 
combination1

Ginger yield parameters at Teppi Ginger yield parameters at Jimma

Finger per rhizome Yield (t ha−1) Finger per rhizome Yield (t ha−1)

Local Boziab Local Boziab Local Boziab Local Boziab

Control 5.1fgh 5.0fgh 7.1g 7.7f 3.2f 3.3f 8.3e 8.4e

L 6.1cde 6.6bc 11.2d 11.7d 5.9d 7.4b 11.3cd 14.0b

F 5.9de 4.4h 11.3d 11.4d 5.4de 5.0e 9.0e 11.4cd

S 4.6h 5.5ef 8.3e 8.6e 3.6f 3.4f 9.1e 9.1e

L + F 5.9de 6.7bc 13.1c 13.5c 5.4de 6.6c 13.7b 14.5b

L + S 5.5efg 6.5bcd 11.5d 13.2c 5.2e 6.5c 11.1d 14.1b

F + S 4.8gh 5.6ef 8.5e 11.5d 5.4de 4.9e 11.8cd 11.0d

L + F + S 6.9b 7.7a 14.6b 16.0a 5.8d 9.2a 12.2c 16.5a

LSD (0.05) 0.74 0.59 0.59 0.96

CV (%) 7.7 3.2 6.6 5.0
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(r = − 0.84** for variety Boziab) and (r = 0.82** for Local 
variety) in the cropping season at Jimma (Table 7). More 
or less similar phenomena were noted for the correlation 
between mean wilt incidence and growth parameters of 
both ginger varieties at both locations.

The linear regression of final mean wilt incidence bet-
ter described the relationship between rhizome yield and 
wilt incidence than other disease parameters (Fig. 1). The 
relationship described by the model accounted for 70.5–
85.0% of the variance. The estimated slope of the regres-
sion line obtained for variety Boziab was − 0.18 at Teppi 
and − 0.22 at Jimma, whereas it was − 0.19 and − 0.12 
for Local variety at Teppi and Jimma, respectively. The 
estimates showed that for each unit increase in percent 
of final mean wilt incidence, there was a rhizome yield 
reduction of 0.18 t ha−1 for Boziab and 0.19 t ha−1 for 
Local variety at Teppi and 0.22 and 0.12 t ha−1 for Boziab 
and Local ginger varieties at Jimma, respectively.

Discussion
To date, there is no single and effective control measure 
against bacterial wilt causing pathogen [25, 33]. However, 
in this study, lower wilt incidence and higher reductions 
in mean wilt incidence were possible through the applica-
tion of cultural management practices alone and in inte-
gration than control plots across locations. This might be 
attributed to availability of nutrients, release of essential 

oils and enhanced population of soil beneficial microor-
ganisms. Available nutrients could increase crop vigor 
and essential oils might incorporate lethal chemicals that 
could reduce wilt epidemics. Previous studies with regard 
to bio-fumigation by Brassica spp., palmarosa and lem-
ongrass followed by mulching released volatile essential 
oils into pathogen-infested fields and reduced bacterial 
wilt incidence [34]. Such plants have high glucosinolate, 
and upon mulching, it hydrolyzes to antimicrobial isothi-
ocyanates, nitriles or thiocyanates, thereby reducing R. 
solanacearum populations in the soil and wilt incidence 
on the crops [7, 35].

A related study also revealed that soil amendment with 
Sesbania sesbana and Leucaena diversifolia either sin-
gly or in combination with inorganic fertilizer reduced 
wilt incidence or increased potato tuber yield [18]. Sim-
ilarly, Blok et  al. [35] found an effective control of soil-
borne pathogens by applying fresh organic amendments 
followed by plastic mulching. Moreover, Ayana et  al. 
[19] noted that application of silicon fertilizer signifi-
cantly reduced bacterial population and wilt incidence 
which could be attributed to induced resistance [36] and 
increased tomato fruit yield. A study by Lemaga et  al. 
[28] also indicated that application of potassium fertilizer 
reduced bacterial wilt by 29% over the control in potato.

Comparative growth advantage recorded due to appli-
cation of soil amendment could be due to increased soil 

Table 5  Effects of  lemon grass, soil solarization and  fertilizer application on  rhizome yield (t ha−1) and  rhizome yield 
losses at Teppi and Jimma, Ethiopia, during the 2017 main cropping season

1  L = lemon grass; F = fertilizer; S = soil solarization; L + F = lemon grass with fertilizer application; L + S = lemon grass application with soil solarization; 
F + S = fertilizer application with soil solarization; L + F + S = lemon grass application with fertilizer and soil solarization

Variety Treatment 
combination1

Relative yield loss (%) at Teppi Relative yield loss (%) at Jimma

Yield (t ha−1) Relative yield 
(%)

Relative yield 
loss (%)

Yield (t ha−1) Relative yield 
(%)

Relative 
yield loss 
(%)

Local Control 7.1 48.6 − 51.4 8.3 60.6 − 39.4

L 11.2 76.7 − 23.3 11.3 82.5 − 17.5

S 8.3 56.8 − 43.2 9.1 66.4 − 33.6

F 11.3 77.4 − 22.6 9.0 65.7 − 34.3

L + S 11.5 78.8 − 21.2 11.1 81.0 − 19.0

L + F 13.1 89.7 − 10.3 13.7 100 0.00

F + S 8.5 58.2 − 41.8 11.8 86.1 − 13.9

L + F + S 14.6 100 0.00 12.2 89.1 − 10.9

Boziab Control 7.7 48.1 − 51.9 8.4 50.9 − 49.1

L 11.7 73.1 − 26.9 14.0 84.8 − 15.2

S 8.6 58.3 − 46.3 9.1 55.2 − 44.8

F 11.4 71.3 − 28.8 11.4 69.1 − 30.9

L + S 13.2 82.5 − 17.5 14.1 85.5 − 14.5

L + F 13.5 84.4 − 15.6 14.5 87.9 − 12.1

F + S 11.5 71.9 − 28.1 11.0 66.7 − 33.3

L + F + S 16.0 100 0.00 16.5 100 0.00
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health and improved physical and chemical status of the 
soil, which in turn reduced infection by soil pathogens. In 
this connection, Bailey and Lazarovits [37] indicated that 
organic amendments to soil have direct effect on plant 
health and crop productivity through improving the 
physical, chemical and biological properties of the soil, 
which can have positive effects on plant growth. On the 
other hand, degradation of organic matter in soil directly 
affects the viability and survival of a soil pathogen by 
restricting available nutrients and releasing natural 
chemical substances with varying inhibitory properties 
and stimulates the activities of microorganisms that are 
antagonistic to the pathogens [38] and increases soil 

microbial activities, thereby leaving to intense competi-
tion [37].

Cultural practices are the most popular approaches to 
manage bacterial wilt by reducing incidence and severity 
of wilt and consequently sustaining productivity of crops. 
The mechanisms of disease suppression and increase in 
rhizome yield and its components were supposed to be 
an increase in soil nutrients, changes in physical and 
chemical properties of the experimental soil due to ferti-
lizer and lemon grass incorporation. In this regard, lemon 
grass might release essential oils to the soil and reduce 
bacterial population. Moreover, soil solarization could 
enhance the capabilities of beneficial microbes against 

Table 6  Coefficients of correlation (r) between growth, yield and disease incidence in ginger varieties at Teppi, Ethiopia, 
during the 2017 main cropping season

a  FDI = final disease incidence

** Describes level of statistical significance at P ≤ 0.01

Variety Parametera Yield (t ha−1) Finger per rhizome Plant height Tiller per plant FDI (135 DAP) FDI (150 DAP)

Boziab Yield (t ha−1) 1

Finger per rhizome 0.71** 1

Plant height 0.94** 0.75** 1

Tiller per plant 0.78** 0.65** 0.89** 1

FDI (135 DAP) − 0.90** − 0.73** − 0.84** − 0.61** 1

FDI (150 DAP) − 0.91** − 0.75** − 0.86** − 0.64** 0.98** 1

Local Yield (t ha−1) 1

Finger per rhizome 0.76** 1

Plant height 0.88** 0.62** 1

Tiller per plant 0.81** 0.66** 0.70** 1

FDI (135 DAP) − 0.88** − 0.62** − 0.89** − 0.74** 1

FDI (150 DAP) − 0.92** − 0.64** − 0.93** − 0.76** 0.98** 1

Table 7  Coefficients of correlation (r) between growth, yield and disease incidence in ginger varieties at Jimma, Ethiopia, 
during the 2017 main cropping season

a  FDI = final disease incidence

** Describes level of statistical significance at P ≤ 0.01 and * level of statistical significance at P ≤ 0.05

Variety Parametera Yield (t ha−1) Finger per rhizome Plant height Tiller per plant FDI (135 DAP) FDI (150 DAP)

Boziab Yield (t ha−1) 1

Finger per rhizome 0.96** 1

Plant height 0.61** 0.63** 1

Tiller per plant 0.92** 0.93** 0.61** 1

FDI (135 DAP) − 0.91** − 0.84** − 0.68** − 0.80** 1

FDI (150 DAP) − 0.92** − 0.84** − 0.64** − 0.79** 0.99** 1

Local Yield (t ha−1) 1

Finger per rhizome 0.64** 1

Plant height 0.64** 0.67** 1

Tiller per plant 0.80** 0.64** 0.44* 1

FDI (135 DAP) − 0.85** − 0.82** − 0.81** − 0.78** 1

FDI (150 DAP) − 0.83** − 0.80** − 0.87** − 0.73** 0.98** 1
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the target pathogen. Subsequently, such treatment com-
bination might have reduced wilt incidence, in one hand, 
and increased rhizome yield and its components, on the 
other hand.

In line with this finding, Yadessa et al. [39] found that 
soil amendments with cocoa peat, farmyard manure, 
compost and green manure significantly reduced bac-
terial wilt incidence by 81% and enhanced tomato yield 
over unamended soil. Some other studies also noted 
that lemon grass oil provided complete protection 
from tomato wilt by reducing pathogen population and 
increased yield under controlled conditions, and disease 
suppression reached 45–60% under field conditions [40]. 
However, efficacy of lemon grass excelled when inte-
grated with other soil amendment tactics under field con-
ditions [41]. Furthermore, related findings demonstrated 
that soil solarization combined with fumigant [42] and 
with biological control agents [22] reduced incidence of 
tomato bacterial wilt and increased fruit yield.

Due to integrated application of lemon grass with 
soil solarization and fertilization, yield gains of 51.6 
and 31.6% were obtained for Local and 51.9 and 48.6% 
for Boziab variety at Teppi and Jimma, respectively. 

Theoretically, integrated disease management is intended 
to eliminate or reduce effectiveness of initial inocula, 
increase resistance of hosts, delay onset of disease and 
slow secondary cycles of infections [43]. This might imply 
that lemon grass bio-fumigation with soil solarization 
and fertilizer application highly reduced R. solanacearum 
population and subsequent damage on ginger by vari-
ous mechanisms. Previous research results have also 
shown that application of Brassica spp. as green manure 
is effective in reducing soilborne pathogens through the 
release of toxic and volatile chemicals up on decomposi-
tion [44]. Application of plastic mulch, following green 
manure incorporation, would enhance the decomposi-
tion process, minimize escape of volatile gases into the 
atmosphere and raise soil temperature to kill soilborne 
pathogen propagules and as a result reduce the yield 
losses of the plant due to disease [45].

Findings of this study also confirmed the presence of 
highly and negatively significant correlation and asso-
ciation between wilt incidence and growth and yield 
parameters. This could assert the negative effects of 
bacterial wilt on growth, rhizome yield and its compo-
nent of ginger during the cropping season. This complies 

Fig. 1  Linear regression relating ginger rhizome yield (t ha−1) with bacterial wilt (R. solanacearum) final mean disease incidence (FDI) at 150 days 
after planting at Teppi (a, b) and at Jimma (c, d), Ethiopia
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with the findings of [46] who found that late blight dis-
ease parameters are strongly and negatively correlated 
with final tuber yields. Research reports of Fekede [47] 
also confirmed that disease parameter is associated with 
yield components but had negative impacts on the com-
ponents under consideration. There are inverse relations 
between chocolate spot disease and grain yield and its 
components in faba bean in sole and mixed cropping sys-
tems [48].

Conclusions
The present field data provided empirical evidences that 
the interaction of varieties and cultural practices influ-
enced the amount of yield loss attributed to ginger bac-
terial wilt. Integration of host resistance with cultural 
management practices increased rhizome yield and yield 
components, improved ginger growth and maximized 
net benefit compared to alone application of cultural 
practices and untreated control. Results demonstrated 
that, among treatments used, combined application of 
host resistance with lemon grass, soil solarization and 
soil fertilization enhanced rhizome yield and growth 
parameters and highly reduced associated damages due 
to bacterial wilt incidence and earned high monetary 
benefits over untreated controls. These present findings 
can benefit farmers through increased productivity and 
can increase produces and income via reduced inputs 
and nonchemical means in the face of bacterial wilt epi-
demics. However, further research should be undertaken 
on host resistance in integration with other cultural man-
agement practices and an urgent need is also required to 
establishing disease-free ginger seed rhizome production.
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