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Whiteflies of the Bemisia tabaci species complex are economically important pests of cassava. In Africa, they cause greatest damage through vectoring viruses responsible for cassava mosaic disease and cassava brown streak disease. Several cryptic species from the B. tabaci complex colonize cassava and neighboring crops, but the feeding interactions between the different crops and B. tabaci species are unknown. The electrical penetration graph (EPG) technique makes it possible to conduct detailed feeding studies of sap-sucking insects by creating an electric circuit through the insect and the plant. The apparatus measures the voltage fluctuations while the wired-up insect feeds and produces graphs that describe feeding behavior. We utilized EPG to explore the feeding behavior of cassava-colonizing whiteflies (SSA1-SG3) on cassava, sweet potato, tomato, and cotton; and sweet potato-colonizing whiteflies (MED and IO) on cassava and sweet potato. Results show that: (1) feeding of SSA1-SG3 is not restricted to cassava. The least preferred host for SSA1-SG3 was tomato, where probing was delayed by 99 min compared to 10 min on other hosts, furthermore mean duration of phloem ingestion events was 36 min compared to 260 min on cassava. (2) Feeding of MED on cassava appeared to be non-functional, as it was characterized 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 ingestion periods (>5 h). (3) Wire diameter affects the feeding in a statistically and practically significant manner. Implications for whitefly control and studies of host whitefly resistance are discussed.
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INTRODUCTION

Cassava (Manihot esculenta Crantz) is a semi-perennial shrub from the family Euphorbiaceae. It is primarily grown for its starchy tuberous roots, although the leaves are also used as a vegetable. African cassava production of more than 14 million tons is greater than production of the rest of the world combined, and cassava represents the staple food in many African countries (FAOSTAT, 2017). Cassava's resistance to drought, poor soils, increased CO2 levels and changing climatic conditions combined with its semi-perennial nature make it a resilient crop that farmers can rely on. It is grown by millions of smallholder farmers for subsistence and cash together with other crops such as sweet potato (Ipomoea batatas L.). Sweet potato is commonly grown in close association with cassava, and some studies even point out the benefits of intercropping the two (Legg et al., 2015).

The production of cassava in Africa is threatened by two viral diseases, cassava mosaic disease (CMD), caused by nine cassava mosaic begomoviruses (CMBs), and cassava brown streak disease (CBSD), caused by two cassava brown streak ipomoviruses (CBSIs) (Legg et al., 2015). Severe CMD became a major regional problem after the epidemic in the 1990s in Uganda and causes yield losses of more than 45 million tons every year (Thresh et al., 1994; Legg et al., 2014a,b). Successes in developing and disseminating varieties with strong resistance to CMD helped to bring that disease under control, although it still limits cassava production. In 2004 an outbreak of CBSD was reported in Uganda (Alicai et al., 2007). Its severity comes from the brown, corky, necrotic lesions it causes in the roots, rendering them unusable (Nichols, 1950). Today, CBSD still causes widespread damage across East, Central and Southern African countries. In addition, there is a great risk of spread to West Africa, the biggest cassava producing region in Africa, where a CBSD epidemic would have devastating consequences on food security (Legg et al., 2014a,b).

Bemisia tabaci (Gennadius) (Hemiptera, Aleyrodidae) is by far the most common whitefly on cassava and is the vector of CMBs and CBSIs (Legg et al., 2014a; Rey and Vanderschuren, 2017). Years of research concluded that B. tabaci and changes in its populations play the main role in driving the outbreaks and spread of both CMD and CBSD. The virus outbreaks have resulted from the rapid expansion of “superabundant” whitefly populations leading to fast and efficient virus transmission (Legg and Ogwal, 1998; Legg et al., 2011, 2014a).

Bemisia tabaci is a cryptic species complex consisting of many morphologically indistinguishable species and is recognized as a global pest (De Barro et al., 2011). The most commonly used taxonomic character is a segment of the mitochondrial gene for cytochrome oxidase I (mtCOI) which divides the species complex into at least 34 major species (Boykin et al., 2012; Boykin and De Barro, 2014). Cryptic B. tabaci species are therefore simply referred to as species through this study. However, recent studies using more comprehensive techniques, such as genome-wide single nucleotide polymorphism (SNP) markers, indicate that mtCOI is not the best taxonomic marker as it does not accurately represent the genetic differences between populations of cassava-colonizing whiteflies (Wosula et al., 2017).

Bemisia tabaci whiteflies in sub-Saharan Africa fall into two major monophyletic clades, the cassava-colonizing whiteflies, and those colonizing other crops—mostly vegetables. Five groups of cassava-colonizing B. tabaci have been identified in sub-Saharan Africa based on mtCOI and named SSA1-5, with SSA1 being further divided into five subgroups (SSA1-SG1 to SSA1-SG5) (Berry et al., 2004; Esterhuizen et al., 2013; Legg et al., 2014c; Ghosh et al., 2015). Population genetics studies revealed that SSA1-SG1, most of which fall within the new genetic group SSA-ECA (sub-Saharan Africa, East and Central Africa) based on SNPs, is the one associated with virus outbreaks (Tajebe et al., 2015a,b; Wosula et al., 2017). Vegetable-colonizing B. tabaci types in sub-Saharan Africa mostly belong to groups named Indian Ocean (IO), Mediterranean (MED, formerly Q), Middle East-Asia Minor 1 (MEAM1, formerly B or Bemisia argentifolii), and Uganda (Sseruwagi et al., 2005; Delatte et al., 2006; Boykin, 2014; Tocko-Marabena et al., 2017).

While B. tabaci is considered polyphagous, non-cassava B. tabaci are almost never found on cassava, and are not able to survive on cassava hosts for more than a couple of days in no-choice experiments (Legg, 1996). Moreover, the B. tabaci species (MEAM1, MED, and New World) occurring in South America have never been reported to colonize cassava (Carabalí et al., 2010a). It has been speculated that mortality on cassava of non-cassava species could be caused by cyanide poisoning since studies have shown the presence of bound cyanides in the phloem of cassava (Calatayud et al., 1994a,b). Cassava-colonizing B. tabaci species strongly prefer cassava, but there is evidence of their broader host range (Sseruwagi et al., 2006), especially in no-choice experiments. At this point, there is no answer to the question of why cassava can be colonized by some species of B. tabaci but not by others.

While there have been no feeding studies of cassava-colonizing whiteflies, it is known that feeding characteristics of the sap-sucking insects, including whiteflies, are directly correlated to host suitability and virus transmission efficiency (Jiang et al., 2000). A technique that enables detailed study of whitefly feeding in real-time is the Electrical Penetration Graph (EPG) system developed in the 1950s by McLean and Kinsey (1964). Today, EPG is a mature technique for studying sap-sucking insects with greatly improved design utilizing direct current electricity (DC) (McLean and Kinsey, 1964; Tjallingii, 1978; Backus et al., 2016). It is based on passing an electric current through soil and into a plant on which an insect tethered to a miniature electrode is placed to feed. When the insect inserts its stylet into the plant, a circuit is completed, current flows, and the pattern of voltage fluctuations can be measured and presented graphically on a computer screen (Walker, 2000). The graphical output gives a precise indication of the characteristics of the insect feeding (Janssen et al., 1989; Jiang et al., 1999). After the first studies established the EPG technique for whiteflies it has subsequently been used on B. tabaci in studies focusing on virus transmission, host resistance factors and insecticide effects (Walker and Perring, 1994; Jiang et al., 1999, 2000, 2001; Johnson and Walker, 1999; Jiang and Walker, 2001, 2003; Johnson et al., 2002; Rodríguez-López et al., 2011, 2012; Liu et al., 2012, 2013; Civolani et al., 2014; Zhou, 2014; Prado Maluta et al., 2017). To date there are no EPG studies of cassava-colonizing whitefly species. The only B. tabaci species studied using EPG are MEAM1 and MED. With respect to host plants, there is only one EPG study on cassava, which focused on the cassava mealybug (Phenacoccus manihoti Matile-Ferrero) (Calatayud et al., 1994b). Most EPG studies on whiteflies (10/15) were carried out using 12.5 μm gold wire, five times thicker than the 2.5 μm platinum wire used in other studies. The effect of this method was examined by Walker and Perring (1994) and they showed that thicker wire significantly impairs the mobility of whiteflies, although this effect was not quantified. Surprisingly, all the studies with 12.5 μm wire were done after 1994, which was when Walker and Perring pointed out the drawbacks.

The study reported here utilized the EPG technique to understand how different B. tabaci species (SSA1-SG3, MED, IO) feed on cassava and sweet potato, and how cassava-colonizing SSA1-SG3 feeds on non-hosts (sweet potato, cotton, and tomato). It aimed to provide insights into whitefly host acceptance or rejection, and to set the baseline for detailed cassava virus transmission characterization, an area that remains little explored by research decades after the initial devastating virus epidemics. Finally, we aimed to refine the EPG technique by quantifying the benefits of using 2.5 μm platinum wire over the thicker 12.5 μm gold wire.

MATERIALS AND METHODS

Plant Material

All plants used in the study were grown under greenhouse conditions at the International Institute of Tropical Agriculture (IITA), Dar es Salaam, Tanzania. The varieties of cassava and tomato used were Albert and Moneymaker, respectively, while sweet potato and cotton were local landraces. All greenhouse plants were grown in pots with a soil mix of forest soil and manure mixed in a 4:1 ratio. Plants were typically 20–30 cm tall or with a minimum of five leaves. “Albert” is known to be preferred by whiteflies, while the tomato cultivar—Moneymaker—is extensively used in the scientific literature.

Considering the numerous reports of vector feeding behavior manipulation by viruses, it was important to ensure the use of virus-free cassava plants (Liu et al., 2013; Moreno-Delafuente et al., 2013; Lu et al., 2017). All cassava planting material was obtained from CMD and CBSD asymptomatic fields in Mtwara Region, Tanzania. Furthermore, leaf samples were taken from each stem and tested for the presence of Cassava Brown Streak Ipomoviruses using real-time RT-PCR to exclude the possibility of asymptomatic infections. The CBSI virus testing was done using the protocol described for cassava by Shirima et al. (2017). Leaf samples in the form of the middle leaflet were taken from the fifth youngest leaf from each cassava stem cutting used for planting. Samples were dried between two sheets of paper at room temperature for 4 days. Total RNA was extracted using the acetyltrimetyl ammonium bromide (CTAB) protocol, cassava complementary DNA (cDNA) was synthetized and real-time polymerase chain reaction was performed using primers, probes, and cycling conditions described in Shirima et al. (2017). “Albert” is resistant to CMD, and since only symptomless plants were selected for planting material, the risk of infection was considered low and the material was not tested for the presence of CMBs. The assumption of the absence CMD was further supported as none of the grown plants exhibited the symptoms. Sweet potato plants were asymptomatic. Vegetative material used to plant them has been maintained under insect-proof screenhouse conditions, without symptoms of virus infection, for 3 years. Tomato and cotton were grown from certified seed.

Whitefly Colonies

Three species of whiteflies (B. tabaci) were used in in this study: (1) SSA1-SG3 which colonizes cassava in coastal Tanzania, (2) Indian Ocean (IO), and (3) MED, both of which colonize sweet potato and other vegetables, but not cassava. The SSA1-SG3 colony was established by collecting whiteflies from cassava at Chambezi in Bagamoyo District, Coast Region in May 2017. The IO and MED colonies were established by collecting whiteflies from sweet potato at Kibaha Research Station, Kibaha District, Coast Region in June 2017. The colonies were maintained in the greenhouse with partially controlled environment conditions (installed with cooling fans and air conditioning) with natural light (12L: 12D) and temperature ranging between 24 and 35°C. The colonies were reared on their respective host plants: SSA1-SG3 on cassava variety Albert; IO and MED on sweet potato. Host plants were planted in 30 cm diameter plastic pots held in meshed cages (100 × 50 × 50 cm). The colonies were transferred to fresh plants at intervals of 3–4 weeks. The colony species were periodically confirmed by PCR and partial sequencing of the mitochondrial DNA cytochrome oxidase I (mtCOI) gene.

Electrical Penetration Graph (EPG)

EPG experiments were performed using a direct current Giga-8d DC-EPG device with 1 Giga-ohm input resistance capable of recording eight insects at a time (EPG systems, Wageningen, The Netherlands). Plants and the EPG equipment were placed in a faraday cage (1.5 × 1.5 × 1.5 m) to shield the setup from electrical noise. The voltage sampling rate was the default of 100 Hz. At the beginning of the recording, the graph was monitored and the substrate voltage was set to the required positive value for each channel to scale the signal to −5 to +5 volts and achieve the maximum resolution. In the case of a weak signal that could not be adjusted by increasing the substrate voltage, the gain on the EPG Giga-8d device was adjusted between the default of 50X and 100X. Data were recorded using the EPG Systems Stylet+d data acquisition software, v01.28 (04-05-2016)/B28. The whole EPG setup was housed in a windowless room with constant artificial plant light (T5 Fluorescent light, Maxibright, Chesterfield, UK), temperature of 26°C, and relative humidity of 60%. Plants were not subjected to drought stress and were always watered 1 h before the EPG recording to ensure the electrical conductivity of the soil during the 12 h recording time.

Wiring of Whiteflies

Insects were carefully collected from the colonies in a glass vial by aspiration. Only female whiteflies were used to exclude the potential effect of sex on feeding. Additionally, female B. tabaci are more efficient in virus transmission and therefore preferred in previous whitefly studies (Costa and Bennett, 1950; Cohen and Nitzany, 1966). Before wiring, the glass vial was rolled on ice for 5–10 s to reduce the mobility of the whiteflies. Immediately after, whiteflies were placed on the ice-cold petri dish and quickly wired. Each female adult was glued to a 1 cm long, 2.5 μm thick platinum wire (Sigmund Cohn Corp, Mt Vernon, NY, USA), previously dipped in conductive water-based silver glue (EPG Systems, Wageningen, The Netherlands). The other end of the platinum wire was previously attached to a 2.5 cm long copper wire, which was itself soldered to a brass nail that inserts into the probe of the EPG device. The silver coating of the platinum wire was removed using 40% nitric acid after first gluing the wire to the copper wire. For the comparative study on the effects of wire thickness, 12.5 μm thick and 2 cm long gold wires (EPG Systems, Wageningen, The Netherlands) were used in the same brass nail-copper wire configuration. Once wired, each attached insect was lifted and set to rest on a cardboard surface until the remaining insects were wired. The wiring of 10 insects (eight required and two extra) was completed in ~20 min. After 5 min, wired insects were connected to the EPG probe for recording.

Experimental Setup

One insect was placed on one plant, and plants were used only once. Insects were placed on the abaxial surface of one of the top three leaves of the plant. To access the abaxial surface, leaves were inverted, and the base of the leaf was taped to a solid surface. Eight plants were recorded at one time for 12 h. Four of the eight were always cassava, and the other four were either sweet potato, cotton, or tomato allowing the comparisons between the sets to determine if external factors affected the sets differently. The feeding behavior of SSA1-SG3 was studied on cassava, sweet potato, cotton, and tomato to assess the potential broader host range on these crops that are often grown in close proximity. Due to the time and resource limitations, the feeding behavior of MED whiteflies was only tested on cassava and sweet potato. The number of SSA1-SG3 individuals (replicates) used for statistical analysis, after excluding poor quality recordings, was 40, 15, 15, and 14 on cassava, sweet potato, tomato, and cotton hosts, respectively. Number of MED individuals was 28 and 15 on cassava and sweet potato, respectively, while for IO it was 5 and 9 on cassava and sweet potato, respectively. This study however does not draw conclusions about IO whiteflies due to the lower number of individuals.

Whitefly Identification

After the 12-h recording period, whiteflies were recovered from the wire for species identification. The DNA of each recovered whitefly was extracted using the protocol as described by Wosula et al. (2017) with slight modifications. Whiteflies preserved in ethanol were put in the petri dish under the microscope and ethanol was removed by decanting and drying. Dry whiteflies were then picked and placed into a 1.5 ml tube containing 3 μl of lysis buffer (10 mM Tris-HCl (pH 8.0), 50 mM KCl, 2.5 mM MgCl2, 0.45% Tween-20, 0.01% Gelatine, 60 μg/ml Proteinase K). Whiteflies were then thoroughly ground using a 10 μl pipette tip. After grinding, an additional 20 μl of lysis buffer was added and the tube was vortexed and spun down. The tube was then incubated for 30 min at 55°C in a water bath, which was at the optimal temperature for Proteinase K digestion. Incubated samples were vortexed, spun down, and diluted to a 1:10 ratio in sterile distilled water. Diluted extract was used directly as a DNA template in PCR.

A 859 bp fragment of the mitochondrial gene for Cytochrome Oxidase I (mtCOI) was amplified using PCR with the BTSM-2-F (5′ TCTGGTTYTTTGGTCATCC 3′) and BTSM-3-R (5′ CACTTTCTGCCACATTAGA 3′) primer pair. The reaction contained 1X QuickLoad Master Mix (New England Biolabs, UK), 1 mM MgCl2, 0.24 μM of each primer, 2 μl of diluted DNA extract, and sterile distilled water to achieve the desired reaction volume of 25 μl. The thermal profile consisted of an initial denaturation step for 5 min at 95°C, 35 cycles of denaturation for 40 s at 94°C, annealing for 30 s at 52°C, and extension for 50 s at 72°C, and final extension for 10 min at 72°C. DNA electrophoresis was performed to confirm the successful and specific amplification of the desired fragment. PCR products with Purple Loading Dye (New England Biolabs, Ipswich, MA, USA) were loaded on to a 1% agarose gel stained with GelRed™ (Biotium, Fremont, CA, USA) and run for 45 min at 5 V/cm. Upon confirmation of amplification, PCR products were sent to Macrogen Inc. (Maryland, USA) for purification and direct sequencing.

The ends of the raw Sanger reads of forward and reverse sequences were manually trimmed to remove the low quality and ambiguous bases using Ridom Trace Edit v1.1.0 software. Forward and reverse sequences were then assembled and aligned using CLC Main Workbench v7.9.1 (QIAGEN, Aarhus, Denmark) and trimmed to the same length. All unique sequences were identified using the BLASTn algorithm of GenBank (http://www.ncbi.nlm.nih.gov). Trimmed Clustal W alignment of sequences, top hit sequences from GenBank, and a Bemisia afer outgroup sequence were used to create a maximum likelihood phylogenetic tree with 1,000 bootstrap replicates using MEGA (version 7.0), and whitefly species were identified.

EPG Data Analysis

Raw EPG data recorded by EPG Systems Stylet+d was manually annotated using EPG Systems Stylet+a software v01.30 (13-04-2016)/B27. Annotated waveforms were non-probing (np), pathway (C), phloem salivation (E1), phloem ingestion (E2), derailed stylet mechanics (F), xylem feeding (G) and intracellular puncture—potential drop (pd). Waveforms were identified based on the waveform pattern, amplitude, relative voltage level, R/emf origin, frequency, and the context of the waveform as described in the previous EPG studies of B. tabaci (Jiang et al., 1999; Johnson and Walker, 1999; Liu et al., 2012; Civolani et al., 2014; Zhou, 2014; Prado Maluta et al., 2017).

Annotation files were then directly passed to a modified version of the Ebert 3.0 program in SAS Enterprise Guide 7.1, SAS 9.4 statistical software (SAS Institute, Cary, NC, USA) for further analysis which produces the same parameters as the popular Sarria excel workbook (Sarria et al., 2009; Ebert et al., 2015). The modified version is provided in the Supplementary Material. The modified version utilizes the series of BoxCox power transformation to determine the best possible transformation, as implemented in the PROC TRANSREG statement (Osborne, 2010). The results of this power transformation were inspected visually using histogram and Q-Q plots. For certain parameters, power transformations are unsuitable as they cannot approximate the necessary S-curve. Therefore, the Arcsine transformation was applied before the BoxCox transformation if this was necessary. The modification of the original Ebert 3.0 program also utilizes a macro script developed by Piepho (2012) that mitigates the case when varying standard error of a difference causes the traditional algorithm to fail to represent all significant differences of the means using the letter grouping. The Piepho algorithm solves the problem as it is able to generate a discontinous line display (Piepho, 2012). As a consequence, seeing discontinous assigned letters such as “ac” or “acd” is not uncommon (Piepho, 2014; Poosapati et al., 2014; Santos et al., 2015; McCaghey et al., 2017).

RESULTS

Data Quality

Out of 240 wired whiteflies, 180 (75%) were successfully recorded 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 recordings 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 whitefly. Out of 146 successful recordings, 8 whiteflies were not recovered since they escaped after the 12 h recording but before the recovery.

Whiteflies attached to the 12.5 μm gold wire were not recovered for identification and are not included in the previous data quality numbers. Their identity is assumed to be SSA1-SG3 since they came from the pure colony on cassava. The thicker gold wire allowed successful 12-h recording of 22/24 (92%) wired whiteflies, the escape rates were extremely low. It was notable that with the gold wire, whitefly mortality was occasionally observed ~20 h after initiating EPG, which was never observed with the platinum wire.

Whitefly Identification

DNA of all 138 recovered whiteflies was extracted and the expected 859 bp segment of mtCOI was amplified. Good sequences were obtained for 135 whiteflies. Four unique sequences were present in the initial alignment. After a BLAST search in GenBank, three had 100% identity with GenBank sequences JQ286457 (SSA1-SG3), AF418667 (SSA1-SG3), and KY951448 (IO) and one sequence had the “top hits” with 99% identity with sequences AY903533, EU760731, and AF344285 (all 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 bp which was used for construction of a maximum likelihood phylogenetic tree (Figure 1). The sequences are provided in the FASTA file available in the Supplementary Materials of this article. Identification of species was performed based on the topology of the phylogenetic tree and the positions in the tree of test sequences relative to the reference sequences obtained from GenBank. All 76 whiteflies from the colony on cassava were identified as B. tabaci SSA1-SG3, 73 had 100% identity with sequence JQ286457, and 3 had 1 bp difference and 100% match with AF418667. Since the cassava colony was pure, and contamination was never recorded on cassava colonies, 8 additional whiteflies with EPG data from cassava that were not successfully recovered were included in the study. Whiteflies from the sweet potato colony were identified as follows: 14 IO, 43 MED from East Africa, and 2 as SSA1-SG3. The two individuals that belonged to SSA1-SG3 were excluded from the study. Three whiteflies from the sweet potato colony without good sequences but with good EPG were excluded from the study.
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FIGURE 1. Maximum likelihood phylogenetic tree of EPG recorded Bemisia tabaci whiteflies, reference sequences (underlined and bold), and Bemisia afer sequence as an outgroup.



Cassava Virus Testing

Out of 60 cassava cuttings obtained from the field, one tested positive for UCBSV and was not planted. None were positive to CBSV. The technique was verified by positive detection on UCBSV and CBSV control samples, and no detection in the negative control.

Epg Interpretation, Parameters, and Statistical Analysis

Observed waveforms in the EPG recordings were consistent with those previously described in the literature on B. tabaci (Janssen et al., 1989; Jiang et al., 1999; Johnson and Walker, 1999; Liu et al., 2012; Zhou, 2014) and are presented in Figure 2. Each phloem ingestion (E2) event was preceded by a phloem salivation waveform (E1). Interestingly, different E2 waveform variants as described by Zhou (2014) were also occasionally observed in this study. In this study, waveform F (derailed stylet mechanics) also included the waveform with the pattern similar to xylem ingestion waveform G but occurring <10 min from the beginning of the probe. It is assumed that whiteflies are unable to reach xylem in <10 min (Prof. Gregory P. Walker, University of California Riverside, personal communication). The statistical analysis was performed on transformed data, and tabular data presented here are on the original scale for intuitive understanding of the values. Transformed data, confidence intervals on the transformed scale, BoxCox transformation exponents and Arcsine transformed values (where applied) are available for all EPG parameters in the Supplementary Material (Supplementary Table S1). The analysis of the data from SSA1-SG3 whiteflies on cassava from three different sets confirmed no significant differences and were combined for the final analysis. Comparison between the MED and IO showed no significant differences. However, since the number of individuals in the IO set was low, this study focuses and draws conclusions solely from MED. The basic EPG parameters for IO are shown in Figure 3, and Tables 1, 2.
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FIGURE 2. Bemisia tabaci EPG waveforms observed in the study. (Figure 1) Example of 1 h EPG with xylem feeding (G), non-probing (np), stylet pathway (C), potential drop (pd), phloem salivation (E1), and phloem ingestion (E2) waveforms. (2) stylet pathway and sheath salivation (C). (3) different form of the pathway waveform C. (4) derailed stylet mechanics (F), note the high frequency. (5) phloem salivation (E1) from its beginning, notice gradual increase in voltage level. (6) typical passive phloem ingestion (E2). (7–9) different forms of xylem feeding waveform (G), note that this waveform even though similar to those in Figures 5, 10, and 11, occurs at extracellular voltage levels (does not start with a potential drop). (10–12) different forms of phloem ingestion (E2). (13) intracellular puncture (pd) during pathway (C). (14) example of first 35 min of a probe with 8 potential drops (pd) before reaching the sieve element of the phloem (E1 followed by E2). (15–18) oviposition waveform during non-probing (np), stylet pathway (C),) xylem feeding (G), and phloem ingestion (E2), respectively. Ticks on the time axis are 1 s for all graphs except for: graph (1) 5 min; (14) 100 s; (16) 2 s. Absolute voltage values on the y-axis are arbitrary in the EPG recordings.
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FIGURE 3. Total duration of activities during the 12-h recording period. Statistical analysis was performed after transformation, data presented is on the original scale. Letter display was obtained by the method of Piepho (2012) from PROC GLIMMIX output. Values with the same letter are not significantly different (P = 0.05, Tukey-Kramer test). The number of SSA1-SG3 individuals was 40, 15, 15, and 14 on cassava, sweet potato, tomato, and cotton hosts, respectively, 28 and 15 of MED on cassava and sweet potato, respectively, and 5 and 9 of IO individuals on cassava and sweet potato, respectively.




Table 1. Mean durations of individual waveform events.
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Table 2. Mean number of occurrence (frequency) of each waveform.
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Effect of Wire Thickness on the EPG Results

An investigation of the effect of using 12.5 μm gold wire instead of the thinner 2.5 μm platinum wire on SSA1-SG3 whiteflies feeding on cassava showed large and statistically significant differences. Overall, 60% of the EPG parameters showed statistically significant differences between the different wire diameters. The main effect of the thicker wire can be described as causing more numerous shorter probes, making phloem access more difficult, drastically reducing time spent ingesting phloem sap, increasing the waveform F (derailed stylet mechanics), and causing less continuous feeding in general. Out of the most commonly used EPG parameters, only mean durations of potential drop (pd), mean duration of phloem salivation (E1), and mean and total duration of xylem feeding (G) were not affected by the thicker wire. Comparative visual observation of whiteflies tethered to different wires is shown in Figure 4 and restricted movement of whitefly is seen in the video available in the Supplementary Video. The comparison of the basic EPG parameters and a few more detailed parameters is shown in Table 3; the complete dataset is provided in the Supplementary Table S1.
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FIGURE 4. Bemisia tabaci SSA1-SG3 on the abaxial surface of a cassava leaf wired with 12.5 μm gold wire (1) and with 2.5 μm platinum wire (2).




Table 3. EPG parameters of SSA1-SG3 whiteflies feeding on cassava tethered to thin 2.5 μm platinum wire and thicker 12.5 μm gold wire.
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SSA1-SG3 Whiteflies on Different Hosts

An analysis of the total duration of feeding components is presented in Figure 3, while mean durations and number of individual events are presented in Tables 1, 2, respectively. Cassava-colonizing SSA1-SG3 had significantly longer (10.3 min) mean pathway event duration (C) on cassava compared to other hosts (Table 1) although total durations did not differ (Figure 3). The mean duration of potential drops (pd) was significantly longer on cassava than on sweet potato and tomato, but not different from cotton (Table 1). Interestingly, the number of potential drops (pd) was much lower on sweet potato than on cassava (Table 2). The total duration of phloem salivation (E1) was significantly shorter on cassava and sweet potato, and longer on tomato, while on cotton it was in between (Figure 3). Longer total phloem salivation (E1) in tomato (Figure 3) resulted from significantly longer, and more frequent salivation events (Tables 1, 2). Total duration of phloem ingestion (E2) differed between plant hosts, with the longest phloem feeding on cassava, the shortest on tomato, and intermediate periods on sweet potato and cotton (Figure 3). The mean duration of phloem ingestion (E2) was highest on cassava (260 min), and significantly shorter on tomato lasting only 35.8 min (Table 1). Sweet potato and cotton fell in between, similarly to the other parameters. Total and mean non-probing time (np) (Figure 3 and Table 1, respectively) was significantly shorter on the natural host, cassava. In tomato, non-probe events (np) were four times longer (Table 1). Xylem feeding (G) characteristics were not different among the hosts (Table 1 and Figure 3). Total duration of the derailed stylet mechanics waveform (F) was longer on sweet potato and cotton than on cassava (Figure 3), due to the higher frequency of events (Table 2).

In less-preferred tomato, phloem salivation (E1) contributed 10.6% of the phloem phase, significantly more than on cassava, sweet potato and cotton which had 2.6–8.1% (Table 4). The first probe was delayed by 99.1 min, compared to under 10 min in other hosts. After the first probe has started, the time to reach the phloem was equal among all plant types. The time to phloem ingestion from the beginning of that probe was shortest on tomato, while cotton and sweet potato did not differ from cassava. A similar result was seen in the time to reach the phloem from the beginning of the first probe with phloem salivation. Whiteflies salivated significantly longer before achieving the first sustained phloem ingestion when feeding on tomato.


Table 4. Selected detailed EPG parameters describing whitefly-plant interactions.
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SSA1-SG3 Whiteflies From Cassava vs. MED From Sweet Potato

The comparison of the two B. tabaci whitefly species (SSA1-SG3 and MED) on the sweet potato host showed an almost indistinguishable feeding behavior. The only significant differences were the shorter mean duration of the individual pathway phase (C) events in SSA1-SG3 (Table 1), and the higher number of potential drops (pd) in MED (Table 2). The total durations were however indistinguishable (Figure 3). When compared on the cassava host, dramatic differences in feeding became apparent. More specifically, the feeding of MED whiteflies on cassava was very different and impaired compared to the feeding of both SSA1-SG3 on cassava and of MED on sweet potato.

When forced to feed on cassava, MED whiteflies spent the same amount of time with the stylets in the leaf tissue (i.e., probing) as they did on their preferred host (Figure 3). However, on cassava they spent twice the amount of time in the pathway phase (C) and had longer and more frequent pathway events (Figure 3). They had longer potential drops on cassava, and these were more frequent (Tables 1, 2, respectively). Xylem feeding events (G) were significantly more common (Table 2), contributing to the longer total xylem feeding (Figure 3), although the mean duration of xylem events was the same (Table 1). There were no differences in phloem salivation (E1) (Tables 1, 2 and Figure 3). On the contrary, the most obvious differences were seen in phloem ingestion (E2). During the 12-h recording period, MED whiteflies spent <1 h ingesting the cassava phloem sap (E2), while on sweet potato, their preferred host, it was longer than 5 h (Figure 3). Mean duration of the phloem ingestion events (E2) was also significantly lower on cassava (Table 1), as well as the number of those events (Table 2). There were no differences in total and mean duration, and number of derailed stylet mechanics waveform (F) and non-probing events (np) between the two hosts (Tables 1,2 and Figure 3).

In addition to much shorter, and less continuous phloem phase periods in MED whiteflies, phloem salivation (E1) comprised over 48.5% of the phloem phase, compared to 1.7% on the preferred host (Table 4). Furthermore, not all MED whiteflies had sustained (>10 min) phloem ingestion (E2) resulting in the mean number of 0.8 sustained phloem ingestion (E2) events in 12 h, while on sweet potato they had 3.1 (Table 4). Similar to SSA1-SG3 on tomato, MED on cassava had a significant, albeit less dramatic, 15.2 min delay in time to the beginning of the first probe (Table 4). There were no significant differences in the parameters describing the difficulties in reaching the phloem (Table 4). Interestingly, in addition to the longer total duration (Figure 3) and frequency of xylem feeding (Table 2), there were 1.8 sustained xylem feeding events on cassava compared to 0.4 on sweet potato (Table 4).

DISCUSSION

The superabundance phenomenon of cassava-colonizing whiteflies associated with the decades-long pandemics of cassava viruses is still poorly understood. There is a need to understand the factors behind the ability of cassava-colonizing B. tabaci to feed and reproduce on cassava. Since the most important means of whitefly-plant interaction and recognition is through probing and feeding, we utilized the EPG technique to investigate these interactions in great detail. The results presented here for the feeding characterization of cassava-colonizing B. tabaci represent the first baseline measurement of cassava whiteflies and provide results with a high level of confidence considering the relatively large number of insects monitored (N = 40).

SSA1-SG3 Can Successfully Feed on Cotton, Sweet Potato, and Tomato

The comparison of SSA1-SG3 whiteflies feeding on cassava, sweet potato, cotton and tomato most notably shows that SSA1-SG3 from coastal East Africa can successfully feed on all of these crops. This supports the finding of Sseruwagi et al. (2006) in Uganda that cassava whiteflies are not restricted to cassava. Based on these two sets of evidence it appears clear that B. tabaci occurring on cassava in East Africa do not have a host range that is restricted by the ability to feed. The practical significance of this finding is apparent as attempts to control whiteflies on cassava through the use of cassava-free periods are likely to be of limited value, since these whiteflies can feed on other crops. The whiteflies are likely to survive, even though they will be clean of cassava viruses, as demonstrated in the cassava community phytosanitation study (Legg et al., 2017). Knowing this, special attention should be paid when designing cultural control methods for whiteflies on cassava.

Cassava-colonizing SSA1-SG3 whitefly host suitability, based on the maximum and most continuous phloem ingestion, and the minimum non-probing time, is in the order: cassava > sweet potato > cotton > tomato. The much longer times taken before making the first probe on tomato suggest a much lower host preference even before the leaf is penetrated. Tomato trichomes probably make finding a suitable feeding location more difficult, especially for tethered whiteflies. The trichome factor, however, cannot completely explain the observations. Once a suitable feeding spot was found, whiteflies reached the phloem faster than on cassava, which rules out the existence of major epidermis or mesophyll associated resistance factors similar to those reported in the Mi tomato line where impaired feeding was attributed to epidermis and/or mesophyll factors (Jiang et al., 2001). The longer salivation before sustained phloem feeding and longer mean salivation on tomato shows that phloem factors such as taste perception and host resistance are also in play. Further studies are needed to clarify the apparent lower preference of tomato compared to the other host plants.

Feeding behavior alone revealed small differences between cassava and sweet potato hosts. However, this may not necessarily indicate that colonization of both hosts would be the same, particularly since these results were obtained from no-choice experiments. In practice, cassava whiteflies are rarely found on other hosts (Legg, 1996; Sseruwagi et al., 2006; Tajebe et al., 2015a). Other factors besides the ability to feed are important when it comes to host preference and colonization and they can be a combination of sight, olfactory stimuli, nutritional characteristics of the phloem sap as well as specific toxic or attractive chemicals for certain whitefly types. Additionally, reproductive success may not be the same on different host plants.

MED Whiteflies Probe Cassava, but Feeding Is Severely Limited

MED whiteflies from sweet potato barely fed on the cassava phloem even after 12 h. Previous research (Legg, 1996) as well as our own informal observations suggest that adults of sweet potato colonizing species do not survive for more than a few days on cassava plants.

Based on the results of the study reported here, it seems that either starvation or poisoning could be plausible causes of this mortality. Increased xylem feeding, an indicator of dehydration, suggests that whiteflies are not ingesting enough phloem sap (Spiller et al., 1990; Powell and Hardie, 2002). The fact that there was no difference in mesophyll resistance parameters excludes the presence of resistance factors in the mesophyll. Additionally, the slightly longer time from the beginning of EPG to the first probe suggests that there was only a slightly lower preference for cassava compared to the sweet potato based on olfactory perceptions, which is what might be expected from a non-host plant. The high contribution of salivation to the phloem phase, the low number of sustained ingestion events, and the extremely low mean and total durations of phloem ingestion clearly indicate an inability to feed on cassava phloem. If it was possible to identify the plant or insect-associated factors that give rise to this reduced feeding response, it might be possible to utilize this information to develop cassava varieties with resistance to cassava-colonizing whiteflies.

Given the heavily reduced feeding, the risk of non-cassava whiteflies adapting to cassava over time, (e.g., in an intercropping system where the plants are grown in very close proximity) seems very low. Previous studies showed that non-cassava whiteflies cannot directly adapt and reproduce on cassava, suggesting that there may be underlying genetic factors at play (Legg, 1996; Carabalí et al., 2010a). Interestingly, the gradual adaptation of Colombian MEAM1 from beans to cassava after being passaged through several intermediate hosts resulted in some adaptation success. This suggests that given a strong enough selection pressure, at least some non-cassava whiteflies might be able to adapt to cassava within a period of 15 generations or more (Carabali et al., 2005).

To further investigate the cause of mortality, future studies might use longer EPG recordings (48–72 h) or artificial diets containing bound cyanides. If cyanide poisoning is responsible for reduced feeding and mortality of non-cassava whitefly, the corollary is that cassava whiteflies must have detoxification mechanisms that enable them to feed on cassava as well as a broad range of other host plants (Sseruwagi et al., 2006). Under these circumstances, RNAi based approaches aimed at “knocking out” detoxification enzyme systems might represent a useful future line of research investigation.

Use of 12.5 μm Gold Wire Significantly and Substantially Affects the EPG Data

The comparison of two wire thicknesses reported in the literature shows that the use of thicker (12.5 μm) wire introduces significant biases in EPG data. In our investigation, the observed feeding behavior with the thick wire was completely different to natural feeding, which calls into question the practical significance of conclusions drawn from studies that have used thick wire. The thicker wire does enable higher recording efficiency, is far easier to handle, and is significantly cheaper—tempting researchers to choose this method. The possible reason for the widespread use of the thick wire may be the misinterpretation of the study by Lei et al. (1997), which compared 20 and 10 μm wires, and concluded that 10 μm is better than 20 μm. However, it is likely that 10 μm wire would have a similar negative effect on whitefly behavior as the 12.5 μm evaluated here. In behavioral studies, which by nature have a lot of variation and are hard to do consistently, it is vital to minimize all possible sources of bias. Even thinner 1.25 μm wire has been evaluated by Walker and Perring (1994). However, the conclusion of this study was that whilst both 2.5 and 1.25 μm wires allowed good whitefly mobility, the thinner of the two broke more often. The use of 1.25 μm or thinner would also increase the number of insect escapes and slow down the experimental setup. Therefore, we recommend the use of 2.5 μm wire as a standard protocol for whiteflies to ensure the acquisition of data that represents the natural feeding behavior as closely as technically possible, and to make future studies comparable to each other.

These data for a whitefly-preferred cassava variety (Albert) will be of great value as a baseline when seeking to identify sources of whitefly resistance, and the comparison of whitefly feeding behavior on diverse cassava varieties and wild relatives will be an important next step for this area of research. The potential of such screening is illustrated in the study by Carabalí et al. (2010b) which identified antixenosis-based resistance to the whitefly Aleurotrachelus socialis Bondar in a cassava relative, Manihot flabellifolia Pohl. Current research efforts have so far failed to identify strong sources of resistance to whiteflies in existing cassava germplasm resources (Omongo et al., 2012). This suggests that non-conventional approaches to the development of resistance need to be explored. Fundamental research might therefore examine what “prevents” non-cassava whiteflies from feeding effectively on cassava. This knowledge could then be applied to the development of novel strategies to completely prevent cassava whiteflies from feeding on cassava. The results of this investigation, therefore, lay the foundation for future studies aimed at developing sustainable strategies to reduce the impact of cassava viruses vectored by cassava-colonizing B. tabaci. Success in achieving this goal will impact positively on the lives of millions of smallholder farmers in Africa whose livelihoods depend on the production and sale of healthy cassava crops.

Finally, this study pioneered the electropenetrography technique in Africa and the established EPG laboratory is well-positioned to expand these studies to other important sap-sucking insects. Notable examples are the banana aphid (Pentalonia nigronervosa Coquerel)—vector of banana bunchy top virus, and the mealybug vectors of cocoa swollen shoot virus, which like whiteflies transmit viruses that negatively impact the lives of hundreds of millions of people. EPG is one of many tools that offer the potential to bring solutions to these devastating crop diseases and thereby have a lasting positive impact on global food security.

AUTHOR CONTRIBUTIONS

MM and ENW conducted the experiments. MM analyzed data and wrote the manuscript. All authors conceived and designed the research and read, revised, and approved the manuscript.

FUNDING

The research was funded through AgrisMundus master program scholarship which is an Erasmus Mundus project.

ACKNOWLEDGMENTS

We thank Prof. Gregory P. Walker from the University of California Riverside for the assistance in mastering the EPG technique and Prof. Timothy Ebert from the University of Florida for providing and assisting with the modifications of the Ebert 3.0 SAS program. We also thank the Agris Mundus masters program which through the Erasmus Mundus EU project which financially supported the study. The contribution of ENW was supported through a grant from USAID, and that of JL through the Roots, Tubers, and Bananas (RTB) Programme of the CGIAR.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2019.00001/full#supplementary-material

REFERENCES

 Alicai, T., Omongo, C. A., Maruthi, M. N., Hillocks, R. J., Baguma, Y., Kawuki, R., et al. (2007). Re-emergence of cassava brown streak disease in Uganda. Plant Dis. 91, 24–29. doi: 10.1094/PD-91-0024

 Backus, E. A., Lin, P., Chang, C., and Shih, H. (2016). Electropenetrography: a new diagnostic technology for study of feeding behavior of piercing-sucking insects. J. Taiwan Agric. Res. 65, 219–237. doi: 10.6156/JTAR/2016.06503.01

 Berry, S. D., Fondong, V. N., Rey, C., Rogan, D., Fauquet, C. M., and Brown, J. K. (2004). Molecular evidence for five distinct Bemisia tabaci (Homoptera: Aleyrodidae) geographic haplotypes associated with cassava plants in Sub-Saharan Africa. Ann. Entomol. Soc. Am. 97, 852–859. doi: 10.1603/0013-8746(2004)097[0852:MEFFDB]2.0.CO;2

 Boykin, L. M. (2014). Bemisia tabaci nomenclature: lessons learned. Pest Manag. Sci. 70, 1454–1459. doi: 10.1002/ps.3709

 Boykin, L. M., Armstrong, K. F., Kubatko, L., and De Barro, P. (2012). Species delimitation and global biosecurity. Evol. Bioinform. Online 8, 1–37. doi: 10.4137/EBO.S8532

 Boykin, L. M., and De Barro, P. J. (2014). A practical guide to identifying members of the Bemisia tabaci species complex: and other morphologically identical species. Front. Ecol. Evol. 2:45. doi: 10.3389/fevo.2014.00045

 Calatayud, P.-A., Rahbé, Y., Delobel, B., Khuong-Huu, F., Tertuliano, M., and R.ü, B. (1994a). Influence of secondary compounds in the phloem sap of cassava on expression of antibiosis towards the mealybug Phenacoccus manihoti. Entomol. Exp. Appl. 72, 47–57.

 Calatayud, P. A., Rahbé, Y., Tjallingii, W. F., Tertuliano, M., and Rü, B. (1994b). Electrically recorded feeding behaviour of cassava mealybug on host and non-host plants. Entomol. Exp. Appl. 72, 219–232. doi: 10.1111/j.1570-7458.1994.tb01821.x

 Carabalí, A., Belloti, A. C., and Montoya-Lerma, J. (2010a). Biological parameters of Bemisia tabaci (Gennadius) biotype B (Hemiptera: Aleyrodidae) on Jatropha gossypiifolia, commercial (Manihot esculenta) and wild cassava (Manihot flabellifolia and M. carthaginensis) (Euphorbiaceae). Neotrop. Entomol. 39, 562–567. doi: 10.1590/S1519-566X2010000400015

 Carabali, A., Bellotti, A. C., Montoya-Lerma, J., and Cuellar, M. E. (2005). Adaptation of Bemisia tabaci biotype B (Gennadius) to cassava, Manihot esculenta (Crantz). Crop Prot. 24, 643–649. doi: 10.1016/j.cropro.2004.11.008

 Carabalí, A., Bellotti, A. C., Montoya-Lerma, J., and Fregene, M. (2010b). Manihot flabellifolia Pohl, wild source of resistance to the whitefly Aleurotrachelus socialis Bondar (Hemiptera: Aleyrodidae). Crop Prot. 29, 34–38. doi: 10.1016/j.cropro.2009.08.014

 Civolani, S., Cassanelli, S., Chicca, M., Rison, J. L., Bassi, A., Alvarez, J. M., et al. (2014). An EPG study of the probing behavior of adult Bemisia tabaci biotype Q (Hemiptera: Aleyrodidae) following exposure to cyantraniliprole. J. Econ. Entomol. 107, 910–919. doi: 10.1603/EC13511

 Cohen, S., and Nitzany, F. E. (1966). Transmission and host range of the tomato yellow leaf curl virus. Phytopathology 56, 1127–1131.

 Costa, A. S., and Bennett, C. W. (1950). White-fly-transmitted mosaic of Euphorbia prunifolia. Phytopathology 40, 266–283.

 De Barro, P. J., Liu, S.-S., Boykin, L. M., and Dinsdale, A. B. (2011). Bemisia tabaci: a statement of species status. Annu. Rev. Entomol. 56, 1–19. doi: 10.1146/annurev-ento-112408-085504

 Delatte, H., David, P., Granier, M., Lett, J. M., Goldbach, R., Peterschmitt, M., et al. (2006). Microsatellites reveal extensive geographical, ecological and genetic contacts between invasive and indigenous whitefly biotypes in an insular environment. Genet. Res. 87, 109–124. doi: 10.1017/S0016672306008135

 Ebert, T. A., Backus, E. A., Cid, M., Fereres, A., and Rogers, M. E. (2015). A new SAS program for behavioral analysis of electrical penetration graph data. Comput. Electron. Agric. 116, 80–87. doi: 10.1016/j.compag.2015.06.011

 Esterhuizen, L. L., Mabasa, K. G., van Heerden, S. W., Czosnek, H., Brown, J. K., van Heerden, H., et al. (2013). Genetic identification of members of the Bemisia tabaci cryptic species complex from South Africa reveals native and introduced haplotypes. J. Appl. Entomol. 137, 122–135. doi: 10.1111/j.1439-0418.2012.01720.x

 FAOSTAT (2017). FAOSTAT database. Food and Agricultre Organization United Nations. Available onlne at: www.fao.org/faostat/%0A (Accessed November 20, 2017).

 Ghosh, S., Bouvaine, S., and Maruthi, M. (2015). Prevalence and genetic diversity of endosymbiotic bacteria infecting cassava whiteflies in Africa. BMC Microbiol. 15:93. doi: 10.1186/s12866-015-0425-5

 Janssen, J. A. M., Tjallingii, W. F., and Lenteren, J. C. (1989). Electrical recording and ultrastructure of stylet penetration by the greenhouse whitefly. Entomol. Exp. Appl. 52, 69–81. doi: 10.1111/j.1570-7458.1989.tb01250.x

 Jiang, Y. X., de Blas, C., Barrios, L., and Fereres, A. (2000). Correlation between whitefly (Homoptera: Aleyrodidae) feeding behavior and transmission of tomato yellow leaf curl virus. Ann. Entomol. Soc. Am. 93, 573–579. doi: 10.1603/0013-8746(2000)093[0573:CBWHAF]2.0.CO

 Jiang, Y. X., Lei, H., Collar, J. L., Martin, B., Muñiz, M., and Fereres, A. (1999). Probing and feeding behavior of two distinct biotypes of Bemisia tabaci (Homoptera: Aleyrodidae) on tomato plants. J. Econ. Entomol. 92, 357–366. doi: 10.1093/jee/92.2.357

 Jiang, Y. X., Nombela, G., and Muñiz, M. (2001). Analysis by DC – EPG of the resistance to Bemisia tabaci on an Mi-tomato line. Entomol. Exp. Appl. 99, 295–302. doi: 10.1046/j.1570-7458.2001.00828.x

 Jiang, Y. X., and Walker, G. P. (2001). Pathway phase waveform characteristics correlated with length and rate of stylet advancement and partial stylet withdrawal in AC electrical penetration graphs of adult whiteflies. Entomol. Exp. Appl. 101, 233–246. doi: 10.1023/A:1019245523975

 Jiang, Y. X., and Walker, G. P. (2003). Electrical penetration graphs of the nymphal stage of Bemisia argentifolii. Entomol. Exp. Appl. 109, 101–111. doi: 10.1046/j.1570-7458.2003.00093.x

 Johnson, D. D., and Walker, G. P. (1999). Intracellular punctures by the adult whitefly Bemisia argentifolii on DC and AC electronic feeding monitors. Entomol. Exp. Appl. 92, 257–270. doi: 10.1023/A:1003844802227

 Johnson, D. D., Walker, G. P., and Creamer, R. (2002). Stylet penetration behavior resulting in inoculation of a semipersistently transmitted closterovirus by the whitefly Bemisia argentifolii. Entomol. Exp. Appl. 102, 115–123. doi: 10.1023/A:1015843219849

 Legg, J., and Ogwal, S. (1998). Changes in the incidence of African cassava mosaic virus disease and the abundance of its whitefly vector along south–north transects in Uganda. J. Appl. Entomol. 122, 169–178.

 Legg, J. P. (1996). Host-associated strains within Ugandan populations of the whitefly Bemisia tabaci (Genn.),(Hom., Aleyrodidae). J. Appl. Entomol. 120, 523–527. doi: 10.1111/j.1439-0418.1996.tb01646.x

 Legg, J. P., Jeremiah, S. C., Obiero, H. M., Maruthi, M. N., Ndyetabula, I., Okao-Okuja, G., et al. (2011). Comparing the regional epidemiology of the cassava mosaic and cassava brown streak virus pandemics in Africa. Virus Res. 159, 161–170. doi: 10.1016/j.virusres.2011.04.018

 Legg, J. P., Lava Kumar, P., Makeshkumar, T., Tripathi, L., Ferguson, M., Kanju, E., et al. (2015). Cassava virus diseases: biology, epidemiology, and management. Adv. Virus Res. 91, 85–142. doi: 10.1016/bs.aivir.2014.10.001

 Legg, J. P., Ndalahwa, M., Yabeja, J., Ndyetabula, I., Bouwmeester, H., Shirima, R., et al. (2017). Community phytosanitation to manage cassava brown streak disease. Virus Res. 241, 236–253. doi: 10.1016/j.virusres.2017.04.020

 Legg, J. P., Shirima, R., Tajebe, L. S., Guastella, D., Boniface, S., Jeremiah, S., et al. (2014a). Biology and management of Bemisia whitefly vectors of cassava virus pandemics in Africa. Pest Manag. Sci. 70, 1446–1453. doi: 10.1002/ps.3793

 Legg, J. P., Somado, E. A., Barker, I., Beach, L., Ceballos, H., Cuellar, W., et al. (2014b). A global alliance declaring war on cassava viruses in Africa. Food Secur. 6, 231–248. doi: 10.1007/s12571-014-0340-x

 Legg, J. P., Sseruwagi, P., Boniface, S., Okao-Okuja, G., Shirima, R., Bigirimana, S., et al. (2014c). Spatio-temporal patterns of genetic change amongst populations of cassava Bemisia tabaci whiteflies driving virus pandemics in East and Central Africa. Virus Res. 186, 61–75. doi: 10.1016/j.virusres.2013.11.018

 Lei, H., Tjallingii, W. F., and Lenteren, J. C. (1997). Effect of tethering during EPG recorded probing by adults of the greenhouse whitefly. J. Appl. Entomol. 121, 211–217. doi: 10.1111/j.1439-0418.1997.tb01395.x

 Liu, B., Preisser, E. L., Chu, D., Pan, H., Xie, W., Wang, S., et al. (2013). Multiple forms of vector manipulation by a plant-infecting virus: Bemisia tabaci and tomato yellow leaf curl virus. J. Virol. 87, 4929–4937. doi: 10.1128/JVI.03571-12

 Liu, B., Yan, F., Chu, D., Pan, H., Jiao, X., Xie, W., et al. (2012). Difference in feeding behaviors of two invasive whiteflies on host plants with different suitability: implication for competitive displacement. Int. J. Biol. Sci. 8, 697–706. doi: 10.7150/ijbs.4108

 Lu, S., Li, J., Wang, X., Song, D., Bai, R., Shi, Y., et al. (2017). A semipersistent plant virus differentially manipulates feeding behaviors of different sexes and biotypes of its whitefly vector. Viruses 9:E4. doi: 10.3390/v9010004

 McCaghey, M., Willbur, J., Ranjan, A., Grau, C. R., Chapman, S., Diers, B., et al. (2017). Development and evaluation of Glycine max germplasm lines with quantitative resistance to Sclerotinia sclerotiorum. Front. Plant Sci. 8:1495. doi: 10.3389/fpls.2017.01495

 McLean, D. L., and Kinsey, M. G. (1964). A technique for electronically recording aphid feeding and salivation. Nature 202, 1358–1359. doi: 10.1038/2021358a0

 Moreno-Delafuente, A., Garzo, E., Moreno, A., and Fereres, A. (2013). A plant virus manipulates the behavior of its whitefly vector to enhance its transmission efficiency and spread. PLoS ONE 8:e61543. doi: 10.1371/journal.pone.0061543

 Nichols, R. F. W. (1950). The brown streak disease of cassava: distribution, climatic effects and diagnostic symptoms. East African Agric. J. 15, 154–160. doi: 10.1080/03670074.1950.11664727

 Omongo, C. A., Kawuki, R., Bellotti, A. C., Alicai, T., Baguma, Y., Maruthi, M. N., et al. (2012). African cassava whitefly, Bemisia tabaci, resistance in african and south american cassava genotypes. J. Integr. Agric. 11, 327–336. doi: 10.1016/S2095-3119(12)60017-3

 Osborne, J. W. (2010). Improving your data transformations: applying the Box-Cox transformation. Pract. Assess. Res. Eval. 15, 1–9. Available online at: http://pareonline.net/getvn.asp?v=15&n=12

 Piepho, H.-P. (2014). Network-meta analysis made easy: detection of inconsistency using factorial analysis-of-variance models. BMC Med. Res. Methodol. 14:61. doi: 10.1186/1471-2288-14-61

 Piepho, H. P. (2012). A SAS macro for generating letter displays of pairwise mean comparisons. Commun. Biometry Crop Sci. 7, 4–13. Available online at: http://agrobiol.sggw.pl/~cbcs/pobierz.php?plik=CBCS_7_1_2.pdf

 Poosapati, S., Ravulapalli, P. D., Tippirishetty, N., Vishwanathaswamy, D. K., and Chunduri, S. (2014). Selection of high temperature and salinity tolerant Trichoderma isolates with antagonistic activity against Sclerotium rolfsii. Springerplus 3:641. doi: 10.1186/2193-1801-3-641

 Powell, G., and Hardie, J. (2002). “Xylem ingestion by winged aphids,” in Proceedings of the 11th International Symposium on Insect-Plant Relationships (Dordrecht: Springer), 103–108.

 Prado Maluta, N. K., Garzo, E., Moreno, A., Navas-Castillo, J., Fiallo-Olivé, E., Spotti Lopes, J. R., et al. (2017). Stylet penetration activities of the whitefly Bemisia tabaci associated with inoculation of the crinivirus tomato chlorosis virus. J. Gen. Virol. 98, 1515–1520. doi: 10.1099/jgv.0.000783

 Rey, C., and Vanderschuren, H. (2017). Cassava mosaic and brown streak diseases: current perspectives and beyond. Annu. Rev. Virol. 4, 429–452. doi: 10.1146/annurev-virology-101416-041913

 Rodríguez-López, M. J., Garzo, E., Bonani, J. P., Fereres, A., Fernández-Muñoz, R., and Moriones, E. (2011). Whitefly resistance traits derived from the wild tomato Solanum pimpinellifolium affect the preference and feeding behavior of Bemisia tabaci and reduce the spread of tomato yellow leaf curl virus. Phytopathology 101, 1191–1201. doi: 10.1094/PHYTO-01-11-0028

 Rodríguez-López, M. J., Garzo, E., Bonani, J. P., Fernández-Muñoz, R., Moriones, E., and Fereres, A. (2012). Acylsucrose-producing tomato plants forces Bemisia tabaci to shift its preferred settling and feeding site. PLoS ONE 7:e33064. doi: 10.1371/journal.pone.0033064

 Santos, C., Machado, H., Correia, I., Gomes, F., Gomes-Laranjo, J., and Costa, R. (2015). Phenotyping Castanea hybrids for Phytophthora cinnamomi resistance. Plant Pathol. 64, 901–910. doi: 10.1111/ppa.12313

 Sarria, E., Cid, M., Garzo, E., and Fereres, A. (2009). Excel workbook for automatic parameter calculation of EPG data. Comput. Electron. Agric. 67, 35–42. doi: 10.1016/j.compag.2009.02.006

 Shirima, R. R., Maeda, D. G., Kanju, E., Ceasar, G., Tibazarwa, F. I., and Legg, J. P. (2017). Absolute quantification of cassava brown streak virus mRNA by real-time qPCR. J. Virol. Methods 245, 5–13. doi: 10.1016/j.jviromet.2017.03.003

 Spiller, N. J., Koenders, L., and Tjallingii, W. F. (1990). Xylem ingestion by aphids–a strategy for maintaining water balance. Entomol. Exp. Appl. 55, 101–104.

 Sseruwagi, P., Legg, J. P., Maruthi, M. N., Colvin, J., Rey, M. E. C., and Brown, J. K. (2005). Genetic diversity of Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) populations and presence of the B biotype and a non-B biotype that can induce silverleaf symptoms in squash, in Uganda. Ann. Appl. Biol. 147, 253–265. doi: 10.1111/j.1744-7348.2005.00026.x

 Sseruwagi, P., Maruthi, M. N., Colvin, J., Rey, M. E. C., Brown, J. K., and Legg, J. P. (2006). Colonization of non-cassava plant species by cassava whiteflies (Bemisia tabaci) in Uganda. Entomol. Exp. Appl. 119, 145–153. doi: 10.1111/j.1570-7458.2006.00402.x

 Tajebe, L. S., Boni, S. B., Guastella, D., Cavalieri, V., Lund, O. S., Rugumamu, C. P., et al. (2015a). Abundance, diversity and geographic distribution of cassava mosaic disease pandemic-associated Bemisia tabaci in Tanzania. J. Appl. Entomol. 139, 627–637. doi: 10.1111/jen.12197

 Tajebe, L. S., Guastella, D., Cavalieri, V., Kelly, S. E., Hunter, M. S., Lund, O. S., et al. (2015b). Diversity of symbiotic bacteria associated with Bemisia tabaci (Homoptera: Aleyrodidae) in cassava mosaic disease pandemic areas of Tanzania. Ann. Appl. Biol. 166, 297–310. doi: 10.1111/aab.12183

 Thresh, J. M., Fargette, D., Otim-Nape, G. W., and others (1994). Effects of African cassava mosaic geminivirus on the yield of cassava. Trop. Sci. 34, 26–42.

 Tjallingii, W. F. (1978). Electronic recording of penetration behaviour by aphids. Entomol. Exp. Appl. 24, 721–730. doi: 10.1111/j.1570-7458.1978.tb02836.x

 Tocko-Marabena, B. K., Silla, S., Simiand, C., Zinga, I., Legg, J., Reynaud, B., et al. (2017). Genetic diversity of Bemisia tabaci species colonizing cassava in Central African Republic characterized by analysis of cytochrome c oxidase subunit I. PLoS ONE 12:e0182749. doi: 10.1371/journal.pone.0182749

 Walker, G. P. (2000). “A beginner's guide to electronic monitoring of homopteran probing behavior,” in Principles and Applications of Electronic Monitoring and Other Techniques in the Study of Homopteran Feeding Behavior, eds G. P. Walker and E. A. Backus (Lanham, MD: Thomas Say Publications in Entomology, Entomological Society of America), 14–40.

 Walker, G. P., and Perring, T. M. (1994). Feeding and oviposition behavior of whiteflies (Homoptera: Aleyrodidae) interpreted from AC electronic feeding monitor waveforms. Ann. Entomol. Soc. Am. 87, 363–374. doi: 10.1093/aesa/87.3.363

 Wosula, E. N., Chen, W., Fei, Z., and Legg, J. P. (2017). Unravelling the genetic diversity among cassava Bemisia tabaci whiteflies using NextRAD sequencing. Genome Biol. Evol. 9, 2958–2973. doi: 10.1093/gbe/evx219

 Zhou, J. S. (2014). Bemisia tabaci B-Arabidopsis Interactions Examined by Electrical Penetration Graphs. Available online at: https://escholarship.org/uc/item/83r4f1cv.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Milenovic, Wosula, Rapisarda and Legg. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-10-00001-t001.jpg
Mean duration of individual waveform events (min, pd and E1 in seconds)

c pd 3 E1 E2 F np
Cassava-SSA1-SG3 10.3a 6.0a 37.0ab 65.6b 260a 19.3 ab 50b
SweetPotato-SSA1-SG3 38d 43bc 61.4ab 89.5ab 145.1a 20.1a 34b
Tomato-SSA1-SG3 56c 441bc 57.6a otta 358bc 233a 2022
Cotton-SSA1-5G3 69bc 5.1ab 39.7ab 923ab 125.6ab 23.1a 53abe
Cassava-MED 89ab 50b 15.2¢ 96.9ab 41.0cd 10.9 be 52ab
SweetPotato-MED 6.1c 38cd 19.8bc 60.3ab 127.4a 14.0ac 53abe
Cassava-lO 8.0ac 5.6abc 15.4 bc 104.8 ab 10.6d 127 ac 3.6abc
SweetPotato-I0 6.2 bed 33d 242b 71.0ab 130.7 ab 65¢ 19¢

Statistical analysis was performed after transformation, data presentediis on the original scale. Letter displey was obtained by the method of Piepho (2012) from PROC GLIMMIX output.
Means with same letters within column are not significantly different (P = 0.05, Tukey-Kramer tess).

C, pathwey; pd, intracellular puncture (potential drop); G, xylem feeding; E1, phioem salivation; E2, phioem ingestion; F; deraed stylet mechanics; np, non-probing. Waveform pd and
E1 are expressed in seconds, and all other values are in minutes. The number of SSA1-SG3 individuals was 40, 15, 15, and 14 on cassava, sweet potato, tomato, and cotton hosts,
respectively, 28 and 15 of MED on cassava and sweet potato, respectively, and § and 9 of IO indviduals on cassava and sweet potato, respectively.
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Mean number of waveform events (rounded)

c pd [ E1 E2 F np

Cassava-SSA1-5G3 20d 45 a0 2cd 4c 2¢ 2¢ 16¢
SweetPotato-SSA1-SG3 38ac 15d 2bc 2 2bec 6a 35ab
Tomato-SSA1-SG3 31c 34 bed 1c 10b 6a 2bo 2220
Cotton-SSA1-5G3 28cd 22¢cd fed 4be 4ac 5a 25bc
Cassava-MED 48ab 74a 4a 4ac 2¢ 4ab 39b
SweetPotato-MED 34bc 34be 1ed 5bo 4ab 3ac 30ab
Cassava-10 52a 783b 43b 3be 1be 4ac 44ab
SweetPotato-I0 34acd 4220 od 9ab 7a 4ac 26bc

Statistical analysis was performed after transformation, data presentediis on the original scale. Letter displey was obtained by the method of Piepho (2012) from PROC GLIMMIX output.
Means with seme letters within column are not significantly different (P = 0.05, Tukey-Kramer tes).

C, pathway; pd, intracelllar puncture (potential drop); G, xylem feeding; E1, phioem salivation; E2, phloem ingestion; F, derailed stylet mechanics; np, non-probing. The number of
SSA1-SG3 indlviduals was 40, 15, 15, and 14 on cassava, sweet potato, tomato, and cotton hosts, respectively, 28 and 15 of MED on cassava and sweet potato, respectively, and 5
and 9 of IO individuals on cassava and sweet potato, respectively.
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2.5 um platinum 12.5um gold wire

wire N = 40 N=23
Number of probes 163b 762a
Mean duration of probes in min 67.9a 108b
Total duration of C in min 2033b 276.4a
Total duration of pd in min 452 24b
Total duration of G in min 5392 463a
Total duration of E1 in min 34a 14b
Total duration of E2 in min 352a %0.1b
Total duration of F in min 383b 9%.2a
Total duration of np in min 69.1b 21082
Mean duration of G in min 10.3a 45b
Mean duration of pd in min o.ta o1a
Mean duration of G in min 37a s6.1a
Mean duration of E4 in min 1.1a 07a
Mean duration of E2 in min 260a 64.2b
Mean duration of F in min 19.3a 1822
Mean duration of np in min 5a 41b
Number of short C events 7.4b 55a
Duration of first probe in min 158a 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 1965 b 3049a
Number of sustained E2 15a b
Duration of longest E2 in min 32842 1005 b
Time from start of probe with 1t E to 1st 33.1a 252a
Einmin
Percent of whiteflies with £2 waveform %5 64

Statistical analysis was performed ater transformation, data presented is on the original
scale. Letter display was obtained by the method of Piepho (2012) from PROC GLIMMIX
output. Means with same letters within row are not significantly different (P = 0.05,
Tukey-Kramer test).

C, pathway; pd, intrecellular puncture (potential drop); G, xylem feeding; E1, phioem
salivation; E2, phioem ingestion; E, any phloem event; F; derailed stylet mechanics; np,
non-probing. The number of individuals was 40 and 23 for 2.5 um and 12.5 um wire,
respectively.
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Cassava
SSA1-SG3
Percent contribution of E1 to phloem phase 810
Time in min from beginning of EPG to first probe 82b
Time in h from first probe to 1st E 31a
Time in min to first E2 from start of that probe 376a
Time in min from start of probe with 1st E to 1st E 33.1ab
Duration in min of E1 followed by first sustained E2 07b
Number of sustained E2 15b
Number of sustained G 12ab

Sweet potato
SSA1-SG3

26b
89abc
49a
30.1ab
28.4a
17a
2.1bc
15a

Tomato
SSA1-SG3

10.6a

99.1a
29a

206b
17b
28a
3.5¢c
13a

Cotton SSA1-SG3 Cassava MED

59b
3.2bc
39a
32.8ab
32.3ab
1.4ab
19bc
1.1ab

485a
16.2ab
42a
243b
27.1ab
15a
08a
1.8a

Sweet potato
MED

17b
13¢c
26a
27.2ab
25.1ab
1a
31c¢c
04b

Statistical analysis was performed after transformation, date presentediis on the original scale. Letter displey was obtained by the method of Piepho (2012) from PROC GLIMMIX output.

Means with same letters within row are not significantly different (P = 0.05, Tukey-Kramer tes).
G, xylom feeding: E1, phioem salivation; E2, phloem ingestion; E, any phloem event. The number of SSAT-SG3 indivicuals was 40, 15, 15, and 14 on cassave, sweet potato, tomato,

and cotton hosts, respectively, 28 and 15 of MED on cassava and sweet potato, respectively.
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