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Abstract 
Rice yellow mottle virus (RYMV) is the most important disease of rice in 
Africa. The disease was first observed in 1966 in Kenya but has now spread in 
all rice-growing countries of Sub-Saharan Africa. In Tanzania, its distribution 
has been restricted to the major rice-growing regions. However, the know-
ledge on RYMV genetic diversity relies on a limited number of coat protein 
sequences. Previous studies revealed the presence of the phylotypes S4lv, S4lm 
and strain S5 in Mwanza, Mbeya and Morogoro regions, respectively, and 
strain S6 in Kilimanjaro region and Pemba Island. Surveys were conducted 
during the cropping seasons 2013-2014 in eight rice-growing regions of Tan-
zania to determine geographical variations and phylotypes of RYMV and the 
influence of environment factors on its distribution and diversity. A total of 
185 rice fields were surveyed. Results indicate that prevalence, severity and 
phylotypes of RYMV varied significantly with rainfall intensity, temperature 
and relative humidity (P ≤ 0.01). The highest prevalence was found in Moro-
goro (82%), Mbeya (80%) and Arusha (67.33%) regions whereas Kigoma 
(9.33%), Rukwa (11.33%) and Shinyanga (18.67%) had the lowest RYMV 
prevalence. In each region, RYMV prevalence was higher in 2014 than in 
2013. The phylotypes S4lm and new determined phylotypes (S6c and S6w) 
were highly adapted to low temperature (13.3˚C) and rainfall (13.7 mm) areas. 
For the first time, strains from the phylotype S4ug were found outside Ugan-
da, in Kilimanjaro region. Strain S4lv (phylotype Lake Victoria) was found for 
the first time in Arusha region. The strain S4lm was found in Mbeya, Moro-
goro and Rukwa regions. Strains S4lm and S4lv were also found in Shinyanga 
and Kigoma regions, respectively. The strain S5 was still restricted to Moro-
goro but extended to new locations such as Ulanga district. Strain S6 was 
found in several new areas and new phylotypes of S6 (S6c and S6w) are re-
ported in this study. 
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1. Introduction 

Rice (Oryza sativa L.) is the staple food of more than half of the world’s popula-
tion [1]. In Africa where consumption has grown faster than production, yield 
increase in one of the major issue. Indeed, rice cultivation is facing several biotic 
and abiotic constraints. Rice yellow mottle virus (RYMV) provokes the most 
important viral disease in most rice-growing countries of Africa [2] [3]. The 
typical symptoms of the disease are mottle and yellowing of the leaves, stunting 
of the plants, reduced tillering, poor panicle exertion and sterility. Yield losses 
ranging from 20% - 100% on susceptible rice cultivars due to variation levels of 
RYMV disease incidence and severity has been reported [2] [4]. In Tanzania, the 
second rice producer in Eastern Africa, rice is the second most important staple 
crop. However, yield remains low, in the range of 1 - 1.5 tons/ha, due to several 
constrains such as RYMV [4] [5] [6] [7]. First reported in 1993 in Mkindo irri-
gation project in Morogoro region [8], RYMV was detected two years later in the 
major rice producing regions [9]. The virus was found in 100%, 50% and 8% of 
the fields in Morogoro, Mbeya, Mwanza and Shinyanga regions, respectively. 
The host range of RYMV is restricted to cultivated rice and few wild grass spe-
cies [10]. RYMV is transmitted mechanically mainly by sap contact and insect 
vectors (family Chrysomelidae) [11]. However, the virus is not seed transmitted 
[12]. 

The virus belongs to the genus Sobemovirus and is characterized by an icosa-
hedral particle of 30 nm in diameter that contains one single strand positive sense 
genomic RNA [13]. RYMV has a high level of genetic diversity, spatially struc-
tured and which gradually decrease from West to East [14]. Several serotypes 
and strains of RYMV have been identified in various geographical locations [10] 
[15]. Six major strains have been described [9] [14], three (S4, S5 and S6) were 
found in East Africa. Tanzania has been reported as one of the biodiversity 
hotspot of RYMV [15]. RYMV was first observed in 1966 in Kenya [11] and later 
reported in nearly all rice-growing countries of Sub-Saharan Africa [10]. In 
Tanzania, the first incidence of RYMV was reported in 1993 in Mkindo irriga-
tion project, Morogoro region [8]. Fields studies in Pemba Island from the Zan-
zibar archipelago showed RYMV symptomatic plants. Two different serotypes 
were detected using ELISA assays in various geographical areas: one in Morogo-
ro region and Pemba Island and one in Mbeya, Mwanza and Shinyanga regions, 
and later named as Ser5 and Ser4, respectively. Genetic analyses of the coat pro-
tein (CP) gene confirmed the molecular basis of the two serotypes [9] [16] which 
also allowed the distinction of two phylotypes in the serotype Ser4: phylotypes 
S4lv and S4lm [9]. Coat protean sequences from Mwanza region (close to Lake 
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Victoria) clustered together in the phylotype S4lv while the phylotype S4lm ga-
thered sequences from Mbeya region (close to the Lake Malawi). In addition, 
two different strains were defined from the serotype Ser5: strains S5 and S6 with 
CP sequences from Morogoro region and Pemba Island, respectively [9]. In 
2005, the strains S4 and S6 were first detected in Morogoro and Kilimanjaro re-
gions, respectively, whereas the strain S5 was restricted to Morogoro region [17]. 
Since this publication, very few data on RYMV in Tanzania have been available. 

Rice yellow mottle virus is widely distributed in all rice growing conditions in 
Africa but the role of environmental factors on the virus distribution and diver-
sity is poorly investigated. However, the environment and the climate change 
can influence host plant growth and susceptibility, pathogen and vector repro-
duction, dispersal, survival and activity as well as host-pathogen interaction [18]. 
Few data suggested an influence of the environmental factors such as tempera-
ture and rainfall on RYMV epidemics. More epidemics occur in irrigated areas 
and, also to a lesser extent, in lowland rice during the rainy season [19]. RYMV 
was reported in every region in Madagascar except in the central highlands [20]. 
In addition, the genetic diversity is spatially structured including strains from 
West and East Africa which are different, even at a country scale. For instance in 
Cote d’Ivoire, strains located in savanna and forest areas are different [21]. 

Therefore, today while rice intensification is a priority, the geographic diver-
sity and epidemiological surveys of the virus is needed in Tanzania (1) to detect 
RYMV presence in more rice-growing regions, (2) to precisely quantify the viral 
prevalence and severity in each agro-ecological zones and (3) to determine the 
geographical variation and spatial distribution of the RYMV strains and phylo-
types in the Tanzanian biodiversity hotspot. Finally, the relationship between 
RYMV distribution, genetic diversity and environmental variability was investi-
gated. 

2. Materials and Methods 
2.1. Description of the Study Area 

Field surveys were carried out in farmers’ rice fields in selected rice growing ar-
eas in the Lake zone (Shinyanga and Kigoma regions), the Southern Highland 
zone (Rukwa and Mbeya regions), the Eastern zone (Morogoro and Pwani re-
gions) and in the Northern zone (Kilimanjaro and Arusha regions) in Tanzania. 
The study was carried out in two cropping seasons, March to May 2013 and 
April to May 2014 to determine the prevalence and severity of RYMV strains on 
rice. The mean annual rainfall in the study areas ranged from 500 to 1400 
mm/year with minimum and maximum temperatures of 13˚C to 23˚C and 25˚C 
to 32˚C, respectively. The rice fields were located in various altitudes ranging 
from 25 to 1326 m above sea level. 

2.2. Field Surveys 
2.2.1. Distribution, Prevalence and Severity of RYMV 
The surveyed areas were selected based on their history of rice production, di-
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verse ecological backgrounds and reported frequent occurrence of RYMV. The 
surveys covered a total of 185 fields. Samples were collected using the W-walk 
sampling method as described by Ardales et al. [22] to better understand the re-
lationships between strains and environmental factors within geographical areas. 
Geographical position system (GPS) coordinates, altitude and weather data 
(rainfall, temperature, RH and wind speed) obtained from Tanzania Meteoro-
logical Agency, for the period from 2013 to 2014 were recorded and collected, 
respectively. Tanzanian administrative boundaries overlaid with collected GPS 
data using ArcGIS Software Package to display location of the RYMV disease 
surveyed areas (Figure 1). The GPS points were then interpolated to create a 
geographical distribution map of Rice yellow mottle virus disease (Figure 6). Al-
titudes of all locations visited [Mto wa Mbu, Kiwowo, Maweni (Arusha), Kyela, 
Igurusi, Chunya (Mbeya), Woria, Ndungu, Lower Moshi (Kilimanjaro), Mada-
ganya, Dakawa, Vigoi (Morogoro), Mkuti, Kibondo, Kasulu (Kigoma), Shi-
nyanga, Kahama (Shinyanga), Kibaha, Bagamoyo (Pwani), Mpanda, Sumba- 
 

 
Figure 1. A geographic map showing locations (colored in green and red circles) of Rice 
yellow mottle virus field surveyed areas (2013 and 2014 rice growing seasons). 
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wanga (Rukwa)] were recorded. Three hundred and fourteen isolates of RYMV 
were obtained from diseased plants showing characteristic leaf mottling symp-
toms. The diseased rice leaf samples were collected in paper bags labeled and 
transported to the African Seed Health Center laboratory, Sokoine University of 
Agriculture (SUA), Tanzania. These samples were kept into the freezer at −20˚C 
until when used for further analysis. 

The percentage of rice plants with RYMV disease symptoms over the total 
plant area of 1 m x 1 m was determined. In each locality, three counts were taken 
diagonally per field and 5 to 7 fields per location were assessed at an interval of 
10 to 15 km per location following the procedures of Bekeko et al. [23]. Within 
each quadrat, RYMV prevalence was calculated using the formula described by 
Nwilene et al. [24] as follows: RYMV prevalence = Number of rice plants with 
disease/ Total number of rice plants (health and diseased) x 100. 

Scores for disease severity were recorded using the 1–9 scale of standard eval-
uation system for rice [1]: where: 1 = no symptoms, 3 = sparse dots or streaks, 5 
= general mottling of the leaves, 7 = yellowing and stunting and 9 = necrosis and 
sometimes plant death. Disease severity (S) was calculated according to the pro-
cedures described by Finninsa [25] as: 

( ) ( ) ( ) ( ) ( )( ) ( )1 3 5 7 9 1 3 5 7 9*1 *3 *5 *7 *9 *100 *9S n n n n n n n n n n= + + + + + + + +
where n1, n3, n5, n7, n9 represent the number of leaves scored 1, 3, 5, 7 and 9, re-
spectively. 

The RYMV disease prevalence and severity data were analysed as One Way 
Randomized Block with three replications using GenStat Software Package. The 
data were subjected to arcsine transformation to normalize the data before anal-
ysis [26]. A constant value (0.5) was added to each observation, before taking 
arcsine transformation [27]. The mean separation test based on the different lo-
cations and years tested for disease prevalence and severity were done using the 
Tukey’s Multiple Range Test at P ≤ 0.05. 

2.3. Laboratory Studies 
2.3.1. Rice Yellow Mottle Virus Detection and Serotyping 
A sample was prepared by grinding 0.1 g leaf in 1 ml of phosphate buffer saline 
with 0.5% Tween-20 (PBST 1X) in a 2 ml tube at the ratio of 1:10 (w/v) using 
TissueLyser II. Direct antibody sandwich enzyme-linked immunosorbent assay 
(DAS-ELISA) using polyclonal antibodies raised against a strain from Madagas-
car were used to detect RYMV in the rice leaf samples collected during the sur-
vey [14]. Two polystyrene micro plate wells were used to score the optical densi-
ty (OD) values at 405 nm using ELISA spectrometer plate reader and the mean 
values were used for analysis. The virus titer was considered significant when the 
optical density values were two-fold greater than the mean value of the negative 
control. Positive leaf samples for RYMV were selected and stored at −20˚C for 
molecular analyses. Triple-antibody- sandwich (TAS)-ELISA was used to assess 
the immunological profile of the RYMV isolates as described by Pinel et al. [28]. 
Two monoclonal antibodies (MAbs) (E and M) were used to distinguish sero-
types Ser4 and Ser5 which are wide spread in East Africa. Antibody M was non 
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discriminative to each RYMV strain and was used as a reference to quantify the 
overall virus titer independently of the serological properties of the isolates. 

2.3.2. Viral Coat Protein Gene Sequencing 
Total RNA of RYMV was extracted from frozen infected rice leaves using the 
Rneasy Plant Mini Kit (Qiagen) method as described by Pinel et al. [29]. Viral 
suspension were collected in 2 ml eppendorf tube with sterile steel beads, frozen 
in liquid nitrogen and ground with high speed TissueLyser II mechanical shaker 
for 1 min at 30 rpm. The RTL lysis buffer was added, mixed by vortexing then 
incubated in water bath at 56˚C for 2 minutes and centrifuged at 7000 rpm for 7 
minutes. Tissues were separated by 225 μl of 100% ethanol followed by spinning 
at 10,000 rpm for 1 min, and then the supernatants were transferred into 2 ml 
Eppendorf tubes. Proteins of RYMV were removed by adding 700 μl RW1 and 
500 μl RPE buffer, respectively and separately, centrifuged as above then the su-
pernatant liquid was discarded and transferred into sterile 2 ml tubes. Ribo-
nucleic acid was washed in 500 μl RPE buffer by spinning at 13,000 rpm for two 
minutes. Nucleic acids were eluted by 30 μl RNase free water directly to the spin 
column membrane and placed into clean sterile 1.5 ml tubes then centrifuged at 
10,000 rpm for 1 min at 25˚C. The obtained RNAs were stored in the freezer at 
−20˚C for RT-PCR amplification. 

A reaction of RT-PCR to transcribe and amplify the coat protein gene con-
sisted of a total volume of 50 μl of a mixture per one sample was done as de-
scribed by Pinel et al. [29]. For reverse transcriptase (RT)- complementary 
deoxyribonucleic acid (cDNA) synthesis, the reaction mixture of 7.5 µl of total 
RNA, 1 µl antisense primer RYMV II at 100 µM and 1.5 µl Rnase free water in a 
PCR-tube was done and denatured at 70˚C for 5 min. Then a mixture of 6 µl 
Rnase free water, 2 µl dNTPs 5 mM, 5 µl Buffer RT x5 (promega) x1 final, 1 µl 
M-MLV-RT (promega) 200U/µl and 1 Rnase inhibitor 20U/µl (promega) per 
one sample was added into the PCR tube containing 10 µl of first reaction mak-
ing a total volume of 25 µl. The mixture was incubated at 42˚C for 1 hour. The 
PCR mixture included 5µl buffer PCR x10, x1 final, 2 µl dNTP 5 mM chacum 2.0 
mM final, 1µl antisense primer RYMV II 10 µM, 3 µl sense primer RYMV III 10 
µM, and 1 µl dynazyme, 35.5 µl SDW and 2.5 µl RT reaction. The primer set 
consisted of 5'-CAAAGATGGCCAGGAA-3' (forward primer) and 
5'-CTCCCCCACCCATCCCGAGAATT-3' (reverse primer) were used to ampli-
fy the coat protean (CP) gene of RYMV. The amplification process involved ini-
tial denaturation at 94˚C for 5 minutes followed by 30 cycles (Denaturation at 
94˚C for 3 minutes, annealing at 55˚C for 30 seconds, elongation at 72˚C for 1 
minute), then final extension and stop at 72˚C for 10 minutes. The products 
were confirmed using 1% agarose gel [in 0.5x 
Tris-acetate-Ethylenediaminetetraacetic acid (TAE) buffer] electrophoresis and 
sequenced by Biomed Company. 

2.3.3. Phylogenetic Analysis for Identification of RYMV Strains and  
Phylotypes 

The 48 sequences of the coat protein gene were aligned with 7 reference strains 
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retrieved from the Genbank using CLUSTAL X with default parameters [29]. 
Neighbour-joining tree was calculated from the pairwise amino acid sequence 
distances between the aligned coat protein genes of 53 RYMV strains from Tan-
zania and 2 RYMV strains from Uganda. The phylogenetic tree was constructed 
using the maximum likelihood method with default parameters in SeaView 
software [30] [31]. 

3. Results 
3.1. Variation in RYMV Prevalence and Severity in Tanzania 

The surveys covered two cropping seasons, March to May 2013 and April to 
May 2014, for a total of 185 fields distributed in 8 rice-growing regions of Tan-
zania. Morogoro region was selected to be more intensively surveyed, as a major 
rice production area and a RYMV biodiversity hotspot. 

Rice yellow mottle virus was found in all surveyed regions including Kigoma, 
Rukwa, Pwani, Arusha in Western Lake zone, Plateau, Coast and Northern 
Highland zone of Tanzania. The analysis of variance for disease prevalence for 
the two rice growing seasons showed statistically highly significant differences (P 
< 0.001) across locations (Table 1). The mean disease prevalence of RYMV 
across regions varied from 9.33% in Kigoma region (Western Lake zone) to 82% 
in Morogoro region (Coastal zone), respectively, over the two rice growing sea-
sons (Table 1). The highest prevalence of RYMV was found in Morogoro, 
Mbeya and Arusha regions whereas Kigoma, Rukwa and Shinyanga showed the 
lowest prevalence. The RYMV prevalence in Pwani and Kilimanjaro regions was  
 
Table 1. Disease prevalence and severity of Rice yellow mottle virus for surveyed regions 
2013 and 2014 cropping seasons. 

Location 
2013 2014 

Prevalence (%) Severity (%) Prevalence (%) Severity (%) 

Arusha 50.33a 42.33a 67.33b 30.00c 

Kigoma 9.33d 15.33d 30.33de 28.33cd 

Kilimanjaro 23.33c 36.33b 45.00c 44.33b 

Mbeya 60.33a 50.33a 80.00a 53.00a 

Morogoro 54.33a 37.33ab 82.00a 55.00a 

Pwani 30.33b 32.00bc 60.00bc 40.33b 

Rukwa 11.33d 18.33d 35.00d 30.67c 

Shinyanga 18.67c 26.33c 25.00e 25.00d 

Mean 32.25 32.29 53.12 38.33 

LSD0.05 3.582 3.575 2.053 2.963 

F test *** *** *** *** 

CV (%) 3.2 16.5 2.2 0.5 

*Values are means of three replicates in two separate seasons (2013 and 2014). Values were Arcsine trans-
formed before analysis. Numbers followed by the same letters in a column are not significantly different at 
P < 0.05, using Tukey’s Multiple Range Test. *** = highly significantly different (P < 0.001). 
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intermediate. In each region, RYMV prevalence was higher in 2014 than in 2013. 
The annual variability of the RYMV prevalence in each region explained 90% of 
the variability (Figure 2). The lowest RYMV variability was found in Shinyanga 
region whereas Pwani and Morogoro regions showed the highest variability. 

Disease severity was assessed using the standard evaluation system (SES) for 
RYMV symptoms. The maximum value of RYMV severity was observed at 55% 
in Morogoro region in 2014. Rice yellow mottle virus severity varied from 15 to 
55% depending on the region and the year (Table 1). The trends of RYMV se-
verity in Pwani and Kilimanjaro regions were the same and intermediary as for 
RYMV prevalence. Although RYMV severity was globally higher in 2014 than in 
2013, exceptions were observed for Arusha and to a lesser extent Shinyanga re-
gion. However, the annual variability of the RYMV severity in each region ex-
plained 45% of the variability (Figure 2). The lowest RYMV variability was 
again found in Shinyanga region whereas Morogoro region showed the highest 
variability. 

Weather parameters (temperature, wind speed, rainfall and RH) were related 
to prevalence, severity and distribution of RYMV phylotypes within the fields 
and locations (Figure 3). In 2013, the highest RYMV disease prevalence and se-
verity were recorded in Mbeya region (Southern highland zone), receiving a total 
rainfall of 167 mm and temperature ranging from 16.8 to 27.7˚C (Figure 3(a)). 
The RH value of 70.4%, wind speed of 4 km/h and temperature range of 20 to 
31˚C were associated with high RYMV prevalence and severity in Morogoro re-
gion (Coastal zone). A similar trend was observed in 2014 rice cropping season 
(Figure 3(b)). The S4lm phylotype and S6 strain of RYMV were highly asso-
ciated to low temperature (13.3˚C) and rainfall (13.7 mm), respectively. The 
highest RYMV disease prevalence and severity were observed only in areas with 
strong wind conditions such as mean wind speed of 9.3 and 18.5 km/h recorded  
 

 
Figure 2. Rice yellow mottle virus prevalence and severity in Tanzania for 2013 and 2014 
cropping seasons. Linear regressions were calculated and determination coefficients were 
indicated when p-value < 0. 05. 
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Figure 3. Relationship between weather and Rice yellow mottle virus disease parameters 
in studied regions in Tanzania (3A) 2013 cropping season (3B) 2014 cropping season. 
The RYMV strains and phylotypes detected in each region were indicated at the center. 
Phylotypes: S4lv = Strain 4-Lake Victoria, S4ug = Strain 4-Uganda, S4lm = Strain 4-Lake 
Malawi, S6c = Strain 6-coast area, S6w = Strain 6-wide. 
 
in Pwani and Arusha, respectively (Figure 3(b)). The high prevalence and sever-
ity in Mbeya, Morogoro and Pwani regions as shown in Figure 3, were asso-
ciated with high rainfall, but in Arusha region were probably associated by wind 
speed and temperature. 

3.2. The Effect of Altitude on the Prevalence and Severity of RYMV 
Strains and Phylotypes 

The rice fields in this study were located in various altitudes ranging from 25 m 
to 1326 m above sea level. The results have shown that the prevalence and sever-
ity of RYMV varied with altitudes (P ≤ 0.05) (Figure 4). The results also showed 
that, RYMV prevalence and severities were slightly influenced by altitude. This is 
because they were high in Arusha and Mbeya regions where altitudes are high 
and also in Morogoro and Pwani regions where the altitude is low (Figure 4).  
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Figure 4. The effect of altitude on the prevalence and severity of Rice yellow mottle virus 
disease in the studied regions in Tanzania. 
 
The highest disease prevalence (81.3%, 88.9%, 90.3% and 95%) were recorded in 
Chunya (Mbeya-Highland), Madaganya and Vigoi (Morogoro-Coast belt) and 
Kyela (Mbeya-Highlands) located at altitudes of 524 m, 505 m, 480 m and 529 m 
above sea level, respectively (Figure 4). The highest RYMV disease severity was 
also recorded in the same regions. However, rice fields in Kasulu, Kigoma (Lake 
Zone), located at 1319 m, had the lowest RYMV prevalence (15%) and severity 
(13%) of RYMV. 

3.3. Serological Characterization of RYMV Isolates 

A total of 193 samples collected from surveyed areas in Tanzania were positive 
for RYMV in Double Antibody Sandwich Enzyme-Linked immunosorbent As-
say (DAS ELISA). RYMV isolates were serotyped using two monoclonal antibo-
dies (MAbs M and E) in TAS ELISA (Table 2). The isolates belonged to two se-
rotypes, Ser 4 and Ser 5 which have already been described in Tanzania. The se-
rotype Ser 4 was detected in all regions except in Pwani (Coast). Ser 4 of RYMV 
was detected for the first time in this study in Arusha, Kilimanjaro, Kigoma and 
Rukwa regions. The second serotype (Ser5) was also found in each surveyed re-
gion except in Rukwa (Plateau). These isolates showed negative reactions with 
all MAbs (M and E) and were designated as Ser 5. Several variants of the two se-
rological profiles (Ser 4 and Ser 5) were distinguished by their unusual reactions 
with both MAbs. Serotype Ser 5 was recorded for the first time for one isolate 
from Kigoma (Lake Zone) and two isolates from Mbeya (Southern Highlands) 
where S6c and S6w phylotypes were found. 

3.4. Identification of RYMV Strains and Phylotypes 

To characterize the RYMV diversity, the coat protein genes of 48 strains, 21 
from the serotype Ser4 and 27 strains of the serotype Ser5, were sequenced and  
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Table 2. Serotypes of Rice yellow mottle virus isolates from the study locations. 

Location Ser4 
MAbs 

Ser5 
MAbs 

Total 
E M E M 

Shinyanga 5 4 4 2 0 0 7 

Kigoma 5 4 4 1 0 0 6 

Rukwa 5 4 4 0 0 0 5 

Mbeya 6 4 4 2 0 0 8 

Morogoro 16 4 4 121 0 0 137 

Pwani 0 4 4 14 0 0 14 

Kilimanjaro 4 4 4 5 0 0 9 

Arusha 4 4 4 8 0 0 12 

Total number of 
isolates 

45   153   198 

Absorbance values in ELISA were coded as follows: ‘0’ ≤ 0.30, 0 ≤ 31‘1’0 ≤ 60, ‘0 ≤ 61‘2’1 ≤ 20, 1 ≤ 21‘3’ ≤ 
1.80, ‘4’ ≥ 1.81.  

 
analyzed by the maximum likelihood method (Figure 5 Figure 6 and Supple-
ment Table 1). Sequences of the strains from the serotype Ser4 clustered in the 
strain S4 which is divided into three phylotypes (S4ug, S4lv and S4lm). For the 
first time, strains from the phylotype S4ug were found outside Uganda, in Kili-
manjaro region (Northern Highlands of Tanzania). Strain S4lv (phylotype Lake 
Victoria) was found for the first time in Arusha region. The strain S4lm (first 
reported near Lake Malawi) was found in Mbeya, Morogoro and Rukwa regions. 
Surprisingly, the strains S4lm and S4lv were detected in Shinyanga and Kigoma 
regions, respectively. The strain S5 is still restricted to Morogoro but extended to 
new locations such as Ulanga district, where it had not been reported previously. 
Rice yellow mottle virus strains which belonged to S6 were found in new areas, 
in Woria division-Kilimanjaro, Kigoma and Mbeya regions where they have not 
been reported previously. They were also found in Pwani, Morogoro and Arusha 
regions. Furthermore, group S6 was made up of twenty two sequences of strains 
from Ser5 clustered in the strain S6 group which divided into two new phylo-
types (S6w-wide distributed and S6c-coast area). The environmental factors such 
as temperature, rainfall and RH may play role and trigger the geographic distri-
bution of phylotype variation within the genetic structure of the RYMV popula-
tions. 

Phylotypes of RYMV were S4lm (strain Tz408), S6w (strain Tz303) and S6c 
(Tz305) in Mbeya region (Southern Highlands), while S4lm (strains Tz441, 
Tz483, Tz526, Tz554), S5 (Tz416, Tz429, Tz445, Tz449, Tz450, Tz454, Tz460, 
Tz461), S6c (strains Tz452, Tz523, Tz510, Tz539, Tz608, Tz619, Tz651, Tz801), 
S6w (strains Tz463, Tz486) were identified in Morogoro region (Coastal zone). 
Phylotype S4lv (strains Tz421, Tz507, Tz516, Tz520) and S6c (strains Tz504, 
Tz512, Tz515) were identified in Arusha region (Northern Highland zone)  
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Figure 5. Phylogeny of Rice yellow mottle virus in Tanzania. Phylogenetic tree recon-
structed by the maximum likelihood method from the ORF4 sequences of the 54 strains 
including five reference strains. The strains are indicated by vertical bars. 
 
(Figure 5). Rice yellow mottle virus phylotypes varied across geographical areas 
in Morogoro region (Coastal zone) compared to other regions and these similar 
trends prevailed in both seasons (Figure 5). 

Furthermore, results from this study have indicated that the coat protein gene 
of the 28 strains sequenced had the same length of 720 bp, except 6 strains 
(Tz429, Tz460, Tz461, Tz416, Tz445, and Tz446), which had a long sequence of  
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Figure 6. Location of Rice yellow mottle virus strains in Tanzania indicating the surveyed 
regions and detected strains. 
 
723 bp and one isolate Tz554 had a short sequence of 718 bp. The long sequence 
was due to extra nucleotides (AGA for Tz554, Tz460, Tz461 and AGG for Tz416, 
Tz445 and AAG for Tz446) which coded for an extra amino acid arginine at po-
sition 56. 

4. Discussion 

In 2013 and 2014, rice in Tanzania was seriously affected by RYMV with 40% 
mean prevalence, although spatio-temporal variations were observed. The 
RYMV prevalence data found in this study confirmed the previous report that 
defined Morogoro and Mbeya regions as hotspot areas of the disease compared 
to Shinyanga region [9]. Nevertheless, in Mbeya region the number of infected 
fields has been found to be lower than in Morogoro region (50% vs 100% in 
2005). The RYMV prevalence was measured as percentage of symptomatic 
plants onto total number of plants in the studied quadrats while severity was as-
sessed on the symptomatic plants using a standard scale. In Shinyanga, the 
number of symptomatic plants was low, may be due to unfavorable conditions 
for RYMV in this region. Symptoms variability in the field would be associated 
with several factors such as changing of rice cultivars, poor agricultural practic-
es, phenological and physiological status at the survey period, inoculum doses 
and transmission frequency caused by vector population. These factors may also 
contribute to the annual variability of RYMV disease in each surveyed region 
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that statistically indicated only 45% of the total variability. 
However, the rice fields surveyed in the current study were surrounded by 

Mountains and forest with thick grass vegetations that may have been the source 
of RYMV insect vectors and created conditions favorable for spread of RYMV. 
This observation is consistent with earlier and recent reports that natural sources 
of RYMV infection and spread of RYMV to rice crops were present in a few wa-
ter-dependent wild grasses, such as Echinochloa colona and Penicum repens 
[24] [36]. The spread of RYMV and its diversity in Tanzania may be associated 
with an agro-ecological change, extension of rice cultivation to new areas and 
modification of landscape ecology [37]. Phylogeographic structure has been re-
ported to be highly dependent on landscape ecology [38]. However, geographical 
adaptation of RYMV strains found in this study may be caused by climatic fac-
tors including temperature and RH. The RYMV prevalence and severity varia-
bility were observed between the surveyed years. However, the highest RYMV 
prevalence and severity of RYMV were recorded in Morogoro region. In Arusha, 
compared to other regions, RYMV severity was high in 2013 than in 2014. 

Variation of RYMV disease prevalence and severity could be attributed to 
changes in epidemiological factors (environmental conditions), rice plant resis-
tance and strain aggressiveness. However, rainfall and temperature variations 
might have influenced RYMV insect vector population for the virus distribution 
in Tanzania. The RYMV disease incidence has been reported to vary between 
rain and dry seasons [19]. Traoré et al. [39] reported that the epidemics of 
RYMV were influenced by rice growing environments. However, RYMV is vec-
tor-transmitted disease and weather conditions may affect dynamics and popu-
lation of vectors transmitting the disease [40]. Bakker [11] reported several 
beetles with potential of transmitting RYMV. Emerging of new strains and va-
riants has been reported to increase RYMV disease incidence and severity [33]. 

Serological characterization of RYMV strains confirmed the presence of two 
serotypes in Tanzania. The serotype Ser4 showed the widest distribution and se-
rotype Ser5 was mainly detected in regions where the serotype Ser4 was present 
showing spatial overlaps between the two serotypes. Molecular typing of RYMV 
strains suggested other overlaps between the phylotypes S4lm and S4lv due to 
the emergence of these phylotypes into new areas. Rice yellow mottle virus 
strains and phylotypes were invaded to Southern and Northern Tanzania from 
the Lake Zone and to the Lake Zone from Southern highland in Tanzania. These 
results are consistent with those of Traore´ et al. [41] in Cote d’Ivoire where the 
competition between strain S1 and S2 has been occurred. Fitness differences 
have been reported to create changes in the RYMV epidemiological dynamics 
[41]. The first report in Tanzania (Kilimanjaro region) of the strain S4ug, a new 
invading strain in Uganda is an evidence of such spatial evolution. The trans-
mission of RYMV phylotypes from their geographical origin may probably be 
influenced by both geographical and seasonal variations. However, new surveys 
are needed in the neighboring regions to follow the overlaps with the strain S4lv 
and to determine the circulating strains in Kenya. Morogoro region had a large 
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RYMV diversity with three different strains, followed by Arusha, Kilimanjaro, 
Pwani and Shinyanga, both with two different strains. Several distinct RYMV 
strains assessed using the sequences of their CP gene showed variability in their 
geographical origins [28]. Serological differences have been reported between 
the RYMV strains from Ivory Coast and Kenya [41]. Furthermore, Kanyeka et 
al. [17] reported long sequence length of isolates from Tanzania with extra nuc-
leotides (CGC) which code for an extra amino acid arginine at position 60. A 
shorter sequence of an isolate Tz554 in this study was due to missing nucleotides 
for an amino acid arginine at different positions 397, 409, 422, 428, 442 and 468. 
This feature has been reported to be typical of S5 strain [14]. 

Strain S5 isolates collected from Morogoro region showed variation according 
to the area of its origin. Strain S5 was restricted only in the Kilombero Valley 
and widely spread in Kilombero and Ulanga districts. The strain S5 was reported 
by Kanyeka et al. [17] to be restricted in a small area (Ifakara ward) of Kilombe-
ro district in Kilombero Valley but it has now spread to new areas. Abubakar et 
al. [9] reported S5 strain to be found in areas with high disease incidence (hots-
pot areas). The presence of three East-African strains in Kilombero Valley, Mo-
rogoro region, a high diversity hotspot area of RYMV in Tanzania, offered the 
possibility to study the micro geographical variation of RYMV in order to better 
understand the relationship between strains and compare to what is found in 
other area. Targeting a hot spot area may allow to clearly know the structure of 
the RYMV population in terms of strains and resistant-breaking (RB) strains 
and the relationship between the strains and pathological variants. Previous stu-
dies reported the predominantly occurrence of phylotype S4lv in regions around 
Lake Victoria [17], but in this study, S4lv was found in Northern zone of Tanza-
nia, Arusha region. Rice yellow mottle virus strain S6 was found in several new 
areas and new phylotypes of S6 (S6c and S6w) were determined in this study. 
The emergence of RYMV phylotypes in the surveyed geographic regions of 
Tanzania may increase and spread to other rice growing areas. This may also 
support significant populations of RYMV insect vectors within the country. 

The surveyed environmental conditions favour existence of RYMV and sup-
port a large number of vectors and RYMV reservoirs, thus resulting in high 
prevalence of the RYMV. Rice yellow mottle virus was introduced into Mada-
gascar by long distance spread (>400 km) with confirmation of a strong bottle-
neck effect [37]. The insect vectors may provide long distance transmission of 
RYMV [38] through existence of continuous natural vegetation regional-wise. 
Phylotype S4lm has been reported to spread from Lake Malawi regions into 
eastern Tanzania, despite the mountain chain which separates the two regions 
[17]. However, temperature, relative humidity, rainfall and wind speed are con-
sidered as the most important factors that favor development and spread of 
plant diseases [18] and completion of vector life cycles [37]. Rice yellow mottle 
virus is transmitted by wind mediated leaf contact [42] and through guttation 
fluid [10] and irrigation water [36] [43] that could explain high prevalence ob-
served in high wind speed areas. These new results obtained in this study, call for 
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further studies that should take into account intra-regional variability of rice 
agro-ecosystems, other factors from host (cultivar, physiology, reservoirs), vec-
tor (insect population, transmission level) and environment (as direct or indirect 
factor). The spatio-temporal model recently built by Trovao et al. [44] may be 
applied to determine the relationship between the RYMV hyper-variable epi-
demics and environmental factors. 
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Supplement Table 1. Origin of RYMV isolates used as reference for phylogenetic analy-
sis of the collected isolates in this study. 

Isolate Country Date Strain Accession Reference 

Ug1 Uganda 2000 S4lv AM114523 Pinel and Fargette [32] 

Ug230 Uganda 2010 S4ug KM487713 Ochola et al. [33] 

Tz5 Tanzania 1997 S4lv AJ608216 Fargette et al. [34] 

Tz8 Tanzania 1996 S4lm AJ511797 Abubakar et al. [9] 

Tz3 Tanzania 1997 S5 AJ279940 Pinel et al. [28] 

Tz16 Tanzania 2002 S6 AJ885157 Rakotomalala et al. [35] 

Tz11 Tanzania 2001 S5 AJ608215 Fargette et al. [34] 

Tz615 Kilimanjaro 2014 S4ug  this study 

Tz601 Kilimanjaro 2014 S4ug  this study 

Tz508 Kilimanjaro 2014 S4ug  this study 

Tz612 Kilimanjaro 2014 S4ug  this study 

Tz403 Kigoma 2014 S4lv  this study 

Tz507 Arusha 2014 S4lv  this study 

Tz520 Arusha 2014 S4lv  this study 

Tz516 Arusha 2014 S4lv  this study 

Tz421 Arusha 2014 S4lv  this study 

Tz702 Shinyanga 2014 S4lm  this study 

Tz701 Shinyanga 2014 S4lm  this study 

Tz407 Shinyanga 2014 S4lm  this study 

Tz543 Shinyanga 2014 S4lm  this study 

Tz408 Mbeya 2014 S4lm  this study 

Tz401 Rukwa 2014 S4lm  this study 

Tz402 Rukwa 2014 S4lm  this study 

Tz405 Rukwa 2014 S4lm  this study 

Tz554 Morogoro 2014 S4lm  this study 

Tz441 Morogoro 2014 S4lm  this study 

Tz483 Morogoro 2014 S4lm  this study 

Tz526 Morogoro 2013 S4lm  this study 

Tz454 Morogoro 2013 S5  this study 

Tz460 Morogoro 2013 S5  this study 

Tz461 Morogoro 2013 S5  this study 

Tz429 Morogoro 2013 S5  this study 

Tz450 Morogoro 2014 S5  this study 

Tz449 Morogoro 2014 S5  this study 
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Continued  

Tz445 Morogoro 2014 S5  this study 

Tz416 Morogoro 2014 S5  this study 

Tz463 Morogoro 2013 S6c  this study 

Tz452 Morogoro 2013 S6c  this study 

Tz303 Mbeya 2014 S6c  this study 

Tz486 Morogoro 2014 S6c  this study 

Tz607 Kilimanjaro 2014 S6c  this study 

Tz515 Arusha 2014 S6c  this study 

Tz504 Arusha 2014 S6c  this study 

Tz512 Arusha 2014 S6c  this study 

Tz503 Kilimanjaro 2014 S6c  this study 

Tz525 Pwani 2014 S6c  this study 

Tz533 Pwani 2014 S6c  this study 

Tz539 Morogoro 2013 S6w  this study 

Tz523 Morogoro 2014 S6w  this study 

Tz510 Morogoro 2014 S6w  this study 

Tz608 Morogoro 2013 S6w  this study 

Tz305 Mbeya 2014 S6w  this study 

Tz406 Kigoma 2014 S6w  this study 

Tz801 Morogoro 2013 S6w  this study 

Tz651 Morogoro 2013 S6w  this study 

Tz619 Morogoro 2014 S6w  this study 

S4lv = Strain 4-Lake Victoria, S4ug = Strain 4-Uganda, S4lm = Strain 4-Lake Malawi, S6c = Strain 6-coast 
area, S6w = Strain 6-wide, Tz = Tanzania. 
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