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Abstract:

In recent years, Sri Lankan cassava mosaic viruEN8/), a begomovirus (genus
Begmovirus, family Geminiviridae) causing cassava mosaic disease in Asia, poses
serious threats to cassava cultivation in Asia. ehey, the transmission of SLCMV in
the areas into which it has recently been introdueenain largely unexplored. Here
we have compared the transmission efficiencied @iN8V by three widely

distributed whitefly species in Asia, and foundttbaly Asia Il 1 whiteflies were able
to transmit this virus efficiently. The transmissiefficiencies of SLCMV by different
whitefly species were found to correlate positiweith quantity of virus in whitefly
whole body. Further, the viral transmission efficig was found to be associated with
varied ability of virus movement within differenpecies of whiteflies. These findings
provide detailed information regarding whiteflyrismission of SLCMV, which will
help to understand the spread of SLCMV in the fiald facilitate the prediction of

virus epidemics.

Keywords:
Cassava mosaic diseaSe, Lankan cassava mosaic virus, Bemisia tabaci, virus

transmission, differential transmission
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I ntroduction:

CassavaNlanihot esculenta Crantz), normally grown for its starchy roots, istaple
food for nearly one billion people in 105 countries
(http://www.fao.org/newsroom/en/news/2008/100088%.html as accessed on 10

April 2019). Thanks to its inherent tolerance t@#b stresses such as drought and
infertile soils, cassava is now being widely growitropical Africa, Asia and Latin
America, making it one of the most important cropthe world (EIl-Sharkawy et al.,
2004; Jarvis et al., 2012). More importantly, ie #ra of global warming, which is
one of the major features of anthropogenic clincai@Enge in the near future, cassava
is likely to be of increasing importance as a gdpbd (Jarvis et al., 2012). In recent
decades, however, cassava mosaic diseases (CMIB€dchy cassava mosaic
begomoviruses (CMBSs), have emerged as a seriogattta the production of cassava.
While significant yield losses have been documedtezito CMD outbreaks, spread
continues as evidenced by recent CMD emergencainb@dia, Vietnam and China
(Navas-Castillo et al., 2011; Rey et al., 2017; Bkal., 2018; Wang et al., 2016;
Wang et al., 2019). In light of the immediate threaused by CMDs, research efforts
are badly needed to identify the vector specieshatigl to sustain the production of

cassava in those affected and often the leastalgslregions.

So far, 11 CMBs have been shown to be the causatsigf CMDs, among which
nine were found in Africa and two, namely Indiassaa mosaic virus (ICMV) and
Sri Lankan cassava mosaic virus (SLCMV) were charaed in Asia (Legg et al.,
2015). As for Asian CMBs, while ICMV was charackexd earlier than SLCMV,
SLCMYV seemed to exhibit a wider geographical disttion and higher infectivity
(Jose et al., 2011; Patil et al., 2005; Saundeat ,€2002). In the last few years, the
threat of SLCMV has been evidenced by its rapidamn of Cambodia, Vietham and
China (Uke et al., 2018; Wang et al., 2016; Wang.e2019). However, the
transmission efficiency of SLCMV by different wHitespecies remains hitherto

unexplored.

Due to the fact that cassava plants are normatigtedively propagated,
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inter-regional spread of CMBs entails the transpbibhfected cuttings (Legg et al.,
2014). For example, the recent presence of SLCMW®Hhima was attributed to the
import of cassava cuttings from Cambodia (Wand.e2@19). However, as learned
from CMD epidemics in Africa caused by different 88) while infected cuttings
serve as the initial source of infection, whitefgctors can contribute to the
secondary spread of the virus (Legg et al., 20014 Indeed, field surveys
conducted in India and Vietham have both shownc¢hting-borne infections
constitute a large proportion of CMD incidencesha field, followed by less frequent
whitefly-borne infections (Jose et al., 2011; Mmat al., 2019). More importantly,
transmission by whitefly will render some contrisbgegies such as roguing and
phytosanitary measures less effective, as epidesmécable to establish from a
limited source of infection with the aid of whitgflectors. Therefore, sustainable
control of CMBs, including SLCMYV, can only be achéel when a detailed
understanding of whitefly transmission of CMBswadl as alternative hosts is

gained.

Begomoviruses are known to be vectored by the WhiBemisia tabaci, a species
complex consisting of more than 36 geneticallyidcitbut morphologically
indistinguishable cryptic species (De Barro et2011; Liu et al., 2012). For a given
begomovirus, varied transmission efficiencies hasen reported for different
whitefly species, indicating different whitefly spes may play varying roles in the
epidemiology of certain begomoviruses (Beford gt1#894; Li et al., 2010; Polston et
al., 2014; Guo et al., 2015; Pan et al., 2018¥%Vés;et al., 2014; Fiallo-Olivé et al.,
2019). Therefore, a detailed exploration on thedmaission of begomoviruses by
different whitefly species will lead to an improvedderstanding of the identity of
vector species of the corresponding plant viradakes, which will in turn facilitate
the prediction of virus epidemics. This is exemetifby the case of cotton leaf curl
Multan virus (CLCuMuV), wherein it was establishibdt disease associated with this

virus is primarily spread by Asia Il 1, an indigeisovhitefly species (Masood et al.,
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2018; Pan et al., 2018b).

In the present study, we characterized the trarssomof SLCMV by three whitefly
species of th8. tabaci complex found in the Asian SLCMV-affected regid@gtz

and Winter, 2016; Wang et al., 2016; Wang et 8119, namely Asia Il 1,
Mediterranean (MED) and Middle East-Asia Minor (MEA), and examined the
factors involved. Firstly, we compared the transmois efficiencies of SLCMV by the
three whiteflies species. Next, quantification wtis in whitefly whole body and
honeydew was performed. Further, virus movemerttiwiwhitefly body after virus
acquisition was examined. These findings providefitst detailed whitefly
transmission profile of a cassava mosaic begomswirisia, based on which further

implications are discussed.

Materials and methods

Plants and insects

In the present study, three kinds of plants, naroetion Gossypium hirsutum L. cv.
Zhemian 1793), tobaccdl(cotiana tabacum L. cv. NC89) and cassaviglénihot
esculenta cv. HLS11 and SC8) were used. All cotton and tobgaants were grown

in a greenhouses under natural lighting supplendemntth artificial lighting at
controlled temperatures of 25 + 3 °C, 14 L: 10 Dr fsects, three whitefly cryptic
species, of which two are invasive worldwide inchgdMED and MEAML1, one is
indigenous species in Asia, namely Asia Il 1, wesed. These three whitefly species
were chosen as they exhibit abundant distributioregions where SLCMV occurred,
including Vietham, Cambodia and South China (Goit &/inter, 2016; Uke et al.
2018; Wang et al., 2016, 2019; Hu et al., 2011)awe great potential to invade these
regions (De Barro et al., 2011). All three whiteflyecies were originally collected
from field in China between 2009 and 2012, and weatained thereafter in the
laboratory. The mitochondrial cytochrome oxidagetCOI) GenBank accession
codes are GQ371165 (MED), KM821540 (MEAM1) and DQ®D7 (Asia Il 1).
Whiteflies of all three species were maintainectotton plants in separate

insect-proof cages in artificial climate chambearg&é+ 1'C, 14h light/10h darkness
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and 60-80% relative humidityhe purity of each whitefly culture was monitored
every three generations using the&&@t PCR-RFLP technique and sequencing as
described before (Qin et al., 2013). In all experts described in the present study,
only female whiteflies with an age of 0-7 days parsiergence were used.

Construction of infectious clones and agro-inoculation

SLCMV DNA A and DNA B were amplified from cassavansples collected from
Cambodia (Wang et al., 2016) and were used to rarighe infectious clones. The
sequences of DNA A and DNA B of the isolate usedtie construction of infectious
clones have 3 point mutations compared to thermalgiequences (GenBank
accession codes: KT861468 for DNA-A and KT8614690bIA-B). We have
presented the DNA sequence of SLCMV DNA A and DNABupplementary
information. For DNA-A, full-length genome were alifipd with primers
SLCMV-A-FL-F and SLCMV-A-FL-R (Hindlll restrictiorsites at both ends), and
ligated into pGEM-T vectors (Promega, USA). Thed it of DNA-A was
amplified using the recombinant plasmids as terephath SLCMV-A-0.9U-F (an
Ascl restriction site was introduced) and SLCMV-A-R, and after digestion by
Hindlll and Ascl, the fragments were inserted itite binary vector pBinPLUS to
produce pBINPLUS-0.9A. Then the full-length genocof@®NA-A was excised from
T vectors by Hindlll digestion and ligated into pBLUS-0.9A to produce
pBINPLUS-1.9A. Similarly, the full-length genome BNA-B was amplified with
primers SLCMV-B-FL-F and SLCMV-B-FL-R (BamHI resttion sites at both ends),
and ligated into pGEM-T vectors (Promega, USA). MR unit of DNA-B was
excised from the recombinant plasmids by digestioBamHI and Kpnl, and inserted
into the binary vector pBINPLUS to produce pBINPLOSB. The full-length
genome of DNA-B was excised from T vectors by Bardigestion and ligated into
pBIinPLUS-0.9B to produce pBinPLUS-1.9B. The pBINF21.9A and
pBINPLUS-1.9B plasmids were mobilized into thgrobacterium tumefaciens strain
EHA105 to obtain the infectious clones of SLCMV DM®and DNA-B. All primers

were listed in Table 1.

For agro-inoculation, agrobacteria containing pBLNB-1.9A and pBINPLUS-1.9B

were cultured separately until the OD600 reach@el15. Then bacterial culture was
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centrifuged at 4000rpm for 10 min, and the obtaiceltipellet was resuspended in
resuspension buffer (10 mM MgCLO mM MES and 15M acetosyringone) . Then
equal amount (OD) of agrobacteria containing pBINBLEL.9A and pBINPLUS-1.9B
were mixed. Agro-inoculation was performed with 1eyringe when tobacco plants
reached 3-4 true leaf stage. Approximately one méter, infection of tobacco
plants was examined by inspection of symptoms &ig.and PCR. Genomic DNA
was extracted usinglant Genomic DNA Kit (Tiangen, China) and subsedque
detection of viral DNAs was performed with PCR gsprimers SLCMV-A-PCR-F
and SLCMV-A-PCR-R (Table 1).

Virusacquisition and transmission

For virus acquisition, whitefly adults were colledtand released onto
SLCMV-infected tobacco for a 96 h virus acquisitiwvihen tobacco plants were used
as test plants, groups of 10 whiteflies (Asia IMED and MEAM1) were collected
and released onto each test plants to feed for Yree replicates, each containing
10 plants were conducted for each whitefly spedésen cassava plants were used as
test plants, groups of 30 whiteflies (Asia Il 1ynivere collected and released onto
each plant to feed for 120 h. Two test plants wesed for each of the two cassava
varieties used. Leaf-clip cages were used to eadlwes whiteflies on the test plants
(Ruan et al., 2007). Then whitefly adults were reetband stored in freezer for
subsequent determination of infection status uBiG&. The test plants were sprayed
with imidacloprid at a concentration of 20 mg/Lkid all the eggs. Four weeks post
virus transmission, infection of test plants waarmined by inspection of symptoms

and detection of viral DNAs as mentioned above.

Quantification of virusin whitefly whole body, honeydew and or gans

For quantification of SLCMV DNA in whitefly wholedzly after various virus access
periods (AAPs), whitefly adults were collected nogps of 15 and lysed in lysis
buffer (50mM KCI, 10mM Tris, 0.45% Tween 20, 0.2%ain, 0.45% NP40, 60
mg/mL Proteinase K with pH at 8.4) followed by h.thcubation at 65°C and 10
minutes at 100°C to obtain the template for theseghent virus quantification.
Sample preparation of whitefly honeydew after wihge have been feeding on

infected plants for 48 h and 96 h were conductedkeasribed before (Pan et al.

6
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2018b). For organs, post dissection, four midgugsrionary salivary glands were
collected as one sample, respectively. Haemolymgoh four whiteflies was
collected as one sample using the method desdoékede (Pan et al. 2018lR)NA
was then extracted using the lysis buffer as meatiabove. Real time PCR was
performed using SYBR Premix Ex Taq Il (TaKaRa, Ja@ad CFX96™ Real-Time
PCR Detection System (Bio-Rad, USA) with primerCMV-RT-F and
SLCMV-RT-R for SLCMV, and primers WF-Actin-F and \WAkctin-R to target

whitefly actin as a reference gene (Table 1).

PCR detection of SLCMV in whitefly whole body and organs

For PCR detection of SLCMV in whitefly whole bodvhiteflies were collected
individually after various AAPs. For organs, midgwere dissected and collected
individually, and haemolymph from one whitefly wadlected as one sample. For
primary salivary glands, a pair of them was dissgétom the same whitefly and
analyzed as one sample. All the samples were thigeced to DNA extraction using
lysis buffer as mentioned above and PCR with pn8&trCMV-A-PCR-F and
SLCMV-A-PCR-R (Table 1).

I mmunofluorescence detection of SLCMYV in whitefly midgutsand primary
salivary glands

Immunofluorescence was performed as per the prbteszribed by Wei et al., (2014)
with minor modifications. Midguts and primary saliy glands were first dissected in
PBS and fixed for 1 h with 4% paraformaldehyde. tNthe samples were
permeabilized with 0.2% Triton X-100 for 30 minutésllowed by three washes with
PBS and a 1 h fixation in 1% BSA dissolved in TB&e€n 20 (TBST). Organs were
incubated overnight with anti- tomato yellow leaflovirus (TYLCV) monoclonal
antibodies (a kind gift from Professor Xueping Zhmstitute of Biotechnology,
Zhejiang University) at a 1:400 dilution at 4°C.efhthe organs were washed and
incubated with 549-conjugated secondary antibodig¥0) (Earthox, China) for 2 h
at 37°C. After washing, organs were covered withFDfAbcam, USA) and

examined under a Zeiss LSM 780 confocal micros¢gp¢SS, Germany).

Statistical analysis
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For the quantification of virus in whitefly wholedy and organs, all real time data
were calculated using#"' as normalized to whiteflgctin. For the comparison of
transmission efficiency and quantity of virus, natrdistribution tests were
performed prior to analysis, and then Kruskal-Vgakist was used for analysis of
significance. All data were presented as the mestadard errors of mean (meanzx
SEM). The differences were considered significahémP< 0.05. All statistical
analyses in the present study were undertaken &$tgp 20.0 Statistics and EXCEL.

Results

SLCMYV transmission efficiencies by three whitefly species

The transmission efficiencies of SLCMV by three@es of theB. tabaci complex,
namely Asia Il 1, MEAM1 and MED were compared. Hwerage transmission
efficiencies were 87.2% for Asia Il 1, 3.3% for MEA and 16.7% for MED as
indicated by symptom (Kruskal-Walllis tegt=6.997, df=2P<0.05; Fig. 1A).
Likewise, the percentages of tobacco plants witeatable SLCMV DNA in all
plants tested, differed significantly among theethwhitefly species, with the highest
transmission (90.5%) by Asia Il 1, followed by MEE8.3%) and with only a very
low transmission efficiency (6.7%) by MEAM1 (Kruskavallis test,x*=7.385,
P<0.05; Fig. 1B). Furthermore, to verify the cappoit Asia Il 1 whiteflies to
transmit SLCMV to cassava plants, we performedsviransmission experiment
using two cassava varieties, HLS11 and SC8. As showig. 2, Asia Il 1 whitefly
inoculation of cassava plants cv. HLS11 and SC@8ltex$in successful transmission
of SLCMYV, and the transmission rate is 50% and 166e41LS11 and SC8,

respectively.

Acquisition of SLCMV by three whitefly species

The copy number of virus in whitefly whole body @amaheydew was analyzed by
gPCR. While the copy number of virus in the bodsifa Il 1 and MED whiteflies
seemed to increase with the increase of AAPs, aopyber of virus in MEAM1
whiteflies remained at a stable and low level. kemnore, significant difference of
the copy number of SLCMV was found among the thvbiefly species except at
two points (Kruskal-Wallis testg?=7.269, 8.346, 9.269 and 9.846 for 6, 48, 96 and
168 h,P<0.05:4°=4.750,P=0.093 for 12 hy*=4.500,P=0.105 for 24 h; Fig. 3A).

8
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Notably, at all time points checked, the highegtycoumber of virus was always in
Asia Il 1, followed by MED, and lowest in MEAM1. Mg the copy number of virus
in whitefly honeydew after whiteflies have beendieg on infected plants for 48 and
96 h was analyzed and the results showed thatghedt copy number of virus
seemed to be present in honeydew from MEAM1, foddwy MED and the lowest
in Asia Il 1 (Kruskal-Wallis testg?= 5.685,P=0.058 for 48 hy*= 3.305 for 96 h,
P=0.192; Figs. 3B and C).

PCR detection of SLCMV in whitefly whole body and organs

In order to monitor the transport of SLCMV withirhikeflies, samples of whitefly
whole body and organs were prepared and analyredvdiiteflies were allowed
various AAPs (24, 48, 72 and 96 h). As shown inl@&dfor Asia Il 1, after 24 h virus
acquisition, SLCMV DNA was detected in all whitefijhole body samples and half
of midgut samples. With the increase of AAPs, nmarégut samples were found to
contain detectable amount of SLCMV DNA and viral ®Btarts to be detected in
haemolymph and primary salivary glands samples 48é and 72 h AAPs. Likewise,
for MED, SLCMV DNA was detected in all of whiteflyhole body samples and
some of midgut samples after a 24 h AAP, and BdA can be detected in
haemolymph after a 72 h AAP. For primary salivalgngs, however, no viral DNA
was detected in any samples even after a 96 h B&FMEAML1, the virus was not
found in any samples except in one whitefly whateypsample after a 72 h AAP and

one midgut sample after a 96 h AAP.

Quantity of SLCMYV in whitefly organs

After a 96 h AAP, whitefly midguts, haemolymph gmimary salivary glands
samples were prepared and subjected to SLCMV dicaniton. In all three organs,
the copy number of virus differed significantly amgahree whitefly species
(Kruskal-Wallis testy’=26.495, 24.879, 14.873 for midgut, haemolymph primary
salivary glandP<0.05 in all cases; Fig. 4). For midgut and PS@ highest copy
number of virus was found in Asia Il 1, followed MED, and the lowest in MEAM1
(Figs. 4A and C). Whereas for haemolymph, the tsghepy number of virus was
found in Asia Il 1, and the copy number of virusMED and MEAM1 was similar
(Figs. 4B).
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I mmunofluor escence detection of SLCMYV signals

Immunofluorescence was used to detect the virakdsgn whitefly midguts and
primary salivary glands after various AAPs (12, 28, 96 and 168 hlzor midguts,
while SLCMV signals were detected in the midgutésifa Il 1 and MED whiteflies
after 48 and 96 h AAPs, respectively, no viral algnas detected in the midguts of
MEAM1 whiteflies even after a 168 h AAP; and in tnelguts of Asia Il 1 and MED
whiteflies, viral signals, mostly found in the &ttchamber, became stronger as AAP
increased; notably, stronger viral signals werentbun midguts from Asia Il 1 than
those from MEAML1 after whiteflies were given 961dal68 h AAPs (Fig. 5). A
similar pattern was found when it came to primaiyvary glands, with the exception
that most viral signals were found in the centearstory region along the ducts of

the primary salivary glands (Fig. 6).

Discussion

In the present study, we compared the transmigsfaiency of SLCMV by three
whitefly species, and found that while Asia Il 1liteflies were able to readily
transmit the virus, MEAM1 and MED whiteflies poothansmit SLCMV to test
plants to induce symptoms (Fig. 1). Furthermore,dfpacity of Asia Il 1 whiteflies
to transmit SLCMV to cassava plants was verifieid.(E). Notably, when tobacco
plants were used as test plants, the transmisfficrercy of SLCMV by MED
whiteflies as indicated by PCR was much higher thamh as indicated by symptom
(Fig. 1). The possible reasons are: 1) at the poiet of examination, the quantity of
SLCMYV in some MED whiteflies-inoculated plants was sufficient to induce
symptoms but enough to be detected by PCR; 2) MEiPeflies only transferred
DNA-A of SLCMV to some test plants. For SLCMYV, ttensmission by whiteflies
has to date only been outlined briefly in two reppthe first of which (Duraisamy et
al., 2013) failed to state the species of whitstlgcessful in transmitting SLCMV.
Another study, wherein only a few test plants wesed, showed that MEAM1
whiteflies were able to transmit SLCMV from sympiate cassava plants to tomato

andArabidopsis thaliana plants(Wang et al., 2019). Considering the fact that the

10
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study by Wang et al. (2019) is a disease note tieygathe presence of SLCMV, we
believe it is reasonable to state that MEAM1 potndyysmit SLCMV as judged from

our data.

The limited capacity of MEAM1 and MED whiteflies taansmit SLCMV suggests
that in regions where these invasive whitefly speciominate, e.g., South China,
whitefly-borne SLCMV epidemic will hopefully not oar following the recent
SLCMYV introduction due to the lack of efficient vers (Hu et al., 2011). Indeed, the
same situation was found for CLCuMuV, which wasnfdin South China in 2006
but no major epidemic has been reported, probaleytd the limited distribution of
its only known efficient whitefly vector, Asia Il (Masood et al., 2018; Pan et al.,
2018b). Therefore, for the control of SLCMV, in i@gs where MED and MEAM1
are predominant, thorough implementation of phytdaay and roguing may be
enough to limit the spread of SLCMV. However, ih@tAsian cassava cultivation
areas such as southern Vietnam, multiple indigemgutefly species including Asia 1,
Asia ll 1, Asia Il 6 have been reported (G6tz anidtédf, 2016). In this regard,
research efforts to further examine the transmimsefd’SLCMV by those indigenous

whitefly species are important to assist the dguwelent of durable control strategies.

In Africa, where CMBs and whitefly species are fdua be different from that in
Asia, whiteflies of théB. tabaci complex seem to play a rather important role & th
CMD epidemics (Legg et al., 1998, 2011, 2014). frela survey conducted in
Uganda in the 1990s, higher populations of whigsflivere reported in
epidemic-affected than unaffected areas (Legg.e1298). Later, analysis of data
from multiple regions in Africa revealed that thgresad of severe CMD epidemic
generally came after the appearance of ‘super-aminghitefly populations (Legg et
al., 2011, 2014). Also, it was established thaistirttt whitefly genotype cluster is
associated with the epidemic of severe cassavaionsas disease in Uganda (Legg

et al., 2002). The strong association betweenrtiease of whitefly abundance and
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presence of severe CMD epidemics suggested that §htizmics in Africa might be
primarily driven by whiteflies (Legg et al., 1998)02, 2011, 2014). However, in Asia,
whiteflies seem to play a more minor role in thelemics of CMD. As

whitefly-borne infection results in symptom appe&ein young upper leaves only
and cutting-borne infection results in both yound ald leaves, field surveys
established that whitefly-borne infection was fouacccount for only 9.0-37.5% and
20.6% of the total incidences observed in India \@etham, respectively (Jose et al.,
2011; Minato et al., 2019). The reason for theed#htial role of whitefly in CMD
epidemics in Africa and Asia might be the differahtransmission of African or
Asian CMBs by local whiteflies and/or the abundaatefficient whitefly vectors in
regions where CMD occurred. In this regard, a mrevistudy using cassava mosaic
geminiviruses and whitefly populations collecteaifrindia and Africa established
that cassava mosaic geminiviruses from either ilogatre transmitted efficiently only
by whitefly populations from their geographicalgin (Maruthi et al., 2002).
Therefore, it is tempting to speculate that thé laicefficient CMB vector

populations might account for the limited whitefigrne infection in Asia.

For the role of whitefly vectors in CMD epidemiegqile it has been well established
in the African context, much more remains to belengal in Asia (Legg et al., 2002,
2011, 2014). In Cambodia and Vietnam, the outbredk&VID caused by SLCMV
were found to be associated Asia Il 1 whitefliég only known efficient vectors for
SLCMV as we revealed in the present study (Warad.e2016; Uke et al., 2018).
These findings provide valuable insight into thie raf whitefly in Asian CMD.
However, more studies, which should include dedadiemparison of whitefly
distribution and abundance in Africa and Asia, aothparative transmission of more
different whitefly species-CMB combinations, areegsary to further illustrate the
reasons for the differential role of whitefly iretloutbreak of CMDs in the two

continents.
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Further, in order to explore the mechanisms underpg the differential transmission
of SLCMV by different whitefly species, we monitdrgirus acquisition by and virus
transport inside whiteflies. Our findings revealkdt the transmission efficiencies of
SLCMV by different whitefly species correlated gogly with quantity of virus in
whitefly whole body, but negatively with that infydew. It was also noted that the
variation of transmission efficiency was associatéti the differing virus transport
inside whitefly, particularly across the whiteflydgut. Interestingly, the pattern of
differential transmission of SLCMV and underlyinggamanisms are similar to that of
CLCuMuV and tobacco curly shoot virus (TbhCSV) wiwery Asia Il 1 and MEAM1
are considered, suggesting something in commadmoisetthree viruses, probably in
their coat proteins considering the function oftquateins (Briddon et al. 1990;
HoFer et al. 1997; Czosnek et al., 2017; Harrida.e2002; Pan et al., 2018a, b).
For begomoviruses, once they are acquired by ingators during feeding, they
move long the food canal and then translocate fieergut lumen into the
hemolymph and finally into the salivary glandsnfravhere they are introduced back
into the plant host during insect feeding (Czoseieétl., 2017; Ghanim et al., 2001;
Hogenhout et al., 2008). Therefore, the informapoovided here, along with those in
previous reports, offers a unique opportunity taHer explore the nature of virus
transport within whitefly and factors involved, g.the motifs of coat protein
involved in whitefly-begomovirus interaction, theyeadvancing our understanding

of whitefly transmission of begomoviruses.

Taken together, here we show that indigenous Adiamhiteflies were able to readily
transmit SLCMV and invasive MEAM1 and MED whitefliean only transmit this
virus with very low efficiency. Further analysis/ealed that the differential
transmission might be due to the differential céyaaf SLCMV to be retained by
different whiteflies and to transport across thegut of different species of
whiteflies. To the best of our knowledge, this stigithe first to explore the detailed

whitefly transmission profile of an Asian CMBs. Clindings identified Asia Il 1
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whiteflies, but not MEAM1 or MED whiteflies as effent vectors for SLCMV, which
will help to evaluate the potential threat of SLCNB/cassava production in many

regions and to facilitate the prediction of virggdemics.
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Tablel Primers used in this study

Primer Sequence (5'-3") Application
SLCMV-A-FL-F CCCAAGCTTCGGAAGAACTCGAGTA Amplification of
SLCMV-A-FL-R CCCAAGCTTGAGTCTTCCGACAAAC full-length DNA-A
SLCMV-A-0.9U-F TTGGCGCGCCTTAGGGTATGTGAGGAATAT  Amgication of 0.9
SLCMV-A-FL-R CCCAAGCTTGAGTCTTCCGACAAAC unit of DNA-A
SLCMV-B-FL-F CGCGGATCCTATTAGACTTGGGCC Amplificatiof
SLCMV-B-FL-R CGCGGATCCAGATCCATGAGATATG full-length DNA-B
SLCMV-PCR-F CAGCAGTCGTGCTGCTGTC PCR detection of
SLCMV-PCR-R TGCTCGCATACTGACCACCA SLCMV
SLCMV-A-RTF ACGCCAGGTCTGAGGCTGTA Quantification of
SLCMV-A-RTR GTTCAACAGGCCGTGGGACA SLCMV
WEF-Actin-RTF TCTTCCAGCCATCCTTCTTG Quantification of
WF-Actin-RTR CGGTGATTTCCTTCTGCATT whitefly actin
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559 Table 2 PCR detection of SLCMV in whole body, mijdwaemolymph and primary
560 salivary glands of Asia Il 1, MEAM1 and MED whitift.
561
Time of - Whitefly Whole bod Midgut Haemolymph Primary
feeding species y g ymp salivary glands
Oh Asialll 0% ( 0/10)
MEAM1 0% ( 0/10)
MED 0% ( 0/10)
24 h Asiall1 100%( 10/10) 50.0%( 5/10) 0% ( 0/10) 0% ( 0/10)
MEAM1 0% ( 0/10) 0% ( 0/10) 0% ( 0/10) 0% ( 0/10)
MED  80%( 8/10) 30.0%( 3/10) 0%/( 0/10) 0%/ 0/10)
48 h Asiall1 100%( 10/10) 90.0%( 9/10) 30%¢( 3/10) 0% 0/0)
MEAM1 0% ( 0/10) 0% ( 0/10) 0% ( 0/10) 0% ( 0/10)
MED  70%( 7/10) 60.0%( 6/10) 0%( 0/10) 0%/ 0/10)
72 h Asiall1 100%( 10/10) 100%( 10/10) 40%/( 4/10)  20%¢( 2/10)
MEAM1  10%( 1/10) 0% ( 0/10) 0% ( 0/10) 0% ( 0/10)
MED  90%( 9/10)  50%( 5/10)  10%( 1/10) 0%/ 0/10)
96 h Asiall1 100%( 10/10) 100%( 10/10) 70%¢( 7/10)  60%/( 6/10)
MEAM1 0% ( 0/10) 10%( 1/10)  0%( 0/10) 0% ( 0/10)
MED  90%( 9/10)  60%( 6/10)  20%( 2/10) 0% ( 0/10)
562
563 ?Whiteflies were allowed to feed on SLCMYV infectaldnts, and then at designated
564 time points, samples of whitefly whole body, midgudemolymph and primary
565 salivary glands were prepared and subjected to P@R. are presented as the
566  percentage of PCR positive samples, followed byntiraber of PCR positive
567 samples and all samples analyzed.
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571  Fig. 1 Transmission efficiency of SLCMV to tobadmpthree species of thg tabaci
572  complex (Asia Il 1, MEAM1 and MED). Whiteflies weedlowed a 96 h virus AAP,
573 and then transferred onto tobacco seedlings tarmdrihe virus for another 96 h. The
574  number of whiteflies per test plant was 10, andefach whitefly species, three

575 replicates were conducted with each consistinddgblants. The values represent
576 mean £ SEM of the percentage of PCR positive tiesitp (A) and percentage of test
577  plants that showed typical symptoms (B) in all psaiested. Different letters above

578 the bars indicate significant differences (KrusWéatlis test,P < 0.05).
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581  Fig. 2 Transmission of SLCMV to cassava (cv. HL&hil SC8) by Asia Il 1

582  whiteflies. Whiteflies were allowed to acquire SLENrom SLCMV-infected

583 tobacco plants for 4 days, and then they were delttand released onto cassava
584  seedlings for virus transmission. The number ofteflies per cassava seedling was
585 30. Five days later, whiteflies were removed argbaaa seedlings were further

586  cultured for another 4 weeks. As for negative aart), cassava seedlings were kept
587 in a whitefly-free insect-proof cage. Results offP@etection of SLCMV in cassava
588 plants inoculated by whiteflies were presented iad + stands for positive control
589 in PCR analysis. Picture of control and SLCMV-ineetHLS11 and SC8 cassava
590 plants were presented in B and C, respectivelgdkspared to un-infected cassava
591  plants, SLCMV-infected plants exhibited leaf curtdamosaic in young leaves (B and

592  C).
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Fig. 3 Copy number of SLCMV in whitefly whole bodynd honeydew. Whiteflies
were allowed to feed on SLCMV infected plants, #neh at each designated time
point, whiteflies were collected and subjecteduargification of SLCMV (A). The
honeydew was also collected after whiteflies haehifeeding on SLCMYV infected
plants for 48 h (B) and 96 h (C), and subjectedras quantification. The number of
samples analyzed for each combination of time pat whitefly species is four, and
the number of samples analyzed in B or C is eighe&ch whitefly species. The
values represent the mean + SEM of copy numbeiro$ vand different letters above

the bars indicate significant differences (KrusWéatlis test,P < 0.05).
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607  Fig. 4 Copy number of SLCMV in whitefly midgut, melymph and primary

608 salivary glands (PSGs). After a 96 h AAP, midgudts baemolymph (B) and PSGs (C)
609  were collected and subjected to virus quantificatiwelve samples were analyzed
610 for each combination of organ and whitefly specid¢® values represent the mean +
611  SEM of copy number of virus. Different letters abdfie bars indicate significant

612 differences (Kruskal-Wallis tes®, < 0.05).
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Fig. 5 Immunofluorescence detection of SLCMV in tefly midguts. Whiteflies
were allowed to feed on SLCMV infected plants, #meh at each designated time
point, whitefly midguts were dissected and subjtteimmunofluorescence
detection of SLCMV. SLCMV was detected using moasg-TYLCV antibodies and
goat anti-mouse secondary antibodies conjugatétet@a Fluor 549 (red), and nuclei
were stained with DAPI (blue). Images with typi&ICMV signals at each time

point are presented.
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625 Fig. 6 Immunofluorescence detection of SLCMYV in tgfly primary salivary glands.
626  Whiteflies were allowed to feed on virus infectddns for various periods of time,
627 and then immunofluorescence was performed. SLCM¥)(and nuclei (blue).

628 Images with typical SLCMV signals at each time paire presented.
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