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SUMMARY

Lumpy skin disease (LSD) is a severe disease of cattle caused by a Capripoxvirus and often caused
epidemics in Ethiopia and many other countries. This study was undertaken to quantify the
transmission between animals and to estimate the infection reproduction ratio in a predominantly
mixed crop-livestock system and in intensive commercial herd types. The transmission parameters
were based on a susceptible-infectious-recovered (SIR) epidemic model with environmental
transmission and estimated using generalized linear models. The transmission parameters were
estimated using a survival rate of infectious virus in the environment equal to 0-325 per day, a value
based on the best-fitting statistical model. The transmission rate parameter between animals was
0-072 (95% CI 0-068-0-076) per day in the crop-livestock production system, whereas this
transmission rate in intensive production system was 0-:076 (95% CI 0-068-0-085) per day. The
reproduction ratio (R) of LSD between animals in the crop-livestock production system was 1-07,
whereas it was 1-09 between animals in the intensive production system. The calculated R provides a
baseline against which various control options can be assessed for efficacy.
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INTRODUCTION

Lumpy skin disease (LSD) is a severe viral disease of
cattle, which often occurs as regional epidemics within
a larger area in which it is endemic. It is caused by
lumpy skin disease virus (LSDV), which is of the
genus Capripoxvirus of family Poxviridae. LSDV 1is
one of the most important animal poxviruses because
of the serious economic consequences in cattle [1,2].
The disease is characterized by lachrymation, fever,
nodular lesions on the skin and mucosal surfaces,
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lymph node enlargement, inflammatory and oedema-
tous swelling of the legs and lameness [1,3].

The disease was reported for the first time in Zambia in
1929 and was confined to Africa until an outbreak
occurred in Israelin 1989 [1]. However, currently, the dis-
ease is found in most African and Middle East countries,
and recently it has spread to eastern and south-eastern
European countries. LSDV is clearly on the move in
expanding its territory and increasingly becoming a
risk for other Asian and European countries [4].

Though the mechanism of LSDV transmission has
not yet been clearly established, it is hypothesized that
the main mode of transmission of LSDV is via blood-
feeding arthropods [5]. Experimentally, female Aedes
aegypti mosquitoes have been shown to transmit
LSDV mechanically from infected to susceptible cattle
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[6]. The potential role of ixodid ticks in transmission of
LSDV has also been demonstrated in transmission
studies including mechanical transmission between cat-
tle for Amblyomma hebraeum and Rhipicephalus appen-
diculatus, trans-stadial transmission for 4. hebraeum and
transovarial transmission for Rhipicephalus ( Boophilus)
decoloratus [7-11]. Transmission of LSDV between
infected and susceptible animals by direct contact is con-
sidered to be inefficient [5,12].

Data from infectious disease outbreaks are usually
incomplete and highly dependent. Incomplete because
the infection process is only partially observable, i.e.
not all cases may be included due to under-reporting
or because of asymptomatic cases, the number of sus-
ceptible animals may not be known exactly, indivi-
duals who enter or leave the study population may
not be recorded accurately, there may be misdiagnosis
of cases and flaws in data collection. Data such as
daily or weekly case numbers are obviously dependent
[13,14]. However, transmission under field conditions
can be estimated from the number of infections that
occurred during the study period or at certain inter-
vals by mathematical modelling using exactly that
dependence [15,16].

One parameter often used to characterize transmis-
sion is the basic reproduction ratio (Ry) with the
effective reproduction ratio (R.) being the parameter
for the transmission after intervention. R, is defined
as the average number of secondary infections caused
by one typical infectious individual in a fully suscep-
tible population during its entire infectious period
[17], whereas R. reflects the transmission parameter
in a partially susceptible (previously exposed or vacci-
nated) population [18]. The reproduction ratio (R) is
frequently used to describe the behaviour of transmis-
sion just after introduction of a disease. Whether an
outbreak spreads or dies out depends on whether the
reproduction ratio is greater than, or less than, 1
respectively. If R exceeds 1, a typical (i.e. average)
infected animal infects on average more than one sus-
ceptible animal, and thus it may cause a major out-
break, while if R is smaller than 1, the disease will
die out or it will at most produce a minor outbreak
[16,19].

Despite a large number of LSD outbreaks in many
African and Middle East countries, its dynamics are
not well studied. Only one study, undertaken by
Magori-Cohen et al. [12] in a dairy herd of Israel,
reports an estimate for the reproduction ratio of
LSDV (Ry=15"7). Therefore, the current study was
undertaken with the objectives to better understand
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the LSDV outbreak dynamics and to quantify the
transmission rate parameter and the reproduction
ratio between animals.

MATERIALS AND METHODS
Study area, farms and animals contact patterns

The study was carried out from 28 April 2014 to 1
February 2015 in the central and north-western parts
of Ethiopia. In the north-western part, it involves the
cattle population in Mota town and parts of the sur-
rounding five Kebeles (Kebele is the smallest adminis-
trative unit in Ethiopia covering an approximate area
of 53km?) in Hulet Ejju Enessie district, and
Debremarkos University dairy farm in Gozamn dis-
trict. In the central part, the following herds were
enrolled: Selale Dairy Development Private Limited
Company (Selale Dairy Dev’t PLC) in Wuchale dis-
trict, Aser Dev’t PLC in Sululta district, Ambo
University dairy farm in Ambo district, Holeta agricul-
tural research centre farm (Holeta A.R.C) and Holeta
special cattle breeding centre (Holeta S.C.B.C) in
Welmera district, Selam children village dairy farm in
Addis Ababa and Jenesis dairy farm in Ada’a district
(Fig. 1). Mota area (Mota town and parts of the sur-
rounding five Kebeles) covers an area of about 5 km
radius. The production system in the Mota area is
mainly mixed crop-livestock, while the other herds
were commercial dairy herds. Most of the animals in
the mixed crop-livestock type of herds were of local
Zebu breed, while the intensive herds consisted of
Holstein—Zebu cross. Farms were categorized into
small (<10 cattle), medium (10-50 cattle), large (51—
300 cattle), very large (301-700 cattle) and extra-large
(>700 cattle) based on the number of cattle they
comprised.

The cattle contact network depends on a number of
factors, including housing system, size and nature of
grazing lands, water points, cattle density and fre-
quency and duration of contacts. This study was under-
taken at the family herd (group of animals owned by a
family for subsistence) and commercial farm (group of
animals owned by a private or public organization for
commercial purpose) levels. All smallholder herds
enrolled in the study were in the Mota area, but the
intensive commercial farms were located in different
areas. Since the smallholder herds in the subsistence
crop-livestock system (Mota area) are managed exten-
sively, they regularly mixed at shared pastures and
watering points, so that they had to be considered as
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Fig. 1. Map of Ethiopia showing LSD transmission study districts.

one epidemiological unit. Animals in the intensive com-
mercial farms, however, did not have direct contact
with animals in other farms in their surroundings and
most of them were located in districts far apart from
each other.

Period of the epidemic

To assess the association between LSD epidemics and
the season of the outbreak (which has a strong relation
with arthropod dynamics), the outbreak duration was
categorized into three periods, Belg (period 1), Kiremt
(period 2) and Bega (period 3) following the meteoro-
logical seasons of Ethiopia. Belg is a short rainy
period from February to May over much of the
Belg-growing areas. However, over the north-western
parts of the country (where Mota area is located), this
season is predominantly dry except for the month of
May. Kiremt is the period from June to September;
and it is the main rainy season in which the major
food crops of the country are produced. The magni-
tude of rainfall during Kiremt is higher as compared
with the other seasons for many parts of the country.
Bega is the period from October to January. It is nor-
mally a dry season characterized by cool nights and
hot days over various parts of the country [20].

Infection status of animals

Herds were visited every week to check whether or not
animals showing symptoms of LSD were present. If
so, the infection chain within the herd was monitored
by visiting the affected herd twice a week throughout
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the study period and the LSD status (susceptible,
infected or recovered) of all animals was determined.
At the start of the study, all cattle were assumed to
be susceptible. The start of the infectious period was
considered to be the day following that on which an
animal was first reported with clinical signs of LSD.
Infected animals were assumed to stay infectious on
average for 10 days taking the duration of viraemia
as a proxy for period of infectivity [5,21,22]. An
infected animal becomes most infective during the vir-
aemic phase of the disease because the amount of
virus in various body tissues and secretions and excre-
tions of the animal become the highest in this phase
[22]. Animals that died before the infectious period
was completed were considered infectious for the
days they lived after being considered infectious.

The contribution of environment (E) to the trans-
mission of LSDV was established by determining a
per day survival rate of LSD virus shed into the envir-
onment by infected animals. This was done by fitting a
GLM model to the collected data by varying the sur-
vival rate from 0-1 to 0-9 and selecting the best-fitting
model with the lowest AIC value.

Nodular samples were collected from few affected
cattle in each herd to confirm the outbreak by using
conventional and snapback real-time PCR (polymer-
ase chain reaction) techniques following the procedure
described by Gelaye et al. [23].

Estimation of the transmission parameters

The transmission parameters were estimated based
on a susceptible-infectious-recovered (SIR) epidemic
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model in which individuals are either susceptible (),
infected and infectious (f) or recovered and immune or
dead (R). During the study, the numbers of 7 and S
observed in each herd were recorded at the start of
each observation interval. Animals were registered as a
new case (C) on the date they were reported with LSD
and as infectious (/) on the next day. Transmission of
LSDV between animals has been estimated from the
relationship between the number of infectious animals
at the start of the time interval and the number of
newly infected animals at the end of the time interval.
Every new infection is related to the number of animals
that were infectious at the time of infection.

The transmission parameters were estimated by a
generalized linear model (GLM) [24-27]. The transmis-
sion dynamics of LSD between individuals are
described by the change in the number of susceptible
(S), infectious (/) and recovered (R) animals.
Susceptible cattle become infected with a rate of £ X
S(I,+ E)IN,. Here [ is the transmission rate, which
can be interpreted as the average number of new infec-
tions caused by a typical infectious animal in a fully sus-
ceptible population per unit of time, S, is the number of
susceptible animals, 7, the number of infectious animals,
E, contribution of the environment to the transmission
and N, is the total number of animals at time ¢, and
they are assessed at the start of each observation period.
The number of infectious contacts encountered by one
individual in a period of length Az follows a Poisson dis-
tribution with parameter (8(, + E,)/N, X Af). Hence, the
probability of a susceptible animal escaping infection,
during a period At is e #*AMUIAED/N: “and thus the prob-
ability to become infected is 1—e#*AMUAEN/N:  This
implies that the number of new cases (C) in a period
At follows a binomial distribution. Consequently, the
relation between the expected number of cases per
unit of time E(C), and I, E, N, f and S, can be
formulated as E(C,)=S,(1—e #*AU+E)/Ny The trans-
mission parameter f (8 =e¢’, where b is the regression
coefficient of the intercept of the model) was estimated
using a GLM with a complementary-log-log link func-
tion and log (At«(l,+ EJ/N,) as offset. Finally, we
obtained R by multiplying f with the average length
of the infectious period [19,24,27] times a factor of
(1—E)~', which incorporates the environmental
contribution.

The 4 test was used to test the association of morbid-
ity and mortality with production systems and GLM to
compare transmission rates between the three meteoro-
logical periods, production systems and herd sizes.

All analyses were carried out in Stata 14.
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RESULTS
Descriptive statistics

During the study period, a total of 14 319 individual
animals from 2446 herds were followed for LSD occur-
rence. A total of 12509 animals (in 2438 herds) were
kept in the crop-livestock system and 1810 animals
(in eight herds) in the intensive production system
(Table 1).

The number of animals and herds affected, morbid-
ity and mortality due to LSD per production system
are indicated in Table 1. The morbidity was signifi-
cantly higher in the intensive (17-5%) compared with
the crop-livestock (10-1%) system. The mortality
was also significantly higher in the intensive (4-0%)
than in the crop-livestock (0-7%) system (Table 1).

In the Mota area, the LSD outbreak started at the
end of April 2014, but in the other study farms, the
outbreak started later and continued until the first
week of February 2015. The epidemic curve of the
LSD outbreak in the Mota area is presented in Fig. 2.

Transmission of LSD between animals

The contribution of the environment to the transmis-
sion (E) and the number of C, I and S animals in the
Mota area are listed for each day of the epidemic
(Supplementary Table S1). The transmission rate par-
ameter between animals in the dominantly subsistent
crop-livestock production system was 0-072 (95% CI
0-068-0-076) per day (Table 2), whereas in the inten-
sive production system, it was 0:076 (0-068-0-085)
per day (Table 3). The survival rate of infectious
LSD virus in the environment was estimated as
0-325 per day based on the best-fitting statistical
model, and this value was used to account for the
indirect transmission (excluding the immediate or dir-
ect transmission) of the virus. The average LSD infec-
tious periods for animals are indicated in Tables 2 and
3 for both production systems.

Based on the survival rate of LSDV in the environ-
ment, the multiplication factor of R was 1-5. Then a
reproduction ratio of 1-07 between animals was calcu-
lated in the crop-livestock production system in the
Mota area (Table 2). R values between animals vary
from 0-90 (Aser dairy farm) to 1-15 (Ambo university)
in the eight intensive farms, while the overall R value
for intensive dairy farms was 1-09 (Table 3). Major
outbreaks have been observed in the Ambo
University, Holeta S.C.B.C, Holeta A.R.C, Seclale
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Table 1. LSD morbidity and mortality in subsistence crop—livestock and intensive commercial farms

Dominant No. of No. of No. of No. of
production total total affected infected Morbidity  No. Mortality
Area/farm system herds animals herds animals in % died in %
Mota area® Crop-livestock 2438 12 509 841 1266 10-12 81 0-65
Ambo Intensive 1 86 1 24 2791 6 6-98
University
Aser Dev’t PLC Intensive 1 50 1 5 10-00 0 0
Debremarkos Intensive 1 42 1 6 14-29 0 0
University
Holeta S.C.B.C Intensive 1 429 1 88 20-51 19 4-43
Holeta A.R.C Intensive 1 623 1 84 13-48 6 0-96
Jenesis dairy Intensive 1 204 1 8 392 0 0
farm
Selale Dairy Intensive 1 330 1 93 28-18 40 12-12
Dev’t PLC
Selam Children Intensive 1 46 1 9 19-57 2 4-35
village farm
Intensive subtotal 8 1810 8 317 17-51 73 4-03

# All herds and animals at risk considered.

7 (1)=87-89, P =0-000 for differences in morbidity between animals in crop-livestock and intensive systems.
7> (1)=170-35, P =0-000 for differences in mortality between animals in crop-livestock and intensive systems.

150

100

LSD cases per week

50

20 30 50
Weeks of 2014

Fig. 2. Epidemic curve of lumpy skin disease in Mota
area, Ethiopia, in 2014.

Dairy Dev’t PLC, Selam children village dairy herds
and Mota area (Table 3, Supplementary Table S2).

Transmission parameter rates (f) between animals
for subsistence crop-livestock production system in
the Mota area showed significant differences between
periods 2 and 3 (P <0-05) (Table 2). However, the
transmission rates did not significantly differ between
production systems and herd sizes.

DISCUSSION

The 10-1% and 17-5% animal-level morbidity of LSD
reported in the current study in the subsistence
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crop-livestock production system and intensive system,
respectively, are within the range of what has been
reported in previous works [1,28]. Similarly, the mortal-
ity was higher in the intensive production system than
in the crop-livestock system. These significant differ-
ences in morbidity and mortality between animals in
the two systems might be explained by the breed of cat-
tle raised in the two systems. In the intensive system,
Holstein-Friesian local cross was the dominant breed
that is more susceptible and more severely affected by
LSD than the local Zebu breed [1,29], which is the
breed commonly found in the crop-livestock produc-
tion system. The other reason might be related to the
way we calculated the morbidity and mortality in
both systems. In the crop-livestock system, all animals
in the Mota area whether or not they were within an
infected herd or not, were included in the denominator,
whereas in the intensive system, only the number of
animals in infected herds were in the denominator to
calculate the morbidity and mortality.

The infectious period and survival of the virus in
the environment are important parameters in estimat-
ing the reproduction ratio, but these parameters were
not reported in any of the previous studies. However,
information about these parameters is essential for
formulating appropriate prevention and control strat-
egies for LSD. In this study too, we did not estimate
the infectious period of an infected animal and the
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Table 2. Transmission parameters of LSD virus between animals by meteorological period in dominantly crop—
livestock system (Mota area), Ethiopia, during the 2014 epidemic

No. of No. of Average inf.
Transmission Period weeks cases B(95% CI) per day  P-value  period in days ~ R* (95% CI)
Between animals 1 (18-22°) 5 12 0-077 (0-043-0-139)  0-315 825 0-95 (0-53-1-72)
2 (23-39) 17 887 0-080 (0-075-0-085)  0-000 9-03 1-08 (1:02—-1-15)
3 (40-47) 8 367 0-057 (0-051-0-063)  Ref 12-11 104 (0-93-1-14)
Overall 30 1266 0-072 (0-068-0-076) 9:92 1-07 (1-:01-1-13)

4 R is obtained after multiplying the product of £ and infectious period by a factor of 1-5, which is a sum of the infectivity of
the infected animal (1) and infectivity of the virus accumulated in the environment (0-5) at a particular date of the epidemic.

> Week number.

Table 3. Transmission parameters and reproduction ratios of LSD virus within eight intensive dairy herds and Mota

area during the 201412015 epidemic

Outbreak Average
Production No. of  No. of dur. in B (95% CI) Inf. period
Area/farm system animals  cases weeks per day in days R* (95% CI)
Ambo University Intensive 86 24 8 0-086 (0-057-0-130)  8-92 1-15(0-76-1-74)
Aser Dev’t PLC  Intensive 50 5 4 0-060 (0-022-0-159) 10 0-90 (0-33-2-39)
Debremarkos Intensive 42 6 4 0-064 (0-027-0-154) 10 0-96 (0-41-2-31)
University
Holeta S.C.B.C  Intensive 429 88 15 0-078 (0-:063-0-096)  9-51 1-11 (0-90-1-37)
Holeta A.R.C Intensive 623 84 17 0-071 (0-057-0-088)  9-96 1-06 (0-85-1-31)
Jenesis dairy Intensive 204 8 8 0-061 (0-029-0-128) 10 092 (0-44-1-92)
farm
Selale Dairy Intensive 330 93 21 0-082 (0-066-0-100)  9-24 1-14 (0-91-1-39)
Dev’t PLC
Selam Children  Intensive 46 9 7 0-068 (0-034-0-137) 10 1-02 (0-51-2-06)
village farm
Intensive total 1810 317 84 0-076 (0-068-0-085)  9-55 1-09 (0-97-1-22)
Mota area Crop-livestock 12509 1266 30 0-072 (0-068-0-076)  9-92 1-07 (1-01-1-13)
Overall 14319 1583 114 0-073 (0-069-0-076)  9-84 1-08 (1-02-1-12)

# R is obtained after multiplying the product of £ and infectious period by a factor of 1-5, which is a sum of the infectivity of
the infected animal (1) and the infectivity of the virus accumulated in the environment (0-5) at a particular date of the

epidemic.

survival rate of the virus in the environment because
the study set up did not allow us to do that; instead
we parametrized the infectious period from informa-
tion obtained in the literature and the survival rate
by searching for the best-fitting model. We set the
infectious period to 10 days for an infected animal
by taking into account the duration of virus isolation
in blood for 10-12 days [5,21]. Furthermore, there is
no clear information when infected animals become
infectious, which is important to know for the quan-
tification of transmission. Infectiousness may start
before or after the onset of clinical disease, but for
this study, we set the start of the infectious period as
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24 h after the onset of the disease considering that
LSDYV isolation from blood and skin samples were
achieved in most of the cases after the affected animals
showed fever [21]. Regarding the survival rate of the
virus in the environment, literature indicates that the
virus survives in air-dried hides for at least 18 days,
in necrotic skin nodules for up to 33 days or longer,
and for up to 35 days in desiccated crust [30], but it
is not clear whether the viruses surviving in these
foci contribute to the transmission of LSD. Taking
this information into consideration, we fitted a
model (by selecting the best-fitting model) to our
data and found a survival rate of 0-325 per day,
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which was used in the offset to incorporate the contri-
bution of environment to the transmission of LSDV.
The implication of this survival rate is that the infect-
ivity is increased by almost 50%.

To our knowledge, this is the first field study in
Ethiopia in which transmission rate parameters have
been quantified. This knowledge is helpful to design
sets of measures that efficiently eliminate the virus.
In the study, LSDV transmission was modelled by
considering it as direct transmission. It is widely
believed that LSDV is transmitted from infected to
susceptible hosts indirectly through mechanical
arthropod vectors, though the importance of the dif-
ferent types of arthropod vectors in the transmission
of LSD virus in field conditions is not fully understood
[5,12]. If a blood-feeding arthropod feeds briefly on
viraemic cattle and is interrupted, a subsequent imme-
diate feeding on a second animal could result in virus
transmission. The virus does not replicate within the
vector [31], which thus serves as a passive carrier to
transmit the disease. The vector in this case serves
only as a bridge for the transmission of LSDV from
infected to susceptible cattle, so that we did not
incorporate the vectors in the transmission model.

During the outbreak, LSDV was transmitted between
animals with a rate of 0-072 per day in the crop-live-
stock production system. The transmission chain from
which specific infected cattle to which susceptible cattle
was not clearly identified due to the free movement and
mixing up of animals in the area and mechanical trans-
mission of the disease by arthropods vectors. Hence, the
transmission rate between animals was calculated by
considering the cattle population in the area as one
population.

In the Mota area, the transmission rate of LSD was
also estimated for different time periods and the results
indicate a significant difference in daily transmission
rates between periods. The per day transmission rate
between animals was higher at the beginning of the out-
break (in periods 1 and 2 compared with period 3). This
was expected, because during these periods the suscep-
tible population was not yet depleted and no specific
measures were taken to reduce transmission. This result
indicates that starting implementation of control mea-
sures at early stage of the outbreak is necessary to
halt the spread of the disease. We did not assess the
periodic variation of transmission rate in farms of
intensive production system due to the fact that the out-
breaks in those farms were relatively short and it was
not convenient to divide the time into different periods,
as in most occasions, the outbreak fell in one period.
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In this study, we estimated an R value of 1-07
between animals in the crop-livestock area. The R
values within the intensive farms were also in the
range of 0-90-1-15 with an overall value of 1-09.
These R values are low compared with the R value
of 157 reported for indirect transmission within a
commercial dairy farm in Israel [12]. The difference
might be explained by the method how R is calcu-
lated, different study population, the environmental
difference and the production set up.

Knowledge of within-herd transmission is necessary
to assess the effectiveness of intervention measures
and to design effective monitoring programmes [32—
34]. In this study, we estimated that R was >1 between
animals in the dominantly crop-livestock system and in
some farms of the intensive production system. This
sheds light on LSDV transmission and further work
should focus on the effect of control measures that
add to bring R below the threshold level. LSD control
will be achieved if both reproduction ratios, among ani-
mals and between herds are <1; and also if R among
animals is >1, but R, between herds is below
1. Infections with low R values are less difficult to con-
trol than those with a high R value [34]. Our estimates
of R provide a baseline against which various control
options can be assessed for efficacy. In general, from
this study, it can be concluded that transmission of
LSDYV between animals in Ethiopia is low.

SUPPLEMENTARY MATERIAL

The supplementary material for this article can be
found at https://doi.org/10.1017/S0950268817001637.
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