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White ies of the Bemisia tabaci species complex are economically important pests of
cassava. In Africa, they cause greatest damage through veoting viruses responsible
for cassava mosaic disease and cassava brown streak diseasé&several cryptic species
from the B. tabaci complex colonize cassava and neighboring crops, but the feging
interactions between the different crops andB. tabaci species are unknown. The
electrical penetration graph (EPG) technique makes it pogde to conduct detailed
feeding studies of sap-sucking insects by creating an elecic circuit through the insect
and the plant. The apparatus measures the voltage uctuatios while the wired-up insect
feeds and produces graphs that describe feeding behavior. \& utilized EPG to explore
the feeding behavior of cassava-colonizing white ies (SSASG3) on cassava, sweet
potato, tomato, and cotton; and sweet potato-colonizing whte ies (MED and I0) on
cassava and sweet potato. Results show that: (1) feeding of SA1-SG3 is not restricted
to cassava. The least preferred host for SSA1-SG3 was tomatowhere probing was
delayed by 99 min compared to 10 min on other hosts, furthermee mean duration of
phloem ingestion events was 36 min compared to 260 min on casava. (2) Feeding of
MED on cassava appeared to be non-functional, as it was chaeerized by short total
phloem ingestion periods € 1 h) and few, short ingestion events, in contrast to feeding
on sweet potato which was characterized by long phloem ingeton periods ¢ 5 h). (3)
Wire diameter affects the feeding in a statistically and pcgically signi cant manner.
Implications for white y control and studies of host whitey resistance are discussed.

Keywords: cassava, EPG, white y, sweet potato, Bemisia tabaci , feeding behavior

INTRODUCTION

CassavaManihot esculent&€rantz) is a semi-perennial shrub from the family Euphorbeeelt

is primarily grown for its starchy tuberous roots, althougtetleaves are also used as a vegetable.
African cassava production of more than 14 million tons isajes than production of the rest of
the world combined, and cassava represents the staple food ig Afaican countries FAOSTAT,
2017. Cassava'’s resistance to drought, poor soils, increased|&@@lIs and changing climatic
conditions combined with its semi-perennial nature make reailient crop that farmers can rely
on. Itis grown by millions of smallholder farmers for sulisisce and cash together with other crops
such as sweet potatéppomoea batatak.). Sweet potato is commonly grown in close association
with cassava, and some studies even point out the bene tstefdropping the two I(egg et al.,
2015.
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The production of cassava in Africa is threatened by two viraand Uganda $seruwagi et al., 2005; Delatte et al., 2006; Boykin,
diseases, cassava mosaic disease (CMD), caused by nina cas¥#l4; Tocko-Marabena et al., 2017
mosaic begomoviruses (CMBs), and cassava brown streakeisea While B. tabaciis considered polyphagous, non-cass&va
(CBSD), caused by two cassava brown streak ipomovirustbaciare almost never found on cassava, and are not able to
(CBSIs) Legg et al., 20)5Severe CMD became a major regionalsurvive on cassava hosts for more than a couple of days in
problem after the epidemic in the 1990s in Uganda and cause®-choice experimentsLégg, 1996 Moreover, theB. tabaci
yield losses of more than 45 million tons every yeahresh species (MEAM1, MED, and New World) occurring in South
et al., 1994; Legg et al., 2013a3uccesses in developing andAmerica have never been reported to colonize cassameapali
disseminating varieties with strong resistance to CMD heljged et al., 2010g It has been speculated that mortality on cassava
bring that disease under control, although it still limitassava of non-cassava species could be caused by cyanide poisoning
production. In 2004 an outbreak of CBSD was reported irsince studies have shown the presence of bound cyanides in the
Uganda Qlicai et al., 200y Its severity comes from the brown, phloem of cassav&@latayud et al., 19943, /Cassava-colonizing
corky, necrotic lesions it causes in the roots, renderingnth B. tabacispecies strongly prefer cassava, but there is evidence of
unusable {lichols, 1950 Today, CBSD still causes widespreadheir broader host rangeSseruwagi et al., 200)Gspecially in
damage across East, Central and Southern African countries no-choice experiments. At this point, there is no answer to the
addition, there is a great risk of spread to West Africa, trggleist  question of why cassava can be colonized by some spedis of
cassava producing region in Africa, where a CBSD epidemiabacibut not by others.
would have devastating consequences on food securitgg While there have been no feeding studies of cassava-
etal., 2014a)b colonizing white ies, it is known that feeding characteits
Bemisia tabac{Gennadius) (Hemiptera, Aleyrodidae) is by of the sap-sucking insects, including white ies, are dikgct
far the most common white y on cassava and is the vector otorrelated to host suitability and virus transmission easicy
CMBs and CBSIsLggg et al., 2014a; Rey and Vanderschurer(Jiang et al., 2000A technique that enables detailed study of
2017). Years of research concluded tHat tabaciand changes white y feeding in real-time is the Electrical Penetrati@raph
in its populations play the main role in driving the outbreaks (EPG) system developed in the 1950sNdgiean and Kinsey
and spread of both CMD and CBSD. The virus outbreaks havgl964) Today, EPG is a mature technique for studying sap-
resulted from the rapid expansion of “superabundant” white y sucking insects with greatly improved design utilizing dire
populations leading to fast and e cient virus transmissionggg  current electricity (DC) {icLean and Kinsey, 1964; Tjallingii,
and Ogwal, 1998; Legg et al., 2011, 2p14a 1978; Backus et al., 2Q1Hkis based on passing an electric current
Bemisia tabads a cryptic species complex consisting of manythrough soil and into a plant on which an insect tethered to a
morphologically indistinguishable species and is recogh&e miniature electrode is placed to feed. When the insect issert
a global pestlje Barro et al., 20)1The most commonly used its stylet into the plant, a circuit is completed, current ows
taxonomic character is a segment of the mitochondrial genand the pattern of voltage uctuations can be measured and
for cytochrome oxidase | (mtCOIl) which divides the speciegpresented graphically on a computer scre@ra(ker, 200). The
complexinto at least 34 major speci@skin etal., 2012; Boykin graphical output gives a precise indication of the characiesst
and De Barro, 2014 Cryptic B. tabacispecies are therefore of the insect feedingJanssen et al., 1989; Jiang et al., J.999
simply referred to as species through this study. HoweveAfterthe rststudies established the EPG technique forteings
recent studies using more comprehensive techniques, such iahas subsequently been used Bntabaciin studies focusing
genome-wide single nucleotide polymorphism (SNP) markerspn virus transmission, host resistance factors and inseetic
indicate that mtCOI is not the best taxonomic marker as ite ects (Walker and Perring, 1994; Jiang et al., 1999, 2000,
does not accurately represent the genetic di erences betweé&®01; Johnson and Walker, 1999; Jiang and Walker, 2001, 2003;
populations of cassava-colonizing white ie§V¢sula et al., Johnson et al., 2002; Rodriguez-Lopez et al., 2011, 2012; Liu
2017. etal., 2012, 2013; Civolani et al., 2014; Zhou, 2014; Pradiati/
Bemisia tabacwhite ies in sub-Saharan Africa fall into two et al., 201). To date there are no EPG studies of cassava-
major monophyletic clades, the cassava-colonizing wheg i colonizing white y species. The onlg. tabacispecies studied
and those colonizing other crops—mostly vegetables. Fougpogr  using EPG are MEAM1 and MED. With respect to host plants,
of cassava-colonizin@. tabacihave been identied in sub- there is only one EPG study on cassava, which focused on
Saharan Africa based on mtCOIl and named SSA1-5, with SSAlle cassava mealybud¢h{enacoccus manihotilatile-Ferrero)
being further divided into ve subgroups (SSA1-SG1 to SSAl{Calatayud et al., 199%Most EPG studies on white ies (10/15)
SG5) Berry et al., 2004; Esterhuizen et al., 2013; Legg et alere carried out using 12rfm gold wire, ve times thicker than
2014c; Ghosh et al., 201%opulation genetics studies revealedthe 2.5mm platinum wire used in other studies. The e ect of
that SSA1-SG1, most of which fall within the new genetic grouthis method was examined bBy/alker and Perring (1994and
SSA-ECA (sub-Saharan Africa, East and Central Africa)base they showed that thicker wire signi cantly impairs the mabjl
SNPs, is the one associated with virus outbredksepe et al., of white ies, although this e ect was not quanti ed. Surpngily,
2015a,b; Wosula et al., 201 Megetable-colonizind3. tabaci all the studies with 12.8m wire were done after 1994, which was
types in sub-Saharan Africa mostly belong to groups namedhen Walker and Perring pointed out the drawbacks.
Indian Ocean (10), Mediterranean (MED, formerly Q), Middle  The study reported here utilized the EPG technique to
East-Asia Minor 1 (MEAML, formerly B dBemisia argentifolj  understand how di erenB. tabacspecies (SSA1-SG3, MED, 10)
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feed on cassava and sweet potato, and how cassava-coloniz@tgambezi in Bagamoyo District, Coast Region in May 2017. The
SSA1-SG3feeds on non-hosts (sweet potato, cotton, andédmatlO and MED colonies were established by collecting white ies
It aimed to provide insights into white y host acceptance orfrom sweet potato at Kibaha Research Station, Kibaha District,
rejection, and to set the baseline for detailed cassavas virCoast Region in June 2017. The colonies were maintained in
transmission characterization, an area that remain€léttplored the greenhouse with partially controlled environment coitiis

by research decades after the initial devastating virusegpics. (installed with cooling fans and air conditioning) with na@al
Finally, we aimed to re ne the EPG technique by quantifyingt light (12L: 12D) and temperature ranging between 24 and_35
bene ts of using 2.5rm platinum wire over the thicker 12/m  The colonies were reared on their respective host plants: SSA1

gold wire. SG3 on cassava variety Albert; 10 and MED on sweet potato.
Host plants were planted in 30 cm diameter plastic pots held in

MATERIALS AND METHODS meshed cages (10050 50cm). The colonies were transferred
to fresh plants at intervals of 3—4 weeks. The colony species we

Plant Material periodically conrmed by PCR and partial sequencing of the

All plants used in the study were grown under greenhousenitochondrial DNA cytochrome oxidase | (mtCOI) gene.
conditions at the International Institute of Tropical Agrtture

(IITA), Dar es Salaam, Tanzania. The varieties of cassasla af|actrical Penetration Graph (EPG)

tomato used were Albert and Moneymaker, respectively, Wh'IEPG experiments were performed using a direct current Giga-
sweet potato and cptton were local Igndraces. Al gregnhou%ed DC-EPG device with 1 Giga-ohm input resistance capable of
plants were grown in pots with a soil mix of forest soil andrecording eight insects at a time (EPG systems, Wagenindn, T
n?\Ietherlands). Plants and the EPG equipment were placed in a
L ) . faraday cage (1.51.5 1.5m)to shield the setup from electrical

to be preferred by white ies, while the tomato cultivar— noise. The voltage sampling rate was the default of 100 Hz. At

Moneym_ake_r—|s extensively used in the scienti ¢ Im_erature . the beginning of the recording, the graph was monitored aral th
Considering the numerous reports of vector feeding behavior

. . . . - 'fsubstrate voltage was set to the required positive value fdr ea
manipulation by viruses, it was important to ensure the use o . :
. . channel to scale the signal to5 to C5 volts and achieve the
virus-free cassava plantsi et al., 2013; Moreno-Delafuente . . .
. . maximum resolution. In the case of a weak signal that could not
et al.,, 2013; Lu et al., 201 All cassava planting material was

; . . be adjusted by increasing the substrate voltage, the gaihen
obtained from CMD and CBSD asymptomatic elds in Miwara EPG Giga-8d device was adjusted between the default of 50X and

Region, Tanzania. Furthermore, leaf samples were taken fro :
each stem and tested for the presence of Cassava Brown Strgglg)x' Data were recorded using the EPG Systems Styiiata

Ipomoviruses using real-time RT-PCR to exclude the possibili acquisition software, v01.28 (04-05-2016)/B28. The whGI&

. . . . setup was housed in a windowless room with constant arti cial
of asymptomatic infections. The CBSI virus testing was done P

. . O plant light (T5 Fluorescent light, Maxibright, Chester eldK),
using the protocol described for cassavattyrima et al. (2017) temperature of 26C, and relative humidity of 60%. Plants were

Leaf samples in the form of the middle lea et were taken from .
the fth youngest leaf from each cassava stem cutting used fnOt subjected to drought stress and were always watered 1h
young g ?fore the EPG recording to ensure the electrical conditgtdf

planting. Samples were dried between two sheets of paper ] . S
room temperature for 4 days. Total RNA was extracted using”%e soil during the 12 h recording time.
the acetyltrimetyl ammonium bromide (CTAB) protocol, cagza
complementary DNA (cDNA) was synthetized and real-timeWiring of White ies

polymerase chain reaction was performed using primers, probekjsects were carefully collected from the colonies in a gleds v
and cycling conditions described #hirima et al. (2017YAlbert” by aspiration. Only female white ies were used to exclude the
is resistant to CMD, and since only symptomless plants werpotential e ect of sex on feeding. Additionally, femde tabaci
selected for planting material, the risk of infection wassidered are more e cient in virus transmission and therefore prefed
low and the material was not tested for the presence of CMB# previous white y studiesCosta and Bennett, 1950; Cohen and
The assumption of the absence CMD was further supporteélitzany, 196% Before wiring, the glass vial was rolled on ice
as none of the grown plants exhibited the symptoms. Sweéor 5-10s to reduce the mobility of the white ies. Immedilgte
potato plants were asymptomatic. Vegetative material used ftafter, white ies were placed on the ice-cold petri dish andotiy
plant them has been maintained under insect-proof screenbousvired. Each female adult was glued to a 1 cm longp#ashick
conditions, without symptoms of virus infection, for 3 years platinum wire (Sigmund Cohn Corp, Mt Vernon, NY, USA),

tall or with a minimum of ve leaves. “Albert” is known

Tomato and cotton were grown from certi ed seed. previously dipped in conductive water-based silver glue (EPG
_ _ Systems, Wageningen, The Netherlands). The other end of the
White y Colonies platinum wire was previously attached to a 2.5cm long copper

Three species of white ieB( tabacj were used in in this study: wire, which was itself soldered to a brass nail that insettsthe

(1) SSA1-SG3 which colonizes cassava in coastal Tanzajia, frobe of the EPG device. The silver coating of the platinum wire
Indian Ocean (10), and (3) MED, both of which colonize sweetwas removed using 40% nitric acid after rst gluing the wire to

potato and other vegetables, but not cassava. The SSA1-SB& copper wire. For the comparative study on the e ects of wire
colony was established by collecting white ies from caasatv thickness, 12.6m thick and 2 cm long gold wires (EPG Systems,

Frontiers in Plant Science | www.frontiersin.org 3 January 2019 | Volume 10 | Article 1


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Milenovic et al. Feeding Behavior oBemisia tabaci

Wageningen, The Netherlands) were used in the same brass ndbor 40 s at 94C, annealing for 30s at 5€, and extension for
copper wire con guration. Once wired, each attached insec wab0s at 72C, and nal extension for 10min at 7Z. DNA
lifted and set to rest on a cardboard surface until the rerimgjn electrophoresis was performed to conrm the successful and
insects were wired. The wiring of 10 insects (eight requaad  speci ¢ ampli cation of the desired fragment. PCR products
two extra) was completed in20 min. After 5min, wired insects with Purple Loading Dye (New England Biolabs, Ipswich, MA,

were connected to the EPG probe for recording. USA) were loaded on to a 1% agarose gel stained with GE/Red
) (Biotium, Fremont, CA, USA) and run for 45min at 5 V/cm.
Experimental Setup Upon con rmation of ampli cation, PCR products were sent

One insect was placed on one plant, and plants were used orty Macrogen Inc. (Maryland, USA) for puri cation and direct
once. Insects were placed on the abaxial surface of one afphe tsequencing.

three leaves of the plant. To access the abaxial surfaces iwave The ends of the raw Sanger reads of forward and reverse
inverted, and the base of the leaf was taped to a solid surfassquences were manually trimmed to remove the low quality
Eight plants were recorded at one time for 12h. Four of theand ambiguous bases using Ridom Trace Edit v1.1.0 software.
eight were always cassava, and the other four were eith@tsw&orward and reverse sequences were then assembled and
potato, cotton, or tomato allowing the comparisons betwees thaligned using CLC Main Workbench v7.9.1 (QIAGEN, Aarhus,
sets to determine if external factors a ected the sets di ¢ien  Denmark) and trimmed to the same length. All unique sequence
The feeding behavior of SSA1-SG3 was studied on cassaeh, sweere identied using the BLASTn algorithm of GenBank
potato, cotton, and tomato to assess the potential broadet hognttp://www.nchi.nim.nih.gov). Trimmed Clustal W alignme
range on these crops that are often grown in close proximityof sequences, top hit sequences from GenBank, &@whaisia afer
Due to the time and resource limitations, the feeding bebauf  outgroup sequence were used to create a maximum likelihood
MED white ies was only tested on cassava and sweet potato. Thdylogenetic tree with 1,000 bootstrap replicates using MEGA
number of SSA1-SG3 individuals (replicates) used for siedils (version 7.0), and white y species were identi ed.

analysis, after excluding poor quality recordings, was 4), 1

15, and 14 on cassava, sweet potato, tomato, and cotton hodsPG Data Analysis

respectively. Number of MED individuals was 28 and 15 orRaw EPG data recorded by EPG Systems Stgllatas manually
cassava and sweet potato, respectively, while for 10 it wasl5 aannotated using EPG Systems St@tsoftware v01.30 (13-

9 on cassava and sweet potato, respectively. This study howe0d-2016)/B27. Annotated waveforms were non-probing (np),
does not draw conclusions about 10 white ies due to the lowerpathway (C), phloem salivation (E1), phloem ingestion (E2),

number of individuals. derailed stylet mechanics (F), xylem feeding (G) and irghatar
] ] ] puncture—potential drop (pd). Waveforms were identi ed based
White y Identi cation on the waveform pattern, amplitude, relative voltage levesnit/

After the 12-h recording period, white ies were recoverednfr  origin, frequency, and the context of the waveform as désciin
the wire for species identi cation. The DNA of each recoveredhe previous EPG studies Bf tabaci(Jiang et al., 1999; Johnson
white y was extracted using the protocol as described\ysula  and Walker, 1999: Liu et al., 2012: Civolani et al., 2014uZho
et al. (2017)with slight modi cations. White ies preserved in 2014; Prado Maluta et al., 2017
ethanol were put in the petri dish under the microscope and Annotation les were then directly passed to a modied
ethanol was removed by decanting and drying. Dry white iesversion of the Ebert 3.0 program in SAS Enterprise Guide
were then picked and placed into a 1.5 ml tube containingl3 7.1, SAS 9.4 statistical software (SAS Institute, Cary, NC,
of lysis bu er (10 mM Tris-HCI (pH 8.0), 50 mM KCI, 2.5mM USA) for further analysis which produces the same parameters
MgCly, 0.45% Tween-20, 0.01% Gelatiner§ml Proteinase as the popular Sarria excel workboola(ria et al., 2009;
K). White ies were then thoroughly ground using a i pipette  Ebert et al., 200)5 The modied version is provided in
tip. After grinding, an additional 20n of lysis bu er was added the Supplementary Material The modied version utilizes
and the tube was vortexed and spun down. The tube was thehe series of BoxCox power transformation to determine the
incubated for 30 min at 58 in a water bath, which was at best possible transformation, as implemented in the PROC
the optimal temperature for Proteinase K digestion. Incubate TRANSREG statemenbsborne, 201)) The results of this power
samples were vortexed, spun down, and diluted to a 1:10 ratio illansformation were inspected visually using histogram and
sterile distilled water. Diluted extract was used direaya DNA  Q-Q plots. For certain parameters, power transformations are
template in PCR. unsuitable as they cannot approximate the necessary S-curve.
A 859 bp fragment of the mitochondrial gene for CytochromeTherefore, the Arcsine transformation was applied before the
Oxidase | (mtCOIl) was ampli ed using PCR with the BTSM- BoxCox transformation if this was necessary. The modi cati
2-F (5O TCTGGTTYTTTGGTCATCC ?) and BTSM-3-R (% of the original Ebert 3.0 program also utilizes a macro script
CACTTTCTGCCACATTAGA §) primer pair. The reaction developed byiepho (2012}hat mitigates the case when varying
contained 1X QuickLoad Master Mix (New England Biolabsstandard error of a di erence causes the traditional alduritto
UK), 1 mM MgCh, 0.24mM of each primer, 2 of diluted DNA  fail to represent all signi cant di erences of the means usihg t
extract, and sterile distilled water to achieve the desiesgttion letter grouping. The Piepho algorithm solves the problem as it
volume of 25ml. The thermal prole consisted of an initial is able to generate a discontinous line displaiepho, 201p As
denaturation step for 5min at 9%, 35 cycles of denaturation a consequence, seeing discontinous assigned letters stiab"a
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or “acd” is not uncommon Riepho, 2014; Poosapati et al., 2014
Santos et al., 2015; McCaghey et al., 2017

RESULTS

Data Quality

Out of 240 wired white ies, 180 (75%) were successfully rezibrd
for 12 h. The remaining 25% detached during mounting on the
probe or escaped before the 12 h period elapsed. After removing
poor quality recordings, 146/180 (81%) high quality recording
remained. Recording was considered as “bad” in the case |of
too high noise or too weak signal to identify the waveforms
interruption due to the leaf detachment or irregular feeding
due to a damaged white y. Out of 146 successful recordings, |8
white ies were not recovered since they escaped after the 12h
recording but before the recovery.

White ies attached to the 12/&m gold wire were not
recovered for identi cation and are not included in the preus
data quality numbers. Their identity is assumed to be SSB3-S
since they came from the pure colony on cassava. The thicker
gold wire allowed successful 12-h recording of 22/24 (92%&)dwi
white ies, the escape rates were extremely low. It was nethilt
with the gold wire, white y mortality was occasionally obged

20 h after initiating EPG, which was never observed with the
platinum wire.

SSA1-SG3

v

White y Identi cation =
DNA of all 138 recovered white ies was extracted and the s
expected 859 bp segment of mtCOl was amplied. Good ] =

sequences were obtained for 135 white ies. Four uniqu
sequences were present in the initial alignment. After a BLAS
search in GenBank, three had 100% identity with GenBank
sequences JQ286457 (SSA1-SG3), AF418667 (SSA1-SG3), and
KY951448 (10) and one sequence had the “top hits” with 99%
identity with sequences AY903533, EU760731, and AF3441285 (a
three corresponding to MED). These sequences were included
as references in the data set for phylogenetic analysis. The
standardized length after trimming sequences was 522 bphwhi
was used for construction of a maximum likelihood phylogeoeti
tree (igure1). The sequences are provided in the FASTA
le available in the Supplementary Materialsof this article.
Identi cation of species was performed based on the topolog
of the phylogenetic tree and the positions in the tree of tes
sequences relative to the reference sequences obtained fr
GenBank. All 76 white ies from the colony on cassava wers
identi ed as B. tabaciSSA1-SG3, 73 had 100% identity with s
sequence JQ286457, and 3 had 1 bp dierence and 100% o
match with AF418667. Since the cassava colony was pure,
and contamination was never recorded on cassava colonies| 8
additional white ies with EPG data from cassava that weré no
successfully recovered were included in the study. Whet i
from the sweet potato colony were identi ed as follows: 14 I18®, 4 —
MED from East Africa, and 2 as SSA1-SG3. The two individual
that belonged to SSA1-SG3 were excluded from the study€eThr
white ies from the sweet potato colony without good sequence
but with good EPG were excluded from the study.

Indian Ocean

Mediterranean

DO <<

(=]

Bemisia afer

%)

FIGURE 1 | Maximum likelihood phylogenetic tree of EPG recorde@emisia
tabaci white ies, reference sequences (underlined and bold), an@emisia afer
sequence as an outgroup.

D
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FIGURE 2 | Bemisia tabaciEPG waveforms observed in the study.Kigure 1) Example of 1 h EPG with xylem feeding (G), non-probing (nstylet pathway (C),
potential drop (pd), phloem salivation (E1), and phloem iegtion (E2) waveforms. (2) stylet pathway and sheath salivan (C). (3) different form of the pathway
waveform C. (4) derailed stylet mechanics (F), note the higrequency. (5) phloem salivation (E1) from its beginningptice gradual increase in voltage level. (6) typical
passive phloem ingestion (E2). (7-9) different forms of ryh feeding waveform (G), note that this waveform even thougsimilar to those in Figures 5, 10, and 11,
occurs at extracellular voltage levels (does not start with potential drop). (10-12) different forms of phloem ingefin (E2). (13) intracellular puncture (pd) during
pathway (C). (14) example of rst 35min of a probe with 8 poterial drops (pd) before reaching the sieve element of the phloe (E1 followed by E2). (15-18)
oviposition waveform during non-probing (np), stylet pativay (C),) xylem feeding (G), and phloem ingestion (E2), resgively. Ticks on the time axis are 1 s for all
graphs except for: graph (1) 5min; (14) 1005s; (16) 2 s. Absdie voltage values on the y-axis are arbitrary in the EPG reatings.
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FIGURE 3 | Total duration of activities during the 12-h recording peod. Statistical analysis was performed after transformain, data presented is on the original scale.
Letter display was obtained by the method ofPiepho (2012)from PROC GLIMMIX output. Values with the same letter are notggii cantly different @ D 0.05,
Tukey-Kramer test). The number of SSA1-SG3 individuals wa&0, 15, 15, and 14 on cassava, sweet potato, tomato, and cotta hosts, respectively, 28 and 15 of
MED on cassava and sweet potato, respectively, and 5 and 9 of I@hdividuals on cassava and sweet potato, respectively.

Cassava Virus Testing University of California Riverside, personal communication)

Out of 60 cassava cuttings obtained from the eld, one teste@he statistical analysis was performed on transformed daid, a

positive for UCBSV and was not planted. None were positivéabular data presented here are on the original scale foitiaeu

to CBSV. The technique was veri ed by positive detection orunderstanding of the values. Transformed data, con dence

UCBSV and CBSV control samples, and no detection in théntervals on the transformed scale, BoxCox transformation

negative control. exponents and Arcsine transformed values (where applied) are

available for all EPG parameters in the Supplementary Material

. (Supplementary Table SjL The analysis of the data from SSA1-

Epg Interpretation, Parameters, and SG3 white ies on cassava from three di erent sets con rmed no

Statistical Analysis signi cant di erences and were combined for the nal analgsi

Observed waveforms in the EPG recordings were consiste@omparison between the MED and IO showed no signi cant

with those previously described in the literature & tabaci di erences. However, since the number of individuals in ti@ |

(Janssen et al., 1989; Jiang et al., 1999; Johnson and Wallset,was low, this study focuses and draws conclusions $aaty

1999; Liu et al., 2012; Zhou, 20%hd are presented iRigure2  MED. The basic EPG parameters for IO are showikrigure 3,

Each phloem ingestion (E2) event was preceded by a phloeamd Tables 1 2.

salivation waveform (E1). Interestingly, di erent E2 waweh

variants as described byhou (2014)were also occasionally . .

observed in this study. In this study, waveform F (derailades  Eff€Ct of Wire Thickness on the EPG

mechanics) also included the waveform with the pattern simil Results

to xylem ingestion waveform G but occurrirng10min from  An investigation of the e ect of using 12rBm gold wire

the beginning of the probe. It is assumed that white ies arenstead of the thinner 2.6m platinum wire on SSA1-SG3

unable to reach xylem i 10 min (Prof. Gregory P. Walker, white ies feeding on cassava showed large and statistically
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TABLE 1 | Mean durations of individual waveform events.

Mean duration of individual waveform events (min, pd and E>1 in s econds)

C pd G E1l E2 F np
Cassava-SSA1-SG3 10.3a 6.0a 37.0ab 65.6 b 260a 19.3ab 5.0b
SweetPotato-SSA1-SG3 3.8d 4.3 bc 61.1 ab 89.5 ab 145.1a 20.1a 3.4b
Tomato-SSA1-SG3 5.6¢c 4.4 bc 57.6a 9l.1a 35.8 bc 23.3a 20.2a
Cotton-SSA1-SG3 6.9 bc 5.1ab 39.7 ab 92.3ab 125.6 ab 23.1a 53 abc
Cassava-MED 8.9 ab 50b 15.2¢ 96.9 ab 41.0cd 10.9 bc 5.2 ab
SweetPotato-MED 6.1c 3.8cd 19.8 bc 60.3 ab 127.4a 14.0 ac 5.3abc
Cassava-l10 8.0 ac 5.6 abc 15.4 bc 104.8 ab 10.6d 12.7 ac 3.6 abc
SweetPotato-10 6.2 bed 3.3d 24.2b 71.0 ab 130.7 ab 6.5¢c 19c

Statistical analysis was performed after transformation, data preséed is on the original scale. Letter display was obtained by the method dfiepho (2012)from PROC GLIMMIX output.
Means with same letters within column are not signi cantly differen(P D 0.05, Tukey-Kramer test).

C, pathway; pd, intracellular puncture (potential drop); G, xylem feeding1, phloem salivation; E2, phloem ingestion; F, derailed stylet mechanicspnnon-probing. Waveform pd and
E1 are expressed in seconds, and all other values are in minutes. Tmeimber of SSA1-SG3 individuals was 40, 15, 15, and 14 on cassava, sweet potato, tomataand cotton hosts,
respectively, 28 and 15 of MED on cassava and sweet potato, respectivelgnd 5 and 9 of 10 individuals on cassava and sweet potato, respectively.

TABLE 2 | Mean number of occurrence (frequency) of each waveform.

Mean number of waveform events (rounded)

C pd G El E2 F np
Cassava-SSA1-SG3 20d 45 ac 2cd 4c 2c 2c 16c
SweetPotato-SSA1-SG3 38 ac 15d 2 be 2c 2 bc 6a 35ab
Tomato-SSA1-SG3 3lc 34 bed 1lc 10b 6a 2 be 22 ac
Cotton-SSA1-SG3 28cd 22cd lcd 4 be 4 ac 5a 25 bc
Cassava-MED 48 ab 74a 4a 4 ac 2c 4 ab 39b
SweetPotato-MED 34 bc 34 bc lcd 5 bc 4 ab 3ac 30 ab
Cassava-10 52a 78 ab 4 ab 3bc 1bc 4ac 44 ab
SweetPotato-10 34 acd 42 ac od 9 ab 7a 4 ac 26 bc

Statistical analysis was performed after transformation, data preséed is on the original scale. Letter display was obtained by the method dfiepho (2012)from PROC GLIMMIX output.
Means with same letters within column are not signi cantly differen(P D 0.05, Tukey-Kramer test).

C, pathway; pd, intracellular puncture (potential drop); G, xylem feedings1, phloem salivation; E2, phloem ingestion; F, derailed stylet mechanicspnnon-probing. The number of
SSA1-SG3 individuals was 40, 15, 15, and 14 on cassava, sweet potatatomato, and cotton hosts, respectively, 28 and 15 of MED on cassava and sweet potato, rggctively, and 5
and 9 of 10 individuals on cassava and sweet potato, respectively.

signi cant di erences. Overall, 60% of the EPG parameterSSA1-SG3 White ies on Different Hosts

showed statistically signi cant di erences between the deat An analysis of the total duration of feeding components is
wire diameters. The main eect of the thicker wire canpresented inFigure 3, while mean durations and number of
be described as causing more numerous shorter probesdividual events are presented ifables1 2, respectively.
making phloem access more dicult, drastically reducing Cassava-colonizing SSA1-SG3 had signi cantly longeB8({hi)
time spent ingesting phloem sap, increasing the waveforrmean pathway event duration (C) on cassava compared to other
F (derailed stylet mechanics), and causing less continuoumsts Table 1) although total durations did not di er Figure 3).
feeding in general. Out of the most commonly used EPGIhe mean duration of potential drops (pd) was signi cantly
parameters, only mean durations of potential drop (pd),longer on cassava than on sweet potato and tomato, but not
mean duration of phloem salivation (E1l), and mean anddierent from cotton (Table 1. Interestingly, the number of
total duration of xylem feeding (G) were not aected by potential drops (pd) was much lower on sweet potato than
the thicker wire. Comparative visual observation of whigsi on cassavaT@ble 2. The total duration of phloem salivation
tethered to di erent wires is shown iifrigure 4 and restricted (E1) was signi cantly shorter on cassava and sweet potat, an
movement of whitey is seen in the video available inlonger on tomato, while on cotton it was in betwedfidure 3).

the Supplementary Video The comparison of the basic Longer total phloem salivation (E1) in tomatBifjure 3) resulted
EPG parameters and a few more detailed parameters feom signi cantly longer, and more frequent salivation exg
shown in Table 3 the complete dataset is provided in the (Tables 1 2). Total duration of phloem ingestion (E2) di ered
Supplementary Table S1 between plant hosts, with the longest phloem feeding on cassav
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TABLE 3 | EPG parameters of SSA1-SG3 white ies feeding on cassava tettred
to thin 2.5mm platinum wire and thicker 12.5mm gold wire.
2.5 mm platinum 12.5mm gold wire
wire N D 40 N D 23
Number of probes 16.3b 76.2a
Mean duration of probes in min 67.9a 10.8b
Total duration of C in min 203.3b 276.1a
Total duration of pd in min 45a 2.4b
Total duration of G in min 53.9a 46.3 a
Total duration of E1 in min 34a 14b
Total duration of E2 in min 352a 90.1b
Total duration of F in min 38.3b 95.2a
Total duration of np in min 69.1b 2108 a
Mean duration of C in min 10.3a 45b
Mean duration of pd in min 0.1la 0.la
Mean duration of G in min 37a 56.1a
Mean duration of E1 in min l1la 0.7a
Mean duration of E2 in min 260a 64.2 b
Mean duration of F in min 19.3a 18.2a
Mean duration of np in min 5a 41b
Number of short C events 7.1b 55a
Duration of rst probe in min 15.8a 39b
Duration of second probe in min 27.8a 26b
Number of F waveforms 1.7b 55a
Time from start of EPG to 1st E in min 196.5b 3049 a
FIGURE 4 | Bemisia tabaciSSA1-SG3 on the abaxial surface of a cassava Number of sustained E2 15a 1b
leaf wired with 12.5nm gold wire (1) and with 2.5mm platinum wire (2). Duration of longest E2 in min 328.4a 100.5 b
Time from start of probe with 1st E to 1st 33.1a 252 a
E in min
Percent of white ies with E2 waveform 95 64

the shortest on tomato, and intermediate periods on sweet
potato and cotton IFigure 3) The mean duration of ph|0em Statistical ana!ysis was perfor_med after transformatipn, data presented bn the original
ingestion (E2) was higheston cassava (260 min), and signily 373 1 10 o5 oo b s o (0 oo s
shorter on tomato lasting only 35.8 mifTgble 1). Sweet potato  rukey-kramer test).
and cotton fell in between, similarly to the other parametersc, pathway; pd, intracellular puncture (potential drop); G, xylem feeding; E1, fifem
Total and mean non-probing time (np)Fqure 3 and Table 1. salivationl; E2, phloem ingestilon;l E any phloem event; F, derailed stylet ntemics; lnp,

. L non-probing. The number of individuals was 40 and 23 for 2.5 m and 12.5 m wire,
respectively) was signicantly shorter on the natural host,.qecivey.
cassava. In tomato, non-probe events (np) were four timesdong
(Table 7). Xylem feeding (G) characteristics were not di erent
among the hostsTable 1 and Figure 3). Total duration of the L
derailed stylet mechanics waveform (F) was longer on swestSA1-SG3 White ies From Cassava vs.
potato and cotton than on cassavéidure 3), due to the higher MED From Sweet Potato
frequency of eventsiable 2. The comparison of the twd. tabaciwhite y species (SSA1-

In less-preferred tomato, phloem salivation (E1) contriiuite SG3 and MED) on the sweet potato host showed an
10.6% of the phloem phase, signi cantly more than on cassavalmost indistinguishable feeding behavior. The only sizant
sweet potato and cotton which had 2.6-8.1%al{e 4. The dierences were the shorter mean duration of the individual
rst probe was delayed by 99.1 min, compared to under 10 mirpathway phase (C) events in SSA1-SQable 1), and the
in other hosts. After the rst probe has started, the time tohigher number of potential drops (pd) in MED Table 2.
reach the phloem was equal among all plant types. The tim&he total durations were however indistinguishablegire 3).
to phloem ingestion from the beginning of that probe wasWhen compared on the cassava host, dramatic di erences in
shortest on tomato, while cotton and sweet potato did notfeeding became apparent. More speci cally, the feeding of MED
dier from cassava. A similar result was seen in the time towhite ies on cassava was very di erent and impaired compared
reach the phloem from the beginning of the rst probe with to the feeding of both SSA1-SG3 on cassava and of MED on sweet
phloem salivation. White ies salivated signi cantly longeefore  potato.
achieving the rst sustained phloem ingestion when feeding o When forced to feed on cassava, MED white ies spent the
tomato. same amount of time with the stylets in the leaf tissue (i.e.,
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TABLE 4 | Selected detailed EPG parameters describing white y-planinteractions.

Cassava Sweet potato Tomato Cotton SSA1-SG3 Cassava MED Sweet potato
SSA1-SG3 SSA1-SG3 SSA1-SG3 MED
Percent contribution of E1 to phloem phase 8.1b 26b 10.6a b 48.5a 1.7b
Time in min from beginning of EPG to rst probe 8.2b 8.9 abc 99.1a 3.2bc 15.2 ab 13c
Time in h from rst probe to 1st E 3.1la 49a 29a 3.9a 42a 26a
Time in min to rst E2 from start of that probe 37.6a 30.1ab 20.6b 32.8ab 24.3b 27.2ab
Time in min from start of probe with 1st E to 1st E 33.1ab 28.4a Ib 32.3ab 27.1ab 25.1ab
Duration in min of E1 followed by rst sustained E2 0.7b 17a Ba 1.4 ab 15a la
Number of sustained E2 15b 2.1bc 3.5¢c 1.9 bc 0.8a 3.1lc
Number of sustained G 1.2ab 15a 1.3a 1.1ab 18a 04b

Statistical analysis was performed after transformation, data preséed is on the original scale. Letter display was obtained by the method dfiepho (2012)from PROC GLIMMIX output.
Means with same letters within row are not signi cantly different (| 0.05, Tukey-Kramer test).

G, xylem feeding; E1, phloem salivation; E2, phloem ingestion; E, any pkin event. The number of SSA1-SG3 individuals was 40, 15, 15, and 14 on cassavayn&et potato, tomato,
and cotton hosts, respectively, 28 and 15 of MED on cassava and sweet pota, respectively.

probing) as they did on their preferred hodtigure 3. However, DISCUSSION

on cassava they spent twice the amount of time in the pathway

phase (C) and had longer and more frequent pathway eventshe superabundance phenomenon of cassava-colonizing
(Figure 3. They had longer potential drops on cassava, andvhite ies associated with the decades-long pandemics stvas
these were more frequentrgbles 1 2, respectively). Xylem Viruses is still poorly understood. There is a need to undexsta
feeding events (G) were signi cantly more commofable 9,  the factors behind the ability of cassava-colonizgtabacito
contributing to the longer total xylem feedingFigure3, feed and reproduce on cassava. Since the most important means
although the mean duration of xylem events was the sam@f white y-plant interaction and recognition is through praig
(Table 1). There were no di erences in phloem salivation (E1)and feeding, we utilized the EPG technique to investigaéseh
(Tables 1 2 and Figure 3). On the contrary, the most obvious interactions in great detail. The results presented heretfier

di erences were seen in phloem ingestion (E2). During the 12feeding characterization of cassava-coloniBntabacrepresent

h recording period, MED white ies spent 1h ingesting the the rst baseline measurement of cassava white ies and pi@vi
cassava phloem sap (E2), while on sweet potato, their preferrégsults with a high level of con dence considering the refaly
host, it was longer than 5hF{gure 3. Mean duration of the large number of insects monitoredi(D 40).

phloem ingestion events (E2) was also signi cantly lower o
cassavalble 1), as well as the number of those everialile 2. %SA]’SGB Can Successfully Feed on

There were no dierences in total and mean duration, andCOtton, Sweet Potato, and Tomato

number of derailed stylet mechanics waveform (F) and nonThe comparison of SSA1-SG3 white ies feeding on cassavet swe
probing events (np) between the two hosffalfles 12 and potato, cotton and tomato most notably shows that SSA1-SG3
Figure 3. from coastal East Africa can successfully feed on all oétbexps.

In addition to much shorter, and less continuous phloemThis supports the nding ofSseruwagi et al. (200&) Uganda
phase periods in MED white ies, phloem salivation (E1l)thatcassavawhite ies are notrestricted to cassava. Bastbese
comprised over 48.5% of the phloem phase, compared tvo sets of evidence it appears clear tBatabacioccurring on
1.7% on the preferred hostT4ble 4. Furthermore, not all cassava in East Africa do not have a host range that is restric
MED white ies had sustained X10min) phloem ingestion by the ability to feed. The practical signi cance of this mj is
(E2) resulting in the mean number of 0.8 sustained phloemapparent as attempts to control white ies on cassava through th
ingestion (E2) events in 12h, while on sweet potato thewse of cassava-free periods are likely to be of limited vailues s
had 3.1 Table 4. Similar to SSA1-SG3 on tomato, MED on these white ies can feed on other crops. The white ies areljik
cassava had a signi cant, albeit less dramatic, 15.2 minydel&o survive, even though they will be clean of cassava virases,
in time to the beginning of the rst probe Table 4. There demonstrated in the cassava community phytosanitation ystud
were no signi cant di erences in the parameters describing th (Legg et al., 2037 Knowing this, special attention should be
di culties in reaching the phloem Table 4. Interestingly, in  paid when designing cultural control methods for white ies o
addition to the longer total durationKigure 3) and frequency cassava.
of xylem feeding Table 2, there were 1.8 sustained xylem Cassava-colonizing SSA1-SG3 white y host suitabilitgeda
feeding events on cassava compared to 0.4 on sweet potawo the maximum and most continuous phloem ingestion, and
(Table 4. the minimum non-probing time, is in the order: cassavasweet

Frontiers in Plant Science | www.frontiersin.org 10 January 2019 | Volume 10 | Article 1



Milenovic et al. Feeding Behavior oBemisia tabaci

potato> cotton> tomato. The much longer times taken before  Given the heavily reduced feeding, the risk of non-cassava
making the rst probe on tomato suggest a much lower hostwhite ies adapting to cassava over time, (e.g., in an intgoping
preference even before the leaf is penetrated. Tomato trielsomsystem where the plants are grown in very close proximity) seems
probably make nding a suitable feeding location more di dyl very low. Previous studies showed that non-cassava whie i
especially for tethered white ies. The trichome factor, lewsr, cannot directly adapt and reproduce on cassava, suggestig th
cannot completely explain the observations. Once a suitableere may be underlying genetic factors at playdg, 1996;
feeding spot was found, white ies reached the phloem fastar thaCarabali et al., 201)alnterestingly, the gradual adaptation of
on cassava, which rules out the existence of major epidermis €olombian MEAM1 from beans to cassava after being passaged
mesophyll associated resistance factors similar to thgemted  through several intermediate hosts resulted in some admptat
in the Mi tomato line where impaired feeding was attributedsuccess. This suggests that given a strong enough selection
to epidermis and/or mesophyll factorsiéng et al., 2001The pressure, at least some non-cassava white ies might be able t
longer salivation before sustained phloem feeding and Iongeadapt to cassava within a period of 15 generations or more
mean salivation on tomato shows that phloem factors such g€arabali et al., 2005
taste perception and host resistance are also in play. Further To further investigate the cause of mortality, future stsli
studies are needed to clarify the apparent lower preference ofight use longer EPG recordings (48-72h) or articial
tomato compared to the other host plants. diets containing bound cyanides. If cyanide poisoning is
Feeding behavior alone revealed small dierences betwearsponsible for reduced feeding and mortality of non-caasav
cassava and sweet potato hosts. However, this may not nelyessavhite y, the corollary is that cassava white ies must have
indicate that colonization of both hosts would be the samegetoxi cation mechanisms that enable them to feed on
particularly since these results were obtained from no-choi cassava as well as a broad range of other host plants
experiments. In practice, cassava white ies are rarely foomd (Sseruwagi et al., 200@&nder these circumstances, RNAi based
other hosts (egg, 1996; Sseruwagi et al., 2006; Tajebe et @pproaches aimed at “knocking out” detoxi cation enzyme
2015). Other factors besides the ability to feed are importansystems might represent a useful future line of research
when it comes to host preference and colonization and thejnvestigation.
can be a combination of sight, olfactory stimuli, nutritiaih
characteristics of the phloem sap as well as specic toxic or . L.
attractive chemicals for certain whitey types. Additiohal US€ Of 12.5 mm Gold Wire Signi cantly and
reproductive success may not be the same on dierent hosBubstantially Affects the EPG Data
plants. The comparison of two wire thicknesses reported in the
literature shows that the use of thicker (12#) wire introduces
L signi cant biases in EPG data. In our investigation, theeved
MED White ies Probe Cassava, but feeding behavior with the thick wire was completely di erent
Feeding Is Severely Limited to natural feeding, which calls into question the practical
MED white ies from sweet potato barely fed on the cassavaigni cance of conclusions drawn from studies that have used
phloem even after 12 h. Previous reseaicbgg, 1996as well as thick wire. The thicker wire does enable higher recording
our own informal observations suggest that adults of swekttpo e ciency, is far easier to handle, and is signi cantly cheaper
colonizing species do not survive for more than a few days otempting researchers to choose this method. The possible
cassava plants. reason for the widespread use of the thick wire may be the
Based on the results of the study reported here, it seems thatisinterpretation of the study bylLei et al. (1997) which
either starvation or poisoning could be plausible causes isf thcompared 20 and 1®@m wires, and concluded that Ifim is
mortality. Increased xylem feeding, an indicator of detgtdbn,  better than 20mm. However, it is likely that 16m wire would
suggests that white ies are not ingesting enough phloem sapave a similar negative e ect on white y behavior as the 1%
(Spiller et al., 1990; Powell and Hardie, 2D0he fact that there evaluated here. In behavioral studies, which by nature feave
was no di erence in mesophyll resistance parameters excluddést of variation and are hard to do consistently, it is vital to
the presence of resistance factors in the mesophyll. Addiigna minimize all possible sources of bias. Even thinner in26wire
the slightly longer time from the beginning of EPG to the rst has been evaluated byalker and Perring (1994 However, the
probe suggests that there was only a slightly lower preferencenclusion of this study was that whilst both 2.5 and Ir#%
for cassava compared to the sweet potato based on olfactomres allowed good white y mobility, the thinner of the two
perceptions, which is what might be expected from a non-hosbroke more often. The use of 1.88n or thinner would also
plant. The high contribution of salivation to the phloem phase,increase the number of insect escapes and slow down the
the low number of sustained ingestion events, and the exétgm experimental setup. Therefore, we recommend the use oft2.5
low mean and total durations of phloem ingestion clearly iredéc ~ wire as a standard protocol for white ies to ensure the acitjigis
an inability to feed on cassava phloem. If it was possible tof data that represents the natural feeding behavior as glesel
identify the plant or insect-associated factors that giwerio technically possible, and to make future studies comparable to
this reduced feeding response, it might be possible to utilizeach other.
this information to develop cassava varieties with resistato These data for a white y-preferred cassava variety (Albert)
cassava-colonizing white ies. will be of great value as a baseline when seeking to identify
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sources of white y resistance, and the comparison of white ythereby have a lasting positive impact on global food

feeding behavior on diverse cassava varieties and wilduwetat security.

will be an important next step for this area of research. The

potential of such screening is illustrated in the studydyrabali AUTHOR CONTRIBUTIONS
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