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ABSTRACT 

Many insects form symbioses with maternally inherited, intracellular bacteria, which can 

have major effects on the ecology and evolution of the insect host. Here I investigated the 

interaction between a global agricultural pest, Bemisia tabaci (the sweetpotato whitefly), and 

a Rickettsia bacterial symbiont. Rickettsia had previously been tracked sweeping through 

field populations of B. tabaci in the southwestern USA and had been shown to dramatically 

increase whitefly fitness under laboratory conditions. In contrast, the Rickettsia present in 

whiteflies in Israel has few observable fitness effects and is declining in frequency in field 

populations. I explored the population dynamics of Rickettsia in B. tabaci field populations 

in the USA and Israel, and assessed the genetic diversity of the Rickettsia in these 

populations. In laboratory experiments, there was no observable effect of Rickettsia on the 

heat shock or constant temperature tolerance of USA B. tabaci. Instead, whitefly genetic 

background appears to influence the effects of Rickettsia. Lastly, analysis of the genome 

sequence of Rickettsia provided insights into the mechanism of the fitness benefit and 

evolutionary history of the bacterium. Taken together, these integrated ecological, 

physiological and genomic studies provide some explanation for the contrasting and wide-

ranging phenotypes associated with whitefly Rickettsia, and provide support for the 

hypothesis that the fitness benefit provided by Rickettsia is context dependent. The Rickettsia 

symbiosis exhibits geographically distinct population dynamics, is affected by whitefly 

genotype, and may involve manipulation of host plants and/or defense against pathogens 

rather than nutritional supplementation. Overall, these results highlight the important role 

that microbial symbionts may play in the adaptation of invasive species to changing 

environments.  
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INTRODUCTION 

Insects dominate animal diversity, and many have substantial environmental impact as 

invasive or pest species, vectors, pollinators, decomposers, biological control agents and key 

players in ecological networks. Many insects form symbioses with maternally inherited, 

intracellular bacteria. These symbiotic bacteria can have major influences on the insect host's 

reproduction and ecology. ‘Primary’ or ‘obligate’ symbionts biosynthesize essential nutrients 

lacking in the insect diet and are necessary for host survival. ‘Secondary’ or ‘facultative’ 

symbionts may spread by manipulating host reproduction to favor their transmission, or by 

providing a context-dependent benefit such as protection from predators or abiotic stress 

(Douglas et al. 1989, Moran et al. 2012). Historically it has been difficult to detect and study 

these symbionts due to their intracellular lifestyle, which often makes them unsuitable for 

standard culturing and refractory to traditional microbiology methods. With new molecular 

and genomics tools, we are still only beginning to understand the diversity, distribution and 

far reaching influences of these microbial partners of insects.  

 

This dissertation concerns the interaction between a highly invasive insect, the sweetpotato 

whitefly Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae), and one of its secondary 

symbionts, Rickettsia sp. nr. bellii (Gottlieb et al. 2006). Bemisia tabaci is a small, sap-

feeding hemipteran and global agricultural pest. It causes millions of dollars of losses 

worldwide each year, damaging crops by feeding, vectoring plant viruses and excreting 

sticky honeydew (Oliviera et al. 2001). Bemisia tabaci has a primary symbiont, Portiera 

aleyrodidarum (Baumann 2005) and a high diversity of secondary symbionts including 

clades of Cardinium, Fritschea, Hamiltonella, Arsenophonus, Wolbachia, Hemipteriphilus 
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and Rickettsia (Gueguen et al. 2010; Zchori-Fein et al. 2014). Bemisia tabaci is a complex of 

morphologically indistinguishable species, currently in the process of taxonomic revision 

(DeBarro et al. 2011). Different genetic groups vary in their patterns of secondary symbionts. 

The focus of this study was the “B” or “MEAM1” species (formerly “B-biotype”), which is 

the sweetpotato whitefly present in the field in the USA (Dickey et al. 2013). Herein all 

mentions of B. tabaci refer to this genetic group, unless otherwise stated. Only two secondary 

symbionts have been detected in this group: Hamiltonella defensa at near-fixed frequencies 

and Rickettsia, the focus of this study (Gottlieb et al. 2006; Chiel et al. 2007; Gottlieb et al. 

2008; Gueguen et al. 2010; Nirgianaki et al. 2003; Zchori-Fein and Brown, 2002; Himler et 

al. 2011; Cass et al. 2015; Bing et al. 2013; Chu et al. 2011; Hagimori et al. 2006).  

 

Rickettsia are alpha-Proteobacteria that have been extensively studied for their role as 

arthropod-vectored human pathogens causing typhus and the spotted fevers (Azad et al. 

1998). Recent surveys of arthropods have detected many strains that are not known to infect 

vertebrates and Rickettsia is increasingly viewed as a more widespread symbiont (Perlman et 

al. 2006). The Rickettsia infecting B. tabaci is in the ancestral bellii clade, which includes 

other Rickettsia symbionts of herbivorous insects and Rickettsia associated with male-killing 

(Lawson et al. 2001), parthenogenesis induction (Giorgini et al. 2010; Hagimori et al. 2006), 

and leafhopper-vectored papaya bunchy top disease (Davis et al. 1998).  

 

When the research described in this dissertation was proposed, Rickettsia had recently been 

tracked sweeping through B. tabaci populations in the southwestern USA from 1% infection 

frequency in 2000 to 97% in 2006, and remaining high in 2008 and 2009. Rickettsia was 
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shown to dramatically increase whitefly fitness and alter whitefly sex ratios via an unknown 

mechanism (Himler et al. 2009). A new symbiont association such as this brings a fresh set 

of genomic capabilities to the host population and can alter the way in which this host 

interacts with its environment and evolves. This novel Rickettsia symbiosis provided an ideal 

system in which to investigate how microbes can affect invasive species.  

 

In contrast to the mutualistic symbiosis observed in B. tabaci populations in the USA, in 

Israel Rickettsia was detected at an intermediate frequency (72%, n=205) in 2005 and has 

been associated with few apparent fitness effects in B. tabaci populations in Israel, with the 

exception of slightly faster development time (Chiel et al. 2009) and greater susceptibility to 

insecticides (Kontsedalov et al. 2008). Given the conflicting phenotypic observations of the 

Rickettsia symbiont in B. tabaci in Israel and the USA, I hypothesized that Rickettsia 

provides a context-dependent benefit to the whitefly. From this hypothesis, I predicted that 

Rickettsia would have different population dynamics in the field in the USA and Israel, tested 

several external factors for their interaction with the symbiosis under laboratory conditions, 

and used genomic resources to explore the possible underlying mechanisms of the fitness 

benefit. During the preparation of this dissertation, further studies reported evidence in 

support of this hypothesis, with mixed reports about the ability of Rickettsia to protect 

whiteflies against heat shock and extreme low or high temperatures (Mahadav et al. 2009; 

Brumin et al. 2011; Shan et al. 2014), evidence of transmission of Rickettsia among feeding 

whiteflies through the plant tissues (Caspi-Fluger et al. 2012), and Rickettsia associated with 

increased competitiveness of whiteflies in the field (Asiimwe et al. 2014), protection of 

whiteflies against an a common entomopathogen (Hendry et al. 2014) and altering the 
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interaction of B. tabaci with tomato yellow leaf curl virus (Gottlieb et al. 2010).  

 

In the first chapter I surveyed Rickettsia frequencies in B. tabaci populations across the 

cotton-growing regions of Israel and the USA. Twenty-two sites were sampled in the USA in 

2011, spanning four major geographical regions, with two sites re-tested the following year. 

From Israel, current and historical samples were available from thirteen sites covering the 

three major cotton-growing regions from the year 2002 to 2012. In addition, I performed an 

empirical assessment of the sensitivity of Rickettsia detection limits from the different 

laboratories. This protocol is suggested as a useful tool that allows for better comparisons of 

results from symbiont surveys performed in different laboratories, and will improve the rigor 

in interpretation of field symbiont surveys.  

 

In the second chapter I conducted a series of ecological experiments to characterize the 

fitness effects of this symbiont across a range of conditions. I measured fitness parameters in 

two whitefly genetic backgrounds collected in the southwestern USA, where the strong 

fitness benefits, high field frequencies and sex ratio distortion had been observed. I tested for 

an effect of Rickettsia on whitefly survival following heat shock with or without access to 

plant material, competition at hot or cold temperatures and different Rickettsia starting 

frequencies.  

 

In the third chapter I sequenced the genome of Rickettsia. The structure and content of the 

genome was compared to that of the closest sequenced relative, R. bellii, a symbiont of ticks. 

The biosynthetic capabilities were assessed for complementarity to the two other B. tabaci 
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symbionts, Portiera and Hamiltonella. Genes unique to Rickettsia in B. tabaci were 

evaluated for their potential to contribute to the fitness benefit.  

 

The integration of ecological, physiological and genomic approaches provides a 

comprehensive examination of the influence of Rickettsia on whitefly biology. This study of 

symbiont dynamics, interaction with temperature and whitefly genotypes, and genome 

sequence provides important information about an underexplored aspect of the biology of a 

highly invasive insect pest. More generally, these studies further our understanding of the 

potential for microbial symbionts to affect the ecology and evolution of their macroscopic 

hosts in changing environments. 
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CHAPTER 1: Dynamics of the endosymbiont Rickettsia in an insect pest 

 

This work was published in the journal of Microbial Ecology following peer review 

(Appendix A; Cass et al. 2015).  

 

The bacterial symbiont Rickettsia was previously shown to provide strong fitness benefits to 

B. tabaci collected in the southwestern USA, where it had been tracked sweeping through 

host field populations (Himler et al. 2011). In contrast, this same symbiont in Israel had been 

shown to be transferred horizontally among feeding B. tabaci through plant tissue (Caspi-

Fluger et al. 2012), but not to provide strong fitness benefits (Chiel et al. 2009). These 

disparate phenotypic observations gave rise to the hypothesis that the host-symbiont 

interaction was context dependent. I tested the prediction that there would be different 

symbiont population dynamics in the two locations. 

 

Frequencies of the symbiont Rickettsia in populations of the invasive whitefly Bemisia tabaci 

were generally very high across the cotton growing regions of the USA, but were lower and 

declining in Israel. The distinct outcomes of Rickettsia infection in these two countries 

support previously reported phenotypic observations and suggest underlying geographic 

differences in the symbiosis. I found no evidence to suggest genetic variation in the symbiont 

among regions; no sequence differences were detected for several genes, including an 

intergenic spacer region known to be highly variable in Rickettsiaceae. In addition, I reported 

a simple protocol of general utility to determine comparability of diagnostic PCR results 

produced from different laboratories, demonstrating for this study that the differences in 
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Rickettsia frequencies are not likely due to differences in methodology, and more generally 

providing a tool to allow sensitivity analysis of different laboratory methods in diagnostic 

PCR.  

 

Until the current study, the spread of Rickettsia beyond the southwestern USA had not been 

documented, nor had Rickettsia frequencies in Israel except for one sample in the mid-2000s. 

This report of dynamic geographical variation and evidence against underlying genetic 

differences in the Rickettsia secondary symbiont of B. tabaci is an important advancement in 

understanding the ecology of Rickettsia infecting a global agricultural pest and is a step 

towards understanding previously reported phenotypic observations about the symbiosis. 

 

This research was conducted in collaboration with the Agricultural Research Organization in 

Israel, where the Rickettsia infection in whiteflies was first detected. Collaborators in Israel 

collected and screened samples collected there, sent some samples to me for processing, 

compiled and helped analyzed the Israeli portion of the results. In the USA, I received help to 

maintain whitefly laboratory cultures from the laboratory manager, Suzanne Kelly, and from 

an undergraduate student, Elizabeth Bondy, who I trained to help process and screen the 

large number of whitefly specimens. Many people volunteered to help collect whiteflies from 

field sites under my direction; their names are listed in the manuscript acknowledgements. 

All authors read and commented on the manuscript and participated in discussions with me 

about the results.  
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CHAPTER 2: Conditional fitness benefits of the Rickettsia bacterial symbiont in an insect 

pest  

 

This work is under peer review for publication in the journal Oecologia (Appendix B).  

 

The finding from Chapter 1, that the frequency of the Rickettsia is high but heterogeneous 

among field sites in the USA, and low and declining in Israel, suggested that the benefits of 

the symbiont are contingent on additional factors. With no evidence to suggest genetic 

variation in the symbiont among regions, I tested whether the fitness benefits are contingent 

on ecological context. I tested for an interaction between Rickettsia infection and host genetic 

line, whitefly survival after heat shock, whitefly competitiveness at different temperatures 

and at different population frequencies of Rickettsia. I found a strong interaction between 

Rickettsia infection and the performance of the two whitefly genotypes lines tested. 

Rickettsia was associated with significant female bias in both lines but in the second it 

conferred neither significant fitness benefits nor any competitive advantage to its host over 

uninfected whiteflies in population cages. In contrast to the important role of host genotype, 

temperature effects (heat shock and constant heat or cold stress) and starting frequency were 

not influential in the outcome of interactions between Rickettsia and its whitefly host. 

 

The interactions of host genotype with the symbiont may help to explain other reports of 

variation in the phenotype of the symbiosis. The role of host genotype in a symbiosis 

phenotype is well known for symbionts that are reproductive parasites, but appears to be less 

common in mutualist associations such as the one examined here. These results provide a 
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potential explanation for the large geographic variation in Rickettsia dynamics, and more 

generally demonstrate some of the contingencies that influence host-symbiont dynamics in 

the field. 

 

This research was conducted in collaboration with other members of the Hunter laboratory. A 

postdoctoral fellow, Anna Himler, conducted the first experiment testing the effect of 

whitefly genetic background under standard laboratory conditions, while I performed all of 

the temperature-related experiments as well as the population cage experiments. I also 

received help to maintain whitefly laboratory cultures and from undergraduate students 

Elizabeth Bondy and Sierra Fung, who I trained to help with the large-scale experiments. All 

authors read and commented on the manuscript and participated in discussions with me about 

the results.  
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CHAPTER 3: Genome of Rickettsia endosymbiont suggests candidate mechanisms for 

fitness benefit to whitefly host  

 

A full manuscript detailing this work is intended for publication in a journal that publishes 

genomic analyses, pending editorial and peer review (Appendix C).  

 

The previous chapters uncovered geographical variation in Rickettsia frequencies, that 

appeared to correspond with variation in phenotype. I found that the phenotype was 

influenced by whitefly genotype, but found no evidence was found for a temperature 

interaction or Rickettsia genetic variation, leaving open the question of the underlying 

mechanism of the fitness benefit. Sequence data from Arizona whitefly Rickettsia was 

obtained using two complementary methods, 454 Pyrosequencing and Illumina, and the 

genome assembled and annotated. The genome was assessed for the completeness of 

biosynthetic pathways, mined for genes encoding host effectors and compared to the 

genomes of close relatives and other whitefly symbionts.  

 

The core metabolic profile of whitefly Rickettsia is highly reduced and contains few 

complete core metabolic pathways. There are some nutritional genes present in Rickettsia 

that could complement the nutritional capabilities of the other two symbionts, however, these 

are in essential pathways also likely present in the whitefly genome. Many potential secreted 

effector proteins suggest that the fitness benefit is related to manipulation of host plant 

defenses or defense against natural enemies. To our knowledge, this is the first analysis of a 
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genome of a Rickettsia infecting a phytophagous host; genes unique to this Rickettsia provide 

general insight into host adaptation and help reconstruct early-stage Rickettsia evolution.  

 

This research was conducted in collaboration with the co-authors appearing on the 

manuscript. James Van Leuven assisted with the genome assembly. The sequence data was 

kindly provided by Dan Sloan and Patrick Degnan in Nancy Moran’s laboratory, a byproduct 

of other sequencing efforts. Jeremiah Hackett assisted with manual annotation of the genome. 

A number of researchers participated in discussions about the methodology and results, as 

acknowledged in the manuscript.  
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CONCLUSIONS 

Facultative bacterial endosymbionts can move in and out of their insect host populations 

within an ecological time scale, bringing new sets of genetic capabilities that may permit host 

adaptation to different conditions, affecting host population structure and driving host 

evolution (Moran et al. 2012; White et al. 2009). The studies reported here explored the 

interaction between the facultative bacterial endosymbiont Rickettsia and its polyphagous 

hemipteran host Bemisia tabaci, a serious agricultural pest and globally distributed invasive 

species (Oliviera et al. 2002; DeBaro et al. 2011).  

 

First, I surveyed the frequencies of the symbiont in field populations in Israel and the USA. 

Rickettsia has been driven almost to fixation in part of its USA host range, likely owing to its 

capacity to provide dramatic fitness advantages and to distort the sex ratio of its host. In 

Israel Rickettsia appears to be a neutral or mildly detrimental infection that may soon be lost 

from field populations. I found no evidence of genetic diversity in Rickettsia among 

locations. A simple protocol was used to demonstrate the comparability of these survey 

results between laboratories.  

 

Secondly, I tested for different context-dependent outcomes of the symbiosis under 

laboratory conditions. The Rickettsia phenotype was affected by host genotype but not by 

temperature or Rickettsia population frequency. These results provided some explanation for 

the complex phenotypes reported from different locations.  

 

Lastly, I sequenced the genome of Rickettsia from whiteflies collected in Arizona where the 
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strong fitness benefits were observed. The genetic contents suggest a role in manipulating 

plant defenses or defending against environmental challenges, rather than nutritional basis for 

the symbiosis.  

 

There is much scope for future research building on the findings presented here. Building on 

the first chapter, Rickettsia field dynamics could be tracked in conjunction with other 

organisms and environmental conditions. Long-term surveying and expanding the range of 

areas surveyed, for example, into northern Mexico, could show interesting patterns over time. 

Future laboratory experiments could test for fitness effects in additional whitefly genetic 

lines under different contexts, perhaps density dependence, further explore frequency 

dependence, or test other factors arising from the genome analysis. The genome sequence 

opens up many avenues of research including testing for the roles of putative secreted 

proteins. Comparison to the genome of Rickettsia from whiteflies collected in Israel would 

help to test the hypotheses for the mechanism of the fitness benefit. A genomic or 

transcriptomic analysis of the whitefly host would complete the picture of the full genetic 

capabilities of the insect and symbionts.  

 

The intricate relationship between Rickettsia and Bemisia described here is just one example 

of the many facultative symbiont relationships prevalent in natural and agricultural systems. 

We are only beginning to understand that "the role" of a symbiont is often context dependent 

and may depend on host plant, pathogens, host genotype. The geographic mosaic framework 

for mutualisms (Thompson 1997) developed for interaction between independent-living 

species may apply here, with symbionts having large influences on hosts in some 
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environments or with neutral impacts in others. The data presented here add to our 

understanding of the interplay between symbiont and host, and how selection acts on them as 

a functional unit (Zchori-Fein et al. 2014). For invasive species with uniform genetic 

landscapes following bottlenecks, symbiont-infected hosts may have competitive advantages, 

with the communities creating cryptic but important genetic population structure and driving 

host evolution in complex and changing environments.  
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ABSTRACT  

A new heritable bacterial association can bring a fresh set of molecular capabilities, 

providing an insect host with an almost instantaneous genome extension. Increasingly 

acknowledged as agents of rapid evolution, inherited microbes remain underappreciated 

players in pest management programs. A Rickettsia bacterium was tracked sweeping through 

populations of an invasive whitefly provisionally described as the ‘B’ or ‘MEAM1’ of the 

Bemisia tabaci species complex, in the southwestern USA. In this population, Rickettsia 

provides strong fitness benefits and distorts whitefly sex ratios under laboratory conditions. 

In contrast, whiteflies in Israel show few apparent fitness benefits from Rickettsia under 

laboratory conditions, only slightly decreasing development time. A survey of B. tabaci B 

samples revealed the distribution of Rickettsia across the cotton-growing regions of Israel 

and the USA. Thirteen sites from Israel and twenty-two sites from the USA were sampled. 

Across the USA, Rickettsia frequencies were heterogeneous among regions, but were 

generally very high, whereas in Israel the infection rates were lower and declining. The 

distinct outcomes of Rickettsia infection in these two countries conform to previously-

reported phenotypic differences. Intermediate frequencies in some areas in both countries 

may indicate a cost to infection in certain environments or that the frequencies are in flux. 

This suggests underlying geographic differences in the interactions between bacterial 

symbionts and this serious agricultural pest. 

 

Keywords: whitefly, Bemisia tabaci, Middle East-Asia Minor 1 (MEAM1), Bemisia 

argentifolii, B biotype, diagnostic PCR   
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1. INTRODUCTION 

Many insects form intimate associations with microbial symbionts that reside within host 

cells and can have large effects on host biology by providing essential nutrients, increasing 

fitness or manipulating reproduction [22, 62, 95]. Insects dominate animal diversity, provide 

valuable ecosystem services and include some of the most costly agricultural and medical 

pest species. A new symbiont in an insect population brings new genes, with the potential to 

affect host invasiveness and ecology [50, 51]. In spite of theory and indirect evidence of 

symbiont fluctuations in host populations [42, 46, 72, 85], observations of dynamic change in 

symbiont infections are scarce. Among the few direct examples [23, 47, 53, 84] is the rapid 

spread of a Rickettsia bacterium in populations of the sweet potato whitefly, Bemisia tabaci 

(Gennadius) (Hemiptera: Aleyrodidae) in the southwestern USA [38].  

 

Bemisia tabaci is highly polyphagous and has been ranked among the world’s worst invasive 

species [56]. It causes hundreds of millions of dollars of crop damage annually by phloem 

feeding, vectoring of over one hundred plant viruses and contaminating plants with sticky 

honeydew [6, 37, 48, 65]. Bemisia tabaci was recently suggested to be a complex of distinct 

cryptic species, formerly described as biotypes [5, 17, 81]. Two of the most invasive putative 

species are the cosmopolitan ‘B’, also referred to as Middle East-Asia Minor 1 (MEAM 1) or 

B. argentifolii, and the ‘Q’ or Mediterranean (MED), which may be the true B. tabaci [81]. 

Both of these species are serious field pests of cotton and other crops in Israel [43], while in 

the USA B. tabaci B became established in the 1980s [6, 71] and remains the most important 

pest of cotton in the southwest [63]. The Q has been only detected in greenhouses in the USA 

since 2004 [20, 59]. In Israel it was sampled in both open field and protected crops; however, 
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since 2009 almost no Q has been detected in Israeli cotton fields [44].  

 

Rickettsia is a common insect symbiont [69] and arthropod-vectored vertebrate pathogen [1]. 

In other insects it has been associated with male-killing [54, 89], parthenogenesis induction 

[29, 34], and leafhopper-vectored papaya bunchy top disease [15]. Whitefly Rickettsia is in 

the bellii clade, most closely related to other Rickettsia occurring in phytophagous insects 

[30]. Rickettsia has also been reported in B. tabaci Asia II 3 (or ZHJ1), Asia II 7, Indian 

Ocean (or MS) and China 1 [3, 4, 33]. The B. tabaci species complex can house diverse 

intracellular bacterial symbionts in addition to Rickettsia, including the essential nutritional 

symbiont Portiera aleyrodidarum [78] and up to six other genera of secondary symbionts [4, 

24, 64, 88, 94]. The secondary symbionts have mostly unknown effects on the host and are 

found at different frequencies and combinations within B. tabaci populations [33]. The B. 

tabaci B appears to house just Rickettsia and be fixed for Hamiltonella in both Israel and the 

USA [10, 31, 33, 64, 94] as well as in other countries [3, 13, 33]. However, Wolbachia, 

Arsenophonus and Cardinium have also been reported from surveys in other populations 

around the world [14, 64].  

 

Whitefly-Rickettsia phenotypic interactions have been most studied in Israel and the USA, 

generating an increasing body of conflicting evidence concerning the nature of the symbiosis. 

In Israel, Rickettsia can be transmitted among feeding adult whiteflies through phloem [8] 

and no reproductive manipulations have been observed. Rickettsia is associated with few 

apparent fitness effects in Israel, with the exception of slightly faster development time [11], 

greater susceptibility to insecticides [52] and resistance to heat shock [7]. In the USA, by 
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contrast, there is little evidence of Rickettsia horizontal transmission through phloem [38]. 

However, laboratory experiments detected strong fitness benefits of infection, including 

increased fecundity and developmental survivorship, as well as female-biased sex ratio 

distortion.  

  

Given the conflicting phenotypic observations of B. tabaci B Rickettsia in Israel and the 

USA, we hypothesized underlying differences in the host-symbiont interaction and predicted 

dissimilar symbiont dynamics in the two locations. In the southwestern USA Rickettsia 

spread from 1% infection frequency in 2000, to 51% in 2003, to 97% in 2006, and remained 

high in 2008 and 2009 [38]. The distribution of Rickettsia throughout the USA beyond the 

southwest had not been documented until the current study. We expected that the strong 

fitness benefits demonstrated under laboratory conditions in the USA would have driven the 

spread of Rickettsia throughout the country. Rickettsia was first sampled in B. tabaci in Israel 

at intermediate frequencies in the mid-2000s but had not been documented until the current 

study [10, 30, 32]. In Israel, predictions of Rickettsia frequencies were more difficult to 

make, given the complexity of potential horizontal transmission of this symbiont and the 

costs and benefits of Rickettsia under different environmental stresses.  

 

Here we describe a survey that reveals the distribution of Rickettsia in B. tabaci populations 

across the cotton-growing regions of Israel and the USA. In addition, we performed an 

empirical assessment of the sensitivity of the different Rickettsia diagnostic PCR detection 

methods used in both laboratories, in a simple reproducible protocol that allows more direct 

comparison of results from different surveys.  
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2. METHODS 

2.1 Rickettsia frequencies, USA  

Bemisia tabaci adults were collected from cotton fields, where they may reach high numbers 

in the summer [63]. Twenty-two sites were sampled in 2011 (Online Resource 1), which 

covered four regions (Fig. 1) spanning the major cotton-growing belt in the USA. Where B. 

tabaci could not be recovered from cotton fields, collections were made from other plants 

that may seed the summer cotton populations: greenhouse sweet potato, greenhouse cotton 

and mixed field plants (including cotton), in LA, MS1 and FL, respectively. Six additional 

collection sites (not shown) were excluded from the analysis because fewer than ten 

individuals were found. Collection sites were marked with GPS (GPSMAP® 60CSx and 

eTrex Venture® HC, GARMIN). Two of the USA sites (GA1 and CA4) were re-sampled in 

2012 by cooperators.  

 

A standardized collection protocol was implemented for the main sampling effort in 2011. 

Adult whiteflies were collected individually from leaves with a customized aspirator to avoid 

damage to the insect. One whitefly per leaf was collected to minimize the chances of 

selecting many newly emerged siblings. In high-density fields, five whiteflies were collected 

into a new vial per plant, with at least 3 m between each plant. In low-density fields, many 

plants were searched to find each whitefly and vials were changed when at least five 

whiteflies were collected or when moving to a new region of the field. Where possible, more 

than 100 adults were collected per site and a subset of approximately fifty per site were 

screened for Rickettsia (range: 48-53, Fig. 1 and Online Resource 1). The aspirated whiteflies 

were immediately chilled on ice and cold 100% ethanol was added. Bemisia tabaci were 
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sexed and separated from other species under a stereomicroscope while still suspended in 

cold 100% ethanol. The whiteflies were kept in 100% ethanol at –20°C until DNA 

extraction.  

 

Total DNA was extracted from individual adult females using a Chelex protocol as described 

previously [12], then screened with 529F/1044R Rickettsia-specific primers targeting the 16S 

rRNA gene as described previously [12]. Using the same PCR conditions, microsatellite 

primers Bem23F/R, which give a band at 220bp for the B putative species and a band at 

410bp for the Q putative species, were used to determine whitefly identity and also as a 

positive control for DNA quality [18]. PCR products were visualized in 1% agarose with 

TAE buffer using SYBR Safe for microsatellite products (where assessing band size is 

critical) and the more sensitive SYBR Green for detection of Rickettsia products. Negative 

PCRs were repeated once to either confirm as uninfected or exclude as poor quality DNA.  

 

Rickettsia frequencies were analyzed by logistic regression in R [73] with collection region 

as an explanatory variable, to test for heterogeneity in frequencies among regions. As the 

sites were sampled in collecting trip blocks across the 2011 season, there was also the 

potential that the frequencies in the different regions were influenced by changes in 

Rickettsia frequency across the season. Therefore, collection date (day number since first 

collection was made in 2011) was also included as a covariate to exclude it as a confounding 

variable. A quasibinomial model was used when the residual deviance was greater than the 

degrees of freedom. Fisher's exact test was used to determine whether infection frequencies 

differed between 2011 and 2012 in each of the two sites that were sampled in both years, 
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with infected and uninfected whiteflies for 2011 and 2012 in a 2x2 contingency table in JMP 

version 8.0.2.  

 

2.2 Rickettsia frequencies, Israel  

As part of an ongoing pesticide resistance-monitoring program, B. tabaci B was collected 

from fourteen cotton field sites in Israel from 2000–2001 and 2009–2012. No B. tabaci B 

(only B. tabaci Q) were found in 2002–2008. The samples were aggregated into three main 

geographical regions. The ‘Northern’ region extended from the northern border of Israel to 

the city of Haifa in the south, the ‘Central’ region extended from Haifa south to the city of 

Revadim, and all more southerly sites were placed in the ‘Southern’ region (Online Resource 

1). 

 

Total DNA was extracted from individual male and female adults using a lysis protocol and 

screened with RbF/RbR Rickettsia-specific primers targeting the 16S rRNA gene as described 

previously [30]. In Israel as in the USA, B and Q whitefly putative species were 

distinguished by the size of a PCR product amplified by primers Bem23F/R [18]. Any 

sample that was negative for the Rickettsia PCR was then tested with primers amplifying the 

host mitochondrial cytochrome oxidase I (COI) gene [27], present in all whiteflies regardless 

of Rickettsia status. The purpose of the COI PCR was to determine if the sample was truly 

negative for Rickettsia or should be excluded because the DNA sample was insufficient 

quality for PCR. This control for DNA quality has been used in other studies [for example, 3, 

4, 30, 34, 38, 51]. PCR products were visualized in 1% agarose with ethidium bromide. 

Approximately 50 whiteflies were screened per site (range: 13–217, Online Resource 1). 
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Rickettsia frequencies for each year were analyzed by logistic regression in R [73] with year 

and region as variables. 

 

2.3 Rickettsia genetic diversity, USA and Israel comparison 

A subset of Rickettsia-specific 16S rRNA PCR products were sent for cleanup, quantification 

and sequencing at the University of Arizona Genetics Core to confirm the specificity of the 

primers for field-collected whiteflies. PCR products from 111 individuals were sent, as listed 

in Online Resource 1. Sequences were analyzed in Geneious version 5.0.4 and compared to 

previously published whitefly Rickettsia sequences and to the NCBI nr database using 

Megablast (available from http://www.ncbi.nlm.nih.gov/).  

 

To assess genetic diversity among Rickettsia populations in Israel and the USA, two 

Rickettsia DNA regions were sequenced from individual females, using the methods 

described above for the 528F/1044R primers. A portion of the citrate synthase gene, gltA, 

was sequenced from three females from a laboratory culture collected in Israel, two females 

from each of two laboratory cultures (‘MAC1’ and ‘MAC2’) collected in site AZ2, and 11 

females collected from field sites in the USA and 12 individuals collected from field sites in 

Israel (see Online Resource 1), using the primers rcit133F/1197R (57°C annealing 

temperature, 1-minute extension time) [15]. An intergenic spacer, rpmE-tRNAfMet, was also 

sequenced from one female from the laboratory culture in Israel, eight females from the 

laboratory cultures collected in site AZ2, 12 females collected from field sites in the USA 

and 14 individuals collected from field sites in Israel (see Online Resource 1), using the 

primers rpmEF/R  (55°C annealing temperature) [26]. The sequences from this study were 
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aligned with other selected sequences available in GenBank, using MAFFT version 7 [49]. 

Phylogenetic analyses were carried out using maximum likelihood in RAxML version 7.0.4 

[79] with the GTRCAT model and 1000 rapid bootstrap replicates, and Bayesian inference 

(BI) using MrBayes 3.2 [80]. Two parallel runs of four simultaneous Monte Carlo Markov 

chains were run for two million generations, and trees sampled every 1000 generations. 

Convergence of the separate runs was checked using the average deviation of split 

frequencies diagnostic (≤ 0.01). The burnin value was set at 25% of sampled topologies, and 

post-burnin trees were summarized as a 50% majority rule consensus tree. 

 

2.4 Limits of detection, USA and Israel comparison 

To assess the likelihood of false negative results for Rickettsia-positive whiteflies in the 

laboratories in the USA and Israel, we conducted an assay to determine the limits of 

detecting the bacterium using PCR. In both laboratories adult whiteflies from laboratory 

cultures were processed using the standard DNA extraction protocol in each laboratory as 

described above. A tenfold dilution series was performed on each DNA extraction and the 

diluted DNA at each concentration was screened for Rickettsia using the standardized 

protocol for DNA amplification and visualization used in each laboratory. DNA was diluted 

until no gel band was visible, up to 1/100,000. An example gel photo is provided in Online 

Resource 2. A total of 80 individuals were tested (Fig. 3).  

 

To confirm that the limits of detection analysis performed on laboratory culture whiteflies 

was comparable to the limits of detection expected for field-collected whiteflies, the titer of 

Rickettsia in field and laboratory-line females in the USA was further compared with 
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quantitative PCR. The quantitative PCR was performed on a BIORAD CFX Connect Real-

Time System with methods as described previously [38] using the 2-∆Ct method [55]. Twelve 

laboratory individuals were tested, along with field collected individuals from AZ2 (n=9) and 

MS2 (n=8; Online Resource 1). The mean normalized expression values of the Rickettsia 

gltA gene relative to the whitefly β-actin for each site were compared by ANOVA with 

collection site as the explanatory variable and 2-∆Ct values as the response variable (JMP 

version 8.0.2).   
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3. RESULTS 

3.1 Rickettsia frequencies, USA 

The infection frequency of Rickettsia in B. tabaci was high across the twenty-two sites 

sampled in the USA in 2011 (84% across all sites, n=1103, Fig. 1). The frequency of 

Rickettsia infection was significantly heterogeneous among the four geographic regions 

sampled (F3,18=5.89, P=0.008). The Southwest (Region 2) had the highest average infection 

frequency at 93% (n=353). The average Rickettsia infection frequency was lower in the San 

Joaquin Valley of California (Region 1, 71%, n=150), South Texas (Region 3, 80%, n= 148) 

and the Southeast (Region 4, 83%, n=452). Several individual sites showed a greater than 

95% infection frequency (CA1, AZ2, NM, TX4, TX3 and MS2) and the lowest infection 

frequency (58%) was found in CA3. The two sites that were resampled in 2012 had similar 

Rickettsia frequencies to the previous year: 76% (2011) and 74% (2012, n=100, p=1.00) in 

CA4, and 76% (2011) and 84% (2012, n=100, p=0.45) in GA1. All USA field-collected B. 

tabaci were confirmed as the B putative species. Collection date within the 2011 season was 

not a significant influence on Rickettsia frequencies, with no significant relationship between 

infection frequency and collection date (F1,17 =0.001, P=0.97) nor a statistically significant 

interaction between region and collection date (F3,14 =3.07, P=0.06). Collection date was 

therefore removed from the final model, in which only region was a significant explanatory 

variable. 

 

3.2 Rickettsia frequencies, Israel 

The Rickettsia frequency in B. tabaci B putative species in the cotton growing regions of 

Israel was significantly influenced by collection year (F1,10=10.26, P=0.019) but neither 
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region (F2,8=0.06, P=0.95) nor the interaction of year and region (F2,6=0.18, p=0.84) were 

significant factors. There were intermediate-high frequencies of Rickettsia in the early 2000s 

declining to low frequencies in 2012 (Fig. 2). The average infection frequency in 2000–2001 

was 61% (n=87) and in 2011–2012 the average had declined to 12% (n=433). The highest 

Rickettsia infection frequency at a single site was found in Nahshon (Ayalon Valley) in the 

Central region (95%, n=20, 88%, n=34 for the region as a whole) in 2001. In contrast, no 

Rickettsia was detected in Amiad in 2011 (n=19) or in Revadim in 2012 (n=38).  

 

3.3 Rickettsia genetic diversity, USA and Israel comparison 

The specificity of the 16S rRNA diagnostic PCR primers used in the USA was confirmed for 

a subset of PCR products. No genetic variation was found among the 518bp of 16S rDNA 

Rickettsia PCR products sequenced from individuals at each field site in the USA (n=111). 

This sequence for these field-collected samples was an exact match (100% similarity) to the 

Rickettsia 16S rRNA gene sequence from B. tabaci B collected in Israel [30] (GenBank 

accession DQ077707), which had previously been shown to be identical to Rickettsia 16S 

rRNA gene sequence from B. tabaci B collected in the USA in site AZ2 [38]. 

 

A minimum of 953 bp (maximum 986 bp) of quality sequence was recovered for the gltA 

gene of the 30 tested samples from field- and laboratory-collected B. tabaci from Israel and 

the USA. The final alignment including sequences retrieved from GenBank consisted of 67 

taxa and 1314 characters. All of the sequences from our study were identical. They also 

shared 100% similarity with five of the other previously-sequenced Rickettsia gltA sequences 

collected from B. tabaci B, Q, Reunion4, Reunion3 and BurkinaD3 (GenBank accessions 
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EU760764-5 and FJ766352-4, respectively). The ML and BI phylogenetic analyses resulted 

in trees with nearly identical topologically that placed the gltA sequences from this study in 

the Bellii group, clustered with other Rickettsia from B. tabaci (Online Resource 3). The 327 

bp rpmE-tRNAfMet intergenic spacer region was also identical (100% similarity) among all 

of the 35 tested samples from field- and laboratory-collected B. tabaci from Israel and the 

USA but shared only 58% pairwise identity with the same region in the R. bellii genome 

(GenBank accession DQ852359). The ML and BI phylogenetic analyses resulted in trees that 

were not well resolved for the known Rickettsia groups (Online Resource 3). As the 

sequences were identical, representative sequences from each collection region were 

uploaded to the GenBank database with the accession numbers KM023649 (gltA) and 

KM023650 (rpmE-tRNAfMet) for the laboratory lines and as listed in Online Resource 1 for 

field locations. 

 

3.4 Limits of Detection, USA and Israel comparison 

The different diagnostic PCR protocols for Rickettsia detection in the USA and Israel were 

able to detect Rickettsia from individual whiteflies at a 1/100 dilution for all but one male 

sample (Fig. 3). In both countries, the limit of detection was higher overall for female 

samples than for male samples. The limit of detection was also higher overall for USA 

samples compared to Israel samples. The mean maximum DNA dilution at which Rickettsia 

could be detected was 1/25600 for females (n=30) and 1/3624 for males (n=25) using the 

USA laboratory protocols and 1/1540 for females (n=15) and 1/ 370 for males (n=10) using 

the Israeli laboratory protocol.  
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There was no significant difference among the relative density estimates for Rickettsia in the 

field and laboratory, as tested with quantitative PCR (Analysis of Variance, F2,26=0.1107, 

P=0.90). The mean normalized expression values of the Rickettsia gltA gene relative to β-

actin were 32.7 ± 1.9 (SEM) for the MS2 field site, 32.3 ± 1.8 (SEM) for the AZ2 field site, 

and 34.1 ± 2.5 (SEM) for the laboratory lines originally collected in site AZ2. The similar 

densities of Rickettsia in the laboratory and field samples indicate that the limits of detection 

analysis conducted with laboratory whiteflies is relevant for the field-collected samples, as 

they all have similar levels of the bacterium. 
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4. DISCUSSION 

4.1 Dynamics of Rickettsia  

Across the USA, Rickettsia was found at high frequencies in B. tabaci populations in 2011 

(mean 84%), building on previous observations of a rapid increase in Rickettsia frequencies 

in the southwestern USA since 2000 [38]. The pattern in Israel was very different; Rickettsia 

frequencies were never as consistently high as observed in the USA and had declined to a 

mean frequency of 12% in 2011–2012. The distinct dynamics of Rickettsia in these two 

countries are consistent with observations of a much greater fitness benefit and female bias 

from Rickettsia association in whiteflies in the southwestern USA [38] than in whiteflies in 

Israel [9, 11]. These results support the hypothesis that there are underlying differences in the 

symbiosis in these two populations. 

 

The frequencies were significantly heterogeneous across the USA in 2011. Frequencies were 

especially high in the southwestern cotton-growing region that includes the Imperial Valley, 

CA, Arizona, New Mexico and West Texas, where Rickettsia has been at high frequencies 

since 2006 [38]. Intermediate frequencies were observed in the San Joaquin Valley and parts 

of the Southeast and Southern Texas. The similarity in Rickettsia frequencies between 2011 

and 2012 in each of these two regions provides no support for the hypothesis that Rickettsia 

is sweeping into these areas. In the southwest, frequencies increased from 53% to 97% in 

three years [38] so we might expect that this type of sweep repeated elsewhere would reveal 

a significant increase even over a one-year interval. Regional fitness differences of 

Rickettsia-infected whiteflies could be due to external abiotic or biotic factors. Other 

symbiont systems are influenced by temperature and pesticide use [7, 28, 52], parasitoid 
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natural enemies [66, 67, 87, 91, 92, 93], insect pathogens [35, 47, 57, 68, 76, 82, 86] or the 

suite of plants on which the arthropod hosts feed [2, 25]. For example, if there was 

differential selection on Rickettsia-infected whiteflies on different host plants, the Rickettsia 

frequencies might vary when the whiteflies are migrating among different weed hosts and 

crops. In addition, regional differences in agricultural management practices including 

conservation of natural enemies, pesticide use and planting dates [19, 45, 58, 60, 63] may 

obscure the effects of symbionts on the overall impact of agricultural pests. 

 

The very low infection frequency found in Israeli B. tabaci B since 2009 is remarkably 

different from other countries where Rickettsia has been reported at very high frequencies in 

B. tabaci B   including 100% (n=40) in a laboratory population collected in China in 2008 

[3], 70.2% (n=373) in field sites in China from 2005–2009 [14], 90% (n=9) in Tunisia in 

2005, 83% (n=18) in Antilles in 2004, and 95% in laboratory populations in Reunion in 2005 

[34]. The declining frequencies observed in Israel are consistent with a previous survey that 

found a 72% (n=205) Rickettsia frequency in B. tabaci B sampled from a variety of plants in 

2005 [10] and suggest conditional fitness effects associated with Rickettsia infection. The 

decline in frequencies over recent years suggests that at present the costs of Rickettsia 

infection outweigh the benefits. It is not clear, however, what is driving the change of 

frequencies in this system. Occasional horizontal transmission may influence the infection 

dynamics in Israel [8]. Future work may investigate whether the sympatric distribution of Q 

in the field in Israel might affect the maintenance or recent decline of Rickettsia frequencies 

in this area. Whether the presence of Q, also frequently infected with Rickettsia, could be 
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involved in either the earlier maintenance or recent decline of Rickettsia frequencies in Israel 

is unclear. 

 

The presence of different Rickettsia genetic variants could underlie the mixed phenotypic 

reports and different infection frequencies in the USA and Israel. However, we found no 

sequence differences in several Rickettsia genes, including an intergenic spacer region known 

to be highly variable in Rickettsiaceae [74]. As an example, the sequence from Rickettsia in 

this study had only 58% pairwise identity to the same region in the type species of the R. 

bellii clade (GenBank accession number DQ852359). Further sequencing of more of the 

Rickettsia genome may uncover genetic variation. Alternatively, whitefly nuclear genetic 

structure may be different among regions. An invasion bottleneck followed by explosive 

growth could underlie the different Rickettsia interactions in the USA compared to in their 

origin in the Middle East [16, 27]. This is especially likely in the southwestern USA [21, 63], 

where the highest Rickettsia frequencies have been detected. 

 

It is increasingly evident that intracellular insect symbionts can have dynamic host 

relationships influenced by multitrophic interactions and environmental factors and that 

parameter estimates for population models based on laboratory conditions may not predict 

the reality in field across the geographical distribution of the symbiosis [41, 70, 85]. For 

example, Hoffman [39, 40] observed a stable cline in Wolbachia frequencies in Australian 

Drosophila melanogaster populations; the symbiont Serratia protects aphids against heat 

shock [75] and is associated with arid regions of aphid distribution [36]; the prevalence of 

Cardinium in Culicoides is associated with land surface temperature in the Mediterranean 
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region [61]; and Regiella infection affects host plant specialization in Acyrthosiphon pisum in 

Japan [83]. In this study, the differences in Rickettsia dynamics observed between countries, 

and the heterogeneity uncovered within the USA provide further insight the ecological 

context of the symbiotic relationships in the B. tabaci species complex.  

 

4.2 Limits of Detection 

In the current study, the standard protocols to detect Rickettsia were different between the 

two laboratories and establishing identical protocols would have jeopardized the consistency 

among sample years within countries. Either protocol could have produced false positive and 

false negative results but at different rates. A false positive due to unspecific amplification 

was safeguarded against by sequencing representative samples, but false negatives could 

occur if the sample had an infection titer lower than could be detected with the DNA 

extraction, PCR and electrophoresis methods used. We determined how comparable the 

survey results were between the two laboratories using serial dilutions on test samples. Both 

protocols were sufficient to detect Rickettsia in extractions of single whiteflies: all but one 

test sample could be diluted at least 100-fold and still be reliably detected. These results 

indicate that false negatives are unlikely to be common in this study, and that the 

observations of differences in frequencies observed between the two countries are true rather 

than artifacts that could be attributed to the diagnostic PCR methods used.  

 

Rickettsia detection was less sensitive in males, which argues for focusing on females for 

whitefly symbiont surveys. Bing et al. [4] also reported lower levels of the symbiont 

Hemipteriphilus in male whiteflies. This could be because symbiont transmission depends 
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upon replication in ovarian tissue, and is less often under selection in males. The protocols 

also varied in detection limit between laboratories. This could reflect differences in protocol 

sensitivity or in Rickettsia titer among populations. 

 

Protocols for diagnostic PCR in surveys of secondary symbionts of arthropods vary widely, 

for example, in DNA extraction (chelex, lysis buffer, phenol-chloroform, commercial kit) 

and PCR product visualization methods (ethidium bromide, SYBR Green, SYBR Safe, Gel 

Red, Gel Green), making it difficult to compare the relative sensitivity of diagnostic PCR 

results among published surveys. False negatives may be a common factor in surveys of 

secondary symbionts generally for low titer infections of arthropods [77, 90]. Performing 

diagnostic PCR on a serial dilution of the samples is straightforward, does not require any 

additional equipment, and gives a qualitative indication of the detection limits of the overall 

protocol used. We suggest this simple dilution series method as a fast way to assess the 

likelihood of false negatives as a simple step towards a more standardized method for 

symbiont screening. Reporting the limits of detection in survey papers would provide an 

objective measure of the rate at which infections may be underreported.  

 

4.3 Conclusions 

Here we report the frequencies of a symbiont in field populations of an invasive agricultural 

pest. Rickettsia was shown to be near 100% infection frequency in some regions of the USA 

but was at low and declining frequencies across Israel. These distribution patterns are 

important, as this symbiont has previously been shown to have dramatic effects on host 

biology. The distinct outcomes of Rickettsia infection in these two countries point to 
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mechanistic differences in the interaction and argue for tracking symbiont dynamics in more 

hosts and locations. Ongoing projects comparing the genomes of Rickettsia from different 

whiteflies will help to uncover any genetic differences between regions and may point to the 

mechanistic role of Rickettsia in the whitefly host. Further investigation of the environmental 

or genetic differences underlying selection for different Rickettsia frequencies in whitefly 

populations will help to understand the basis of symbiont dynamics and predict the impact of 

Rickettsia frequencies on the pest status of B. tabaci in agricultural systems. 

 



5. FIGURES 

Fig. 1 Survey of Rickettsia infection frequency in B. tabaci in the cotton growing regions of the USA from twenty-two sites from four 

major regions in 2011, based on diagnostic PCR screening of individual females. In some sites, samples were collected from the 

greenhouse or other field crops thought to seed field populations in the region. 
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Fig. 2 Survey of Rickettsia infection frequency in B. tabaci B in the cotton growing regions 

of Israel sampled in 2000–2001 and 2009–2012. Frequencies were determined using 

diagnostic PCR screening of individual adults. Numbers next to the symbols refer to the 

number of whiteflies sampled per region (diamond = Northern, circle = Central, triangle = 

Southern). These were pooled into regions from the individual sites sampled within regions, 

as listed in Online Resource 1.  
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Fig. 3 Limits of detection analysis for the standard Rickettsia diagnostic PCR protocols used 

in the laboratories screening whiteflies collected in Israel and the USA. Each bar indicates 

the maximum fold dilution factor at which a band was observed in a gel for a PCR run on 

DNA extracted from an individual adult whitefly. Dotted lines separate data from male and 

female whiteflies and from the two laboratories. 
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Online Resource 1. Location of B. tabaci B field collection sites in the USA. Samples were from field cotton, unless otherwise noted.  

Region Site 
County or Parish  

(Nearest town/city) 
Latitude Longitude 

Number 

screened  

% 

Rickettsia-

infected 

Number sequenced Number 

tested 

with 

qPCR 

Partial 

16S 

gltA 

(accession) 

rpmE-

tRNAfMet 

(accession) 

1. San 

Joaquin 

Valley 

CA3 Kings (Corcoran) 36.098150 -119.549767 50 58 4 
2 

(KP294497) 

2 

(KP294505) 
– 

CA2 Tulare (Tulare) 36.242233 -119.331400 50 78 4 – – – 

CA4a Kern (Bakersfield) 35.295017 -118.985500 50 76 4 – – – 

2. 

Southwest 

CA5 Imperial (Holtville) 32.770550 -115.448517 50 90 4 – – – 

CA1 Riverside (Blythe) 33.660850 -114.578300 50 96 4 – – – 

AZ1 Yuma (Yuma) 32.709167 -114.705833 50 88 4 – – – 

AZ2e Pinal (Maricopa) 33.064683 -111.976650 50 96 4 – – 9 

AZ3 Pima (Tucson) 32.280183 -110.945217 50 86 4 – – – 

NM 
Doña Ana  

(Las Cruces) 
32.245633 -106.753533 52 98 4 

2 

(KP294498) 

2 

(KP294506) 
– 

TX4 El Paso (El Paso) 31.630783 -106.249333 51 98 4 – – – 

3. South 

Texas 

TX3 Hidalgo (Weslaco) 26.101500 -97.961850 50 96 4 – – – 

TX2 San Patricio (Edroy) 28.003120 -97.657280 48 79 3 – – – 

TX1 
Nueces  

(Corpus Christi) 
27.783210 -97.561130 50 64 4 

1 

(KP294499) 

2 

(KP294507) 
– 

4. Southeast 

LAb Franklin 

(Winnsboro) 
32.100550 -91.701970 50 94 4 

2 

(KP294500) 

2 

(KP294508) 
– 

MS1c Stoneville  33.418750 -90.915433 50 88 4 – – – 

MS2 Oktibbeha (Starkville) 33.469333 -88.781667 48 100 6 
2 

(KP294501) 

2 

(KP294509) 
8 

AL2 Baldwin (Fairhope) 30.538220 -87.882910 50 74 4 – – – 

AL1 Houston (Dothan) 31.293000 -85.475200 50 74 4 – – – 

FLd Gadsden (Quincy) 30.545950 -84.594617 53 81 18 – – – 

GA1a Tift (Tifton) 31.516317 -83.549133 50 76 4 – – – 

GA3 Colquitt (Ellenton) 31.159210 -83.628310 51 78 4 
2 

(KP294502) 

2 

(KP294510) 
– 

GA2 Cook (Sparks) 31.168050 -83.423933 50 78 4 – – – 

a. Re-sampled in 2012 by collaborators; four of the 2012 collection year females from each site were sent for partial 16S sequencing 

b. Host plant: greenhouse sweet potato   

c. Host plant: greenhouse cotton 

d. Host plant: mixed (including field cotton)    

e. Collection site for laboratory lines MAC1 and MAC2  
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Location of B. tabaci B collection sites, Israel. The frequency data pooled by region are presented in Fig. 2. 

Region Year Nearest Town/City 

Number of 

individuals 

screened 

% Rickettsia-

infected 

Number of whiteflies sequenced 

gltA 

(accession) 

rpmE-

tRNAfMet 

(accession) 

Northern 

 

2000 Acre 13 77 - - 

2009 Yagur 16 38 - - 

2010 Kibbutz Shamir  18 17 - - 

2011 
Hulata 20 10 - - 

Amiad 19 0 - - 

Central 

 

2000 Ein Shemer 20 15 - - 

2001 
Nahshon (Ayalon Valley) 20 95 - - 

Ein Harod 14 79 - - 

2009 Shalabim (Ayalon Valley) 
18 22 

2 

(KP294503) 

4 

(KP294511) 

Revadim  18 33 - - 

2011 

Ein Shemer 20 15 - - 

Shalabim (Ayalon Valley) 19 47 - - 

Shfeya 20 15 - - 

2012 

Mayan Zvi 
70 16 

10 

(KP294504) 

10 

(KP294512) 

Shalabim (Ayalon Valley) 49 8 - - 

Ein Shemer 40 13 - - 

Sede Yizhak 20 10 - - 

Revadim  38 0 - - 

Southern 

 

2000 Nahal Oz (Negev) 20 50 - - 

2011 
Gilat 20 40 - - 

Kefar Menahem 19 11 - - 

2012 Gilat  79 6 - - 



Online Resource 2. Example gel photo showing scoring for limits of detection analysis for a 

single whitefly sample, in this case a female tested in the Israel laboratory. A plus sign (+) 

above the gel lane indicates that Rickettsia was scored as present for that dilution factor, in 

this case up to a 1/1000 dilution.  
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Fig. S1 Phylogenetic analysis of citrate synthase (gltA) gene sequences using maximum 

likelihood places the Israel field, Israel laboratory, USA field and USA laboratory sequences 

in the same clade along with other Rickettsia from B. tabaci. Bootstrap probability values 

≥75 are indicated above branches, whereas posterior probabilities ≥0.95 of the topologically 

identical BI consensus tree are below branches. Sequences from this study are indicated in 

bold. Sequences from GenBank show accession numbers in parentheses. Rickettsia groups 

are indicated in upper case text. Rickettsia endosymbionts without species names are 

indicated with (s) and the host name. 
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Fig. S2 Phylogenetic analysis of rpmE-tRNAfMet intergenic spacer sequences using 

maximum likelihood places the Israel field, Israel laboratory, USA field and USA laboratory 

sequences in the same clade along with other Rickettsia from B. tabaci. Bootstrap probability 

values ≥75 are indicated above branches, whereas posterior probabilities ≥0.95 of the 

topologically identical BI consensus tree are below branches. Sequences from this study are 

indicated in bold. Sequences from GenBank show accession numbers in parentheses. Whilst 

this tree shows clearly that this fast-evolving sequence is invariant among USA and Israel 

Rickettsia, there was no statistical support for the other clades in the tree, indicating that this 

region that is very useful to discriminate bacterial species and strains, is likely not suitable 

for phylogenetic reconstruction, perhaps as it is evolving too quickly.  
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ABSTRACT 

Inherited bacterial symbionts are common in arthropods and can have strong effects on the 

biology of their hosts. These effects are often mediated by host ecology. The Rickettsia 

symbiont can provide strong fitness benefits to its insect host, Bemisia tabaci, under 

laboratory and field conditions. However, the frequency of the symbiont is heterogeneous 

among field collection sites across the USA, suggesting that the benefits of the symbiont are 

contingent on additional factors. In two whitefly genotypes collected from the same location, 

we tested the effect of Rickettsia on whitefly survival after heat shock, on whitefly 

competitiveness at different temperatures and on whitefly competitiveness at different 

starting frequencies of Rickettsia. Rickettsia did not provide protection against heat shock nor 

affect the competitiveness of whiteflies at different temperatures or starting frequencies. 

However, there was a strong interaction between Rickettsia infection and whitefly genotype. 

Performance measures indicated Rickettsia was associated with significant female bias in 

both whitefly genotypes but in the second whitefly genotype it conferred no significant 

fitness benefits nor conferred any competitive advantage to its host over uninfected whiteflies 

in population cages. These results help to explain other reports of variation in the phenotype 

of the symbiosis. Furthermore, they demonstrate the complex nature of these close symbiotic 

associations and the need to consider these interactions in the context of host population 

structure.   

 

Keywords: Bemisia tabaci, temperature, frequency-dependence, genotype, heat shock 
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1. INTRODUCTION 

The costs and benefits of species’ interactions vary in space and time, often in predictable 

ways based on ecological conditions (Bronstein 1994). Insects are a substantial part of many 

ecological networks and often form close associations with maternally inherited, intracellular 

bacteria. Insect facultative symbionts are often reproductive manipulators, changing their 

host’s reproduction in ways that increase their spread in host populations (Werren et al. 

2008). Alternatively or in addition, they may conditionally mediate the ecological 

interactions of their insect hosts, such that the evolution of the association depends on the net 

outcomes under a variety of ecological conditions (Hussa and Goodrich-Blair 2012). For 

example, some symbionts can influence the interactions with parasitoids (Oliver et al. 2003; 

Xie et al. 2014), insect pathogens (for example, Scarborough et al. 2005; Hedges et al. 2008; 

Teixeira et al. 2008; Jaenike et al. 2010; Lukasik et al. 2013) or the suite of plants on which 

the arthropod hosts feed (Ferrari et al. 2007; Biere and Tack 2013). Although many examples 

of ecological effects of insect symbionts have emerged since the early 2000s, some records 

indicate that symbiont frequencies may vary more than predicted for a single selective agent 

(Oliver et al. 2014). These reports of symbiont dynamics indicate that there are multiple 

ecological drivers of conditional costs or benefits of symbiont infection, many of which are 

still unknown.  

 

Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) is a highly polyphagous herbivore that 

causes millions of dollars of agricultural losses worldwide each year by direct feeding, 

vectoring viruses and sticky honeydew excretion that serves as a substrate for mold growth 

(Oliveira et al. 2001). It is considered a complex of cryptic species (Dinsdale et al. 2010; De 
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Barro et al. 2011) and the putative species present in the field in the USA is referred to as the 

B (or B-biotype) or Middle East-Asia Minor 1 (De Barro et al. 2011). Hereafter, all 

references to B. tabaci refer to this putative species unless otherwise stated.  

 

Bemisia tabaci has an obligate symbiont, Portiera, which provides its whitefly host with 

amino acids and carotenoids (Sloan and Moran 2012). Whiteflies also have a complex 

community of facultative endosymbionts, which can vary by species and geographical area. 

One of these facultative symbionts, Rickettsia sp. nr. bellii (Gottlieb et al. 2006), dramatically 

increases fitness and alters sex ratios under laboratory conditions for B. tabaci collected in 

Arizona, USA (Himler et al. 2011). Rickettsia occurs throughout the body of the whitefly and 

is predominantly maternally inherited by entering the oocytes (Gottlieb et al. 2004). 

Transmission through the plant has also been observed between feeding B. tabaci and the 

presence of genetically similar Rickettsia in distantly related arthropods implies rare 

interspecific horizontal transmission (Caspi-Fluger et al. 2012). This symbiont swept through 

B. tabaci populations in the southwestern USA from 2000 to 2006 and has remained at high 

frequencies since (Himler et al. 2011, Cass et al. 2015). Rickettsia-infected whiteflies quickly 

outcompeted their uninfected counterparts in field cage trials in this region (Asiimwe et al. 

2014), and in laboratory trials the infected whiteflies were protected against a common 

entomopathogenic bacterium that is common in the environment (Hendry et al. 2014).. 

 

There is mounting evidence that the interaction between Rickettsia and B. tabaci is not 

spatially uniform. Despite the strong fitness benefits of Rickettsia from Arizona, frequencies 

of Rickettsia in B. tabaci collected from field sites across the USA were heterogeneous in 
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2011, ranging from 56% to 100% (Cass et al. 2015). In Israel, Rickettsia frequencies are 

currently lower than in any USA population, and have declined in the last 15 years (Cass et 

al. 2015). In Israel, Rickettsia has few apparent fitness benefits under laboratory conditions 

(Chiel et al. 2009) and appears to increase whitefly susceptibility to insecticides 

(Kontsedalov et al. 2008). There have been mixed reports about the ability of Rickettsia to 

protect whiteflies against heat shock and extreme low or high temperatures (Mahadav et al. 

2009; Brumin et al. 2011; Shan et al. 2014). There appears to be little genetic diversity in 

Rickettsia from whiteflies, with samples from across the USA and Israel having 100% 

sequence identity of an intergenic spacer region known to be highly variable in other 

Rickettsia (Cass et al. 2015). Here we explored the effect of whitefly genotype and 

temperature on the interaction between Rickettsia and B. tabaci from Arizona.  

 

Phenotypic differences are commonly associated with different symbiont isolates (for 

example, Oliver et al. 2005; Burke et al. 2010) and host genotype has been shown to mediate 

symbiont phenotype, especially in reproductive manipulator symbionts (for example, Boyle 

et al. 1993; Fujii et al. 2001; McGraw et al. 2001; Bordenstein et al. 2003; Kondo et al. 

2005). Less is known about the effects of host genetic background on a symbiont with a 

mutualist phenotype. We might expect less variation in host genetic effects when there is 

little or no conflict between host and symbiont genomes. The pattern shown so far has been 

mixed, with host variation found in some cases (for example, Ferrari et al. 2007) and not in 

others (for example, Oliver et al. 2005). We tested the fitness effect of Rickettsia in an 

additional whitefly genotype to the one tested by Himler et al. (2011), to determine the role 

of host genetic background in the Rickettsia-whitefly phenotype. 
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We assessed how temperature (heat shock and constant hot or cold) affects the fitness 

benefits of Rickettsia in whiteflies collected in southern Arizona. We were especially 

interested in temperature effects because in southern Arizona where the strong fitness 

benefits were reported, summer temperatures regularly exceed 40°C with daily temperature 

fluctuations exceeding 25°C (www.noaa.gov; www.cals.arizona.edu/azmet/06.htm). Other 

bacterial symbionts of insects have been shown to be positively or negatively affected by 

temperature or to affect their host’s susceptibility to extreme temperatures (Rigaud et al. 

1991; Chen et al. 2000; Montllor et al. 2002; Russell and Moran 2006; Jia et al. 2009; 

Wiwatanaratanabutr 2009; Burke et al. 2010; Morag et al. 2012; Fan and Wernegreen 2013) 

and temperature change may be one of the cues needed to activate the pathogenicity of 

Rickettsia infecting humans (Policastro 1997). Increasing global temperatures are likely to 

have profound effects on the interactions between symbionts and their insect hosts (Kiers et 

al. 2010; Wernegreen 2012) and variable performance of Rickettsia-infected whiteflies at 

different temperatures raises the possibility that climate change could affect the spread of 

Rickettsia and the ability of whiteflies to adapt to changing environmental conditions.  

 

2. MATERIALS AND METHODS 

2.1 Whitefly rearing and Rickettsia-infection status  

Whitefly cultures were maintained in the laboratory on cowpea plants, Vigna unguiculata. 

Experiments were performed at 16h light/8h dark, 65% relative humidity, 27°C control 

temperature in climate-controlled rooms or in climatic incubators (E-30B, Percival Scientific, 

505 Research Drive, Perry, Iowa, USA) with temperature conditions confirmed by data 
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loggers (HOBO, Bourne, Massachusetts, USA). Experiments began with adult whiteflies less 

than 24 h post-emergence: leaves with fourth-instar nymphs from the culture cages were kept 

abaxial side up on 1% agar in 85 mm-diameter petri dishes with ventilated lids, inverted for 

adult whiteflies to emerge overnight. Whiteflies were counted and sexed under a 

stereomicroscope. Rickettsia infection status was tested in individual female whiteflies using 

diagnostic PCR as described previously (Cass et al. 2015). Samples of whitefly cultures were 

regularly tested to confirm that they maintained the correct infection status.  

 

2.2 Whitefly genotypes 

Experiments were performed with two inbred lines herein referred to as the MAC1 and 

MAC2, collected in autumn 2006 and autumn 2009, respectively, at the Maricopa 

Agricultural Center, AZ, USA. Approximately 100 individual field-collected female 

whiteflies were isolated in leaf disk arenas, their progeny collected, and the parent and some 

progeny sacrificed for diagnostic PCR to determine Rickettsia infection status. Once 

infection status was determined, whiteflies of the same status (R+ or R–) were pooled into 

culture cages. It is difficult to untangle the effects of symbionts in whiteflies, as they are 

refractive to antibiotic curing of symbionts and microinjection to transfer symbionts among 

host clonal genotypes. Therefore, introgression was used to homogenize the genetic 

background between infected and uninfected sublines. Within each whitefly genotype, an 

introgression series of six generations was then made by backcrossing R+ females and their 

descendants with R– males, in 2009 for MAC1 (as described in Himler et al. 2011) and in 

2010 for MAC2 in order to homogenize the nuclear background of R+ and R– sublines. 

Whitefly pupae were isolated to produce at least fifty virgin females in each generation to 
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mate with males from the uninfected line. After completion of this series, >98% of nuclear 

alleles were shared between the R+ and R− whiteflies of the same line (for example, 

Brelsfoard et al. 2008). 

 

2.3 Interaction of Rickettsia and host genotypes 

The effects of Rickettsia were compared in the two whitefly genotypes by measuring 

whitefly fecundity (number of adult progeny), development time, developmental survival, 

and the sex ratio of the R+ and R− sublines. The experiment was initiated in cages made from 

ventilated, plastic gallon jars, inverted over a potted plant with two or three seven-day old 

cowpea seedlings bearing two leaves. Six (for the MAC1R+, MAC2R+, MAC2R−) and nine 

(for the MAC1R−) replicate cages were used for each subline. Newly emerged adults were 

quickly sexed on ice blocks and checked for recovery in glass vials. Twenty females and 

twenty males were released into each replicate cage for six days of oviposition, after which 

they were removed. Nine days later, when many fourth instar nymphs were present but no 

adults had yet emerged, the two oldest leaves were removed from each plant, all eggs and 

nymphs on the abaxial side were counted, and then the leaves were placed on 1% agar in 

inverted petri dishes with ventilated lids for the adults to emerge. The next day the counting 

procedure was repeated for the two newer leaves with the highest number of nymphs for each 

plant. It was necessary to stagger the counting over two days due to the time it took to count 

all whitefly progeny. The lowest leaves were most heavily infested so whiteflies on them 

were counted first; the second pair of leaves was counted on the second day as they were 

more lightly infested because these leaves had emerged later. The number and sex of adult 

whiteflies that emerged from each leaf were recorded daily until no more emerged. 
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Developmental survival was calculated as the total number of adults emerged divided by the 

total number of eggs and nymphs counted at the time the leaves were removed. 

 

Developmental survival and the sex ratio were analyzed in a logistic regression with 

Rickettsia infection and whitefly genotype as explanatory variables, in R (R Development 

Core Team 2010). A quasibinomial model was used when the residual deviance was greater 

than the degrees of freedom. The number of adult progeny per cage was analyzed in an 

ANOVA with Rickettsia infection and whitefly genotype as explanatory variables. 

Development time in days was analyzed in JMP version 8.0 in a standard least squares 

restricted maximum likelihood linear model with Rickettsia infection, sex and whitefly 

genotype as explanatory variables, and replicate cage as a nested random effect. 

 

2.4 Mortality after heat shock  

Heat shock was performed with individual adult whiteflies aged 24–48h post-emergence in 

glass vials or on leaf discs on 10 mL 1% agar in 30 mL plastic cups, closed with mesh caps. 

Heat shock was performed in climatic incubators (E-30B, Percival Scientific, 505 Research 

Drive, Perry, Iowa, USA) with temperature conditions confirmed by data loggers (HOBO, 

Bourne, Massachusetts, USA). The heat shock conditions were based on the temperatures 

observed in the cotton growing regions of Arizona in 2010 (The Arizona Meteorological 

Network database, ag.arizona.edu/azmet) optimized in a series of trials at different 

temperature-time combinations using more than 2000 whiteflies. Whiteflies each in an 

individual glass vial were exposed to 40°C for three hours, after which the number and sex of 

dead whiteflies were scored. Whiteflies on leaf discs were sexed without anesthetization in 
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the cups. Leaf discs bearing an individual female only were then exposed to 44.5°C for three 

hours, after which mortality was scored. For each of two blocks, approximately 100 

whiteflies per subline were exposed to heat and another set of approximately 100 were kept 

as controls at 27°C, for a total of more than 800 whiteflies exposed to heat shock 

(approximately 200 of each of the four sublines were tested across two experimental blocks). 

For both types of heat shock experiments, proportional mortality was analyzed in JMP 

version 8.0 using logistic regression. In the glass vial experiment, temperature, sex, block, 

whitefly genotype and Rickettsia infection were explored as explanatory variables. In the leaf 

disk experiment, no mortality was observed in the control treatment, so analysis was 

performed only on the whiteflies exposed to heat, where block, whitefly genotype and 

Rickettsia infection served as explanatory variables. The data for mortality in glass vials was 

simplified for visualization using the Henderson-Tilton formula (Henderson and Tilton 1955) 

to adjust the heat-shock proportional mortality to include the corresponding control-

temperature mortality.  

 

2.5 Competition at constant temperatures  

The relative fitness of R+ and R− whiteflies was compared in a population cage experiment 

run at 22°C (‘cold’), 27°C (‘control’) and 32°C (‘hot’) temperatures. These temperatures 

were chosen based on the typical highs and lows of a cotton canopy in summer (Brown 1998) 

and the unsuccessful results of a pilot experiment at more extreme temperatures (19°C and 

35°C) as detailed below in the Results section. Performance was measured via frequencies of 

Rickettsia infection over two generations (F1 and F2). Six replicate cages per temperature 

were used for each of the two whitefly genotypes. This experimental design of the population 
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cage experiment involved transferring a constant number of whiteflies to a new cage each 

generation and was chosen to prevent overcrowding, death of the plants and any confounding 

effect of varying degrees of density-dependent selection in different generations. The transfer 

day was chosen based on the midpoint of adult emergence measurements in previous 

experiments (Himler et al. 2011) to try and best capture a variable and representative cohort. 

Each cage contained two, six-day old cowpeas and was infested with 50 mating pairs of 

whiteflies, with a starting frequency of 14% R+ consistent with a similar experiment by 

Himler et al. (2009) using the MAC1 line only. In all cages, these parental whiteflies were 

removed after four days of egg laying at 27°C and the plants moved to the treatment 

temperatures for F1 development. Seven days after the first F1 adults emerged at each 

temperature, 50 F1 mating pairs were collected and introduced to a new cage. The F1 mating 

pairs were removed from the plants when fourth-instar nymphs of the F2 were visible. The 

experiment was terminated seven days after the first adults of the F2 generation emerged for 

each temperature, except for the 32°C treatment, in which the F2 eggs did not develop.  

 

At each generation, a sample of approximately 30 (range: 20 to 50) female progeny from 

each cage was kept to screen for Rickettsia. One MAC2 cold and one MAC2 control cage 

were excluded due to plant death. Mean slopes of infection frequencies from the parental to 

F1 generation were compared among temperatures and between whitefly genotypes using 

multiple linear regression in JMP version 8.0. The F2 frequencies were included in the 

graphical representation of the data but not in the statistical analysis because the hot 

treatment was not represented (F1 females failed to reproduce in this treatment). After setting 

up the experiment, some contamination of R+ whiteflies was found in the MAC1R− stock 
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line. Therefore, the parental generation of MAC1 whiteflies was screened to determine the 

actual starting frequency of Rickettsia infection for each cage. This led to a slightly higher 

mean starting frequency in the MAC1 line (14–45%) than in the MAC2 line, where no 

contamination was found. 

 

2.6 Frequency-dependence of spread 

To distinguish between the effects of Rickettsia starting frequency and whitefly genotype in 

the experiment described above, we conducted an additional experiment to test for an 

interaction between these two variables, after the MAC1R− stock population was restored. 

Population cages were set up at 27°C as per section 2.5 (above) except with either 10% or 

30% R+ starting frequencies. Four replicate cages for each of the two genetic backgrounds at 

each frequency were used, for a total of 16 cages, set up over two days. One 10% MAC2 

cage was excluded due to plant death. Parental whiteflies were removed after five days of 

oviposition. The F1 generation was collected seven days after the first F1 adult emerged in 

each cage. Fifty F1 females per cage were screened for Rickettsia and the mean slopes of 

infection frequencies were compared among whitefly genotypes and starting frequencies 

using multiple linear regression in JMP version 8.0.  

 

3. RESULTS 

3.1 Fitness of whitefly genotypes 

Rickettsia and whitefly genotype influenced whitefly performance (Fig 1), and the fitness 

benefits of Rickettsia in the MAC1 line were generally consistent with previous estimates 

(Himler et al. 2011). Whitefly development time was strongly affected by Rickettsia (F1,46.7 = 
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104.20, P < 0.0001) and whitefly genotype (F1,46.7 = 55.13, P < 0.0001; Fig 1a). In addition, 

there was a significant interaction between Rickettsia and whitefly genotype on development 

time (F1,46.7 = 88.51, P < 0.0001) indicating that the Rickettsia phenotype varied depending 

on whitefly genotype (Fig 1a). When the whitefly genotypes were analyzed separately, 

Rickettsia had a much greater effect on the MAC1 line than the MAC2 line. Rickettsia 

affected development time for the MAC1 (F1,25.8 = 164.42, P < 0.0001), with MAC1R+ 

requiring an average of 20.4 (± 1.6 SE) days to reach adulthood, 3.5 days faster on average 

than MAC1R- (23.9 ± 2.5 SE). In contrast, Rickettsia had no significant influence on 

development time in the MAC2 genotype (F1,20.6 = 0.43, P = 0.520); both MAC2 sublines 

completed development in 20.9 (± 1.7 SE) days on average (Fig 1a). 

 

The number of adult progeny produced was strongly affected by Rickettsia (F 1,23 = 30.09, P 

< 0.0001) and marginally by whitefly genotype (F1,23 = 4.10, P < 0.055), with a significant 

interaction between these terms (F1,23 = 7.68, P < 0.05; Fig 1b). The MAC1R+ subline 

produced on average 552.3 ± 49.6 SE adult progeny per 20 females, 416 more than the 

average for the MAC1R- subline (136.8 ± 19.6 SE; F1,13 = 79.76, P < 0.0001). In contrast, 

both MAC2R+ and MAC2R− sublines produced similar numbers of adult progeny for every 

20 females (F1,10 = 1.27, P < 0.29). The average fecundity of the MAC2 genotype (439.1 ± 

53.2 SE) was intermediate between the low MAC1R− (136.8 ± 19.6 SE) and the high 

MAC1R+ (552.3 ± 49.6 SE; Fig 1b). 

 

Whitefly survivorship to adulthood was highly variable among replicates, especially in the 

MAC2. In general there was no significant influence of Rickettsia (Fig 1c; quasibinomial 
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analysis, F1,23 = 1.30, P < 0.27), whitefly genotype (F1,23 = 1.58, P < 0.22) or a Rickettsia by 

whitefly genotype interaction (F1,23 = 1.55, P < 0.23). However, in separate analyses, the 

MAC1R+ subline was more likely than MAC1R– subline to survive to adulthood 

(quasibinomial analysis F1,13 = 9.00, P < 0.02), while both MAC2R+ and MAC2R− sublines 

were similarly likely to survive to adulthood (quasibinomial analysis, F1,10 = 0.0003, P < 

0.99; Fig 1c). The reason for this difference is unknown, but the slower development time of 

the MAC1R– subline may also have contributed to its reduced developmental success 

because individuals would generally have been less mature at the time the leaves were 

removed from the plants.  

 

Sex ratio was strongly influenced by Rickettsia (quasibinomial analysis, F1,25 = 142.08, P < 

0.0001) and whitefly genotype (F1,23 = 82.63, P < 0.001; Fig 1d). The effects of Rickettsia on 

sex ratio were consistent; there was no significant interaction between Rickettsia and whitefly 

genotype (Fig 1d; F1,23 = 1.35, P < 0.26). Rickettsia strongly increased the female bias in 

both MAC1 (R+ proportion female = 0.62, R- proportion female = 0.54; binomial analysis, 

χ2
1df =18.30, P < 0.0001) and MAC2 (R+ proportion female = 0.65, R- proportion female = 

0.43; quasibinomial analysis, F1,10 = 49.94, P < 0.0001) whitefly genotypes (Fig 1d).  

 

3.2 Mortality after heat shock  

In glass vials, there was no interaction between temperature and Rickettsia infection status on 

whitefly survival, after controlling for the effects of whitefly genotype and sex (Fig 2a; χ2 = 

1.23, P = 0.27). There was a significant effect of whitefly genotype; MAC1 whiteflies were 

2.6 times more likely to survive than MAC2 whiteflies (95% CI 1.99 to 3.48, χ2 = 48.21, P < 
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0.0001). There was also an interaction between whitefly genotype and Rickettsia infection (χ2 

= 29.28, P < 0.0001), suggesting Rickettsia influenced survival differently in the two lines, 

irrespective of temperature. There was no effect of block in these experiments (nominal 

logistic regression, odds ratio of survival for block 1 versus block 2 was 1.16, 95% CI 0.88 to 

1.52, χ2 = 1.13, P = 0.29) so block was removed from the model. 

 

The leaf disc experiments showed little variation in mortality, with the mortality of all lines 

exposed to heat shock between 62.4 and 67.4% (Fig 2b). There was no effect of whitefly 

genotype (nominal logistic regression, MAC2 was 1.1 times more likely to survive than 

MAC1, 95% CI for odds ratio 0.8 to 1.5, χ2 = 0.52, P = 0.47), nor was there any effect of 

Rickettsia infection on heat shock survival (nominal logistic regression, R− were 1.2 times 

more likely to survive than R+, 95% CI for odds ratio 0.9 to 1.6, χ2 = 1.50, P = 0.22). There 

was a strong effect of experimental block such that whiteflies were 5.7 times more likely to 

die in the second block (nominal logistic regression, 95% CI for this multiplicative change 

was 4.1 to 7.9, χ2 = 107.0, P < 0.0001) although the trends were the same between blocks. 

This block effect was likely due to the timing of removal of whitefly arenas from the 

incubator; pilot studies had shown there to be only a small window of time to achieve partial 

mortality of the population, so small differences in the duration of the heat exposure could 

have caused the differences in block results. There was no mortality in the control whiteflies 

kept at 27°C. 

 

3.3 Competition in population cages at constant temperatures  

We found a strong effect of whitefly genotype on the change in frequency of Rickettsia from 
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the parental to the F1 generation (Fig 3; multiple linear regression, F3,30 = 150.4, P < 0.0001). 

There was, however, no effect of constant temperature stress on the change in frequency of 

Rickettsia in population cages from the parental to the F1 generation (multiple linear 

regression, F3,30 = 1.3, P = 0.28). These trends continued into the F2 generation for the cold 

and control treatments. In the MAC1 line, Rickettsia rapidly increased in frequency, 

regardless of temperature, with a mean slope (change in Rickettsia frequency) from the P to 

F1 generations of 49.6 (95% CI 42.5 to 56.9), whereas in the MAC2 line, Rickettsia 

frequency did not change over generations, with a mean slope from the P to F1 generations 

of –0.7 (95% CI –5.3 to 3.9). There was no significant interaction between temperature and 

whitefly genotype (multiple linear regression, F5,28 = 0.63, P = 0.54); the interaction term 

was therefore removed from the model. 

 

Overall, the whiteflies were very susceptible to both high and low constant temperature 

stress. In a pilot experiment, F1 eggs did not hatch after five weeks at 19°C but did hatch 

when moved to 22°C, and, in the first trial of a hot treatment, F2 eggs did not hatch after 

three weeks at 35°C. The F2 eggs at 35°C appeared brown in color and were few in number 

(range 3–135, mean 36 eggs per cage). At the more moderate temperatures chosen for the 

current experiment we also saw evidence of temperature stress, with low numbers of 

offspring produced at 22°C and the whiteflies unable to continue to a third generation at 

32°C. At 32°C there were 260–582 F2 eggs per cage (mean 418) but they had not hatched 

after three weeks, while the normal hatching time at the control temperature of 27°C is 6 

days (Butler et al. 1983). 
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3.4 Frequency-dependence of spread 

The potentially confounding difference in the starting frequency between the two whitefly 

genotypes in the first population cage experiment (Fig 3) prompted a second experiment in 

which temperature was held constant, but the starting-frequency of the two whitefly 

genotypes varied. This experiment showed only a slight role of starting frequency in the 

change of Rickettsia frequency (Fig 4), confirming that the differences in the spread of 

Rickettsia were largely due to differences between the whitefly genotypes. The frequency of 

Rickettsia increased sharply in the MAC1 line at both starting frequencies, whereas the 

frequency of Rickettsia in the MAC2 line remained almost the same in the 30% starting 

frequency treatment and declined slightly in the 10% treatment (Fig 4). Overall, the MAC1 

line had a slope (change in frequency of Rickettsia) 25.7 times higher than the MAC2 line 

(multiple linear regression, t = 9.0, P <0.0001, d.f. = 12; 95% CI for slope 19.5 to 31.9). 

There was a small effect of starting frequency across both lines (multiple linear regression, t 

= 2.0, P = 0.07, d.f. = 12); the 30% initial frequency treatment had a slope 5.7 times higher 

than the 10% initial frequency (95% C.I -0.5 to 12.0). Although there was no interaction in 

the overall analysis between starting frequency and whitefly genotype (multiple linear 

regression, F3,11 = 0.12, P = 0.73), when the MAC1 and MAC2 lines were analyzed 

separately, the more variable MAC1 slopes were not significantly different between the two 

starting frequencies (two-sided t-test, t = 0.92, P = 0.40, df = 6), whereas the MAC2 line had 

a slope 13.6 times steeper when starting at 30% compared to starting at 10% (two-sided t-

test, t = 3.1, P = 0.03, df = 5; 95% CI 2.3 to 25.0).  
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4. DISCUSSION 

These results provide strong evidence for the role of different whitefly genotypes in the 

variable effects of Rickettsia on whiteflies. In all cases, the MAC1 line benefited more from 

Rickettsia infection than did the MAC2 line. It is interesting that the significant variation in 

degree to which Rickettsia benefits whiteflies occurred in two lines collected at different 

times from a single location where the frequency of Rickettsia is high. Host genetic 

background has been shown to affect the phenotypes of other mutualist symbionts in some 

instances, for example, the facultative symbiont Regiella insecticola can positively, 

negatively or not affect the performance of different aphid lines on particular plant hosts 

(Ferrari et al. 2007). It is unlikely that genetic differences in Rickettsia underlie the observed 

differences between the whitefly genotypes, as the Rickettsia in both lines appears to be 

highly similar if not identical, based on 100% sequence identity of an intergenic spacer 

region known to be highly variable in other Rickettsia (Cass et al. 2015). The differences are 

probably due to host nuclear genes, although we cannot rule out effects of mitochondria or 

other maternally inherited symbionts.  

. 

The MAC2 genotype, like the MAC1, showed a significant female bias associated with 

Rickettsia in the performance assays (Fig 1d). Based on these results, we expected an 

increase in the frequency of R+ (assayed only with females) to be evident in the MAC2 

population cages in the F1. Instead, there was no evidence of an increase in Rickettsia 

infection in this background, and hence no evidence of Rickettsia-influenced female bias (Fig 

3, Fig 4). That we did not see an increase in R+ in the MAC2 line in the population cage 

assays might be due to as-yet-undetected fitness costs associated with Rickettsia, although in 
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the performance assays, equivalent numbers of offspring were produced in MAC2R+ and R− 

sublines. These results suggest different conditions faced by the whiteflies in the population 

cage assay compared to the performance experiments in single subline cages. In the 

population cages, R+ and R− whiteflies interact directly and could influence each other’s 

fitness. Several other studies have also found different outcomes in population cages than 

were expected from directly testing fitness parameters of insects bearing bacterial symbionts 

in isolation (Xi et al. 2005; Oliver et al. 2008; Harris et al. 2009). In general, population cage 

assays may better reflect the outcome of competing phenotypes in nature.  

 

Although fluctuating temperatures are one of the main abiotic mortality factors for whiteflies 

in the field (Naranjo and Ellsworth 2009) and other insect symbionts provide their hosts with 

increased heat tolerance (Chen et al. 2000; Montllor et al. 2002; Russell and Moran 2006), 

our results do not support the hypothesis that Rickettsia fitness benefits in whiteflies are due 

to greater tolerance of heat shock or stress. In addition, we found no significant effect of 

Rickettsia on whitefly tolerance to heat shock. This is in contrast to the results of Brumin et 

al. (2011) but consistent with Shan et al. (2014) and Mahadav et al. (2009). Differences in the 

interaction between Rickettsia and host genotype may underlie these conflicting 

observations. It is also likely that differences in experimental approaches and protocols plays 

a large role, for example, using glass vials or leaf discs for heat shock (in this study, leaf 

discs produced more consistent results than glass vials), leaf discs or whole plants, and 

introgression of the infected and uninfected lines. In general, introgression guards against the 

possibility of confounding host genetic differences or host genotype-symbiont interactions 

with effects due to solely Rickettsia.  
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We found both cool constant temperatures (19°C) and warm constant temperatures (32°C, 

35°C) interfere with development and reproduction of B. tabaci on cowpea. The optimum 

temperature for B. tabaci development varies by host plant but has been reported range from 

25°C–33°C (Wang et al. 1996; Drost et al. 1998; Muniz and Nombela 2001) with the 

temperature limits for successful reproduction and development between 15°C–35 °C (Wang 

et al. 1996) and 17°C–35°C (Muniz and Nombela 2001). There have been mixed reports 

about whether development is successful at 35°C (Wagner 1995; Nava-Camberos et al. 2001; 

Yang and Chi 2006). Guo et al. (2012) observed multi-generational negative effects of high 

constant temperatures, with populations crashing after two generations at 37°C and negative 

effects after three generations at 35°C. The effects of temperature stress that we observed 

were greater than we expected given that the MAC1 whiteflies evaluated here performed 

well in field cages where temperatures ranged from 20°C–42°C with a mean temperature of 

38°C (Asiimwe et al. 2014), well above the high temperature treatments of the current study. 

The nighttime drop in temperature in the field and the microclimate of the leaf surface with 

temperature buffered by transpiration (Brown 1998) likely provide whiteflies or their 

nutritional symbiont with some essential reprieve to the physiological stress of high 

temperatures. 

 

In population cage experiments where Rickettsia starting frequency varied, Rickettsia starting 

frequency appeared to have only a minor effect on the trajectory of Rickettsia spread overall, 

but these experiments were only one or two generations in duration, and it is likely that small 

effects measured here may have been more easily discerned after several generations. In the 
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MAC2 line, Rickettsia declined in the 10% starting frequency treatment and increased in the 

30% starting frequency experiment, suggesting positive frequency dependence for infection 

in this range, and the possibility of an unstable equilibrium between these two frequencies. In 

population cages in the field with MAC1 whiteflies, Rickettsia frequencies were lower than 

expected on several dates given subline-specific growth rates, showing apparent negative 

frequency dependence at higher ranges of frequencies (Asiimwe et al. 2014). In general, 

frequencies of Rickettsia in whiteflies across the United States are high but not fixed; 

frequency or density-dependent fitness benefits of Rickettsia infection may contribute to this 

pattern.  

 

In conclusion, these results demonstrate that the effects of Rickettsia on whiteflies are not 

uniform for different whitefly genetic backgrounds collected from the same location. This 

suggests a potential role of host genotype effects in the heterogeneity in Rickettsia frequency 

observed across the USA (Cass et al. 2015) and the many differences in phenotypic effects 

associated with Rickettsia in B. tabaci globally (Kontsedalov et al. 2008; Chiel et al. 2009; 

Brumin et al. 2011; Himler et al. 2011; Hendry et al. 2014; Shan et al. 2014; Cass et al. 

2015). The host variation in whitefly interactions with Rickettsia is somewhat puzzling, as 

host and symbiont evolutionary interests are largely congruent; resistance may be due to 

cytonuclear genetic conflict, with the Rickettsia under selection to increase the fitness of only 

females (Normark and Ross 2014). Whether these different effects of Rickettsia on whiteflies 

are evidence of genetic constraints in some whitefly lineages or of ongoing host adaptation to 

the recent symbiont invasion awaits future studies.  
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7. FIGURES 

Fig 1 Mean fitness measures for two genotypes of Bemisia tabaci (MAC1 and MAC2) 

collected in Maricopa, Arizona, USA. Black bars and lines denote Rickettsia-infected R+ and 

gray, dashed bars and lines denote Rickettsia-uninfected R− sublines; (a) development time 

of females (males showed similar trends) was strongly influenced by Rickettsia, whitefly 

genotype and an interaction between these terms (P < 0.0001). MAC1R+ developed 

significantly faster than MAC1R− (P < 0.0001) (b) number of adult progeny (error bars show 

standard error) was significantly affected by Rickettsia (P < 0.0001), whitefly genotype (P < 

0.055) and an interaction between these terms (P < 0.05). MAC1R+ also produced 

significantly more progeny on average than MAC1R− (P < 0.0001) (c) developmental 

survival was generally not significantly affected by Rickettsia or whitefly genotype, except 

MAC1R+ were more likely than MAC1R– to survive to adulthood (P < 0.02), and (d) sex 

ratio was influenced by Rickettsia (P < 0.0001) and whitefly genotype (P < 0.001). 

Measurements were made from the offspring of 20 mating pairs in each of six (MAC1R+, 

MAC2R+, MAC2R−) or nine (MAC1R−) replicate cages  

 

Fig 2 Mortality after heat shock for Bemisia tabaci adults (a) in individual glass vials (40°C, 

3h) where there was a significant effect of whitefly genotype and an interaction between 

whitefly genotype and Rickettsia (P < 0.0001) on survival and (b) females on individual leaf 

discs (44.5°C, 3h) where there was no effect of Rickettsia (P = 0.22) or whitefly genotype (P 

= 0.47) on survival. Mortality for glass vials was corrected for mortality in the control 

treatment (Henderson and Tilton 1955). Black bars denote R+ and gray, dashed bars denote 
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R− sublines. Numbers above the bars indicate the number of individual whiteflies. An 

approximately equal number of control whiteflies were kept at 27°C 

 

Fig 3 Competition of R+ and R− whiteflies at cold, control and hot temperatures (diamond 

22°C, square 27°C and triangle 32°C, respectively) for the two whitefly genotypes (MAC1 

black, MAC2 gray dashed). Five–six replicate cages per treatment were seeded with 50 pairs 

of whiteflies at each generation and a sample of ~30 (range 20 to 50) female offspring 

screened to determine the R+ frequency in the subsequent generation. The change in 

Rickettsia frequency from the parental to the F1 generation was significantly influenced by 

whitefly genotype (P < 0.0001)  

 

Fig 4 Competition of R+ and R− whiteflies at different starting frequencies (10% or 30% R+) 

for the two whitefly genotypes (MAC1 black, MAC2 gray dashed). Three–four replicate 

cages per treatment were seeded with 50 pairs of whiteflies and a sample of 50 female 

offspring from each cage screened to determine the F1 Rickettsia frequency. The change in 

Rickettsia frequency was influenced by whitefly genotype (P <0.0001) and the MAC2 slope 

was significantly steeper starting at 30% compared to starting at 10% (P = 0.03)  
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ABSTRACT 

Facultative bacterial endosymbionts can move in and out of their insect host populations 

within an ecological time scale, bringing new sets of genetic capabilities that may permit host 

adaptation to different conditions, affect host population structure and drive host evolution. 

Bemisia tabaci is a species complex of global insect pests of agricultural systems, known for 

the diversity of facultative symbionts associated with different species and populations. The 

invasive species provisionally known as “B” or “MEAM1” studied here commonly houses 

Rickettsia sp. nr. bellii. Different host relationships have been reported for this symbiont 

among locations, with Rickettsia providing strong fitness benefits to some populations of 

whiteflies in the USA. Here we used the genomic sequence of the USA mutualist whitefly 

Rickettsia to test functional hypotheses for the benefit of Rickettsia to the host. In a series of 

comparative analyses with other whitefly symbionts and other Rickettsia, we 1) tested 

whether Rickettsia provides a nutritional supplement to the whitefly host, which feed on a 

limited diet of plant phloem, 2) looked for genes that distinguish the R. bellii in a 

hematophagous tick host from the Rickettsia in the phytophagous whitefly to determine 

whether host diet has influenced the gene content, and 3) looked for genes in the Rickettsia 

genome that might have an influence on the whitefly host plant nutrition or defense, or on the 

whitefly host itself. An abundance of secreted proteins, effectors and pathogenicity-related 

genes, combined with the presence of secretion systems and relative scarcity of unique 

metabolic biosynthesis genes support a role in defense or plant-defense pathway activation or 

repression. These results help to interpret the complex interaction between Rickettsia and 

whiteflies.  

Keywords: Bemisia tabaci, genome, fitness, plant nutrition, mutualism, plant defense 
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1. INTRODUCTION 

The ability of species to adapt to new or changing environments requires genetic diversity on 

which selection can act. Many arthropods form close, facultative associations with 

maternally inherited, intracellular bacterial symbionts. These symbionts can sweep into their 

arthropod host populations, acting as a genome extension that affects the host’s phenotype 

and drives evolution. Symbionts can bring new genes, new metabolic pathways and new 

defensive mechanisms to an insect that may be otherwise genetically constrained (Moran et 

al. 2008). We are only beginning to understand how this rapid evolution can impact the 

distribution of pest insects and their adaptation to changing environments.  

 

Heritable microbes can affect host traits that are associated with invasiveness. For example, 

some symbionts can influence arthropod interactions with natural enemies (Oliver et al. 

2003; Scarborough et al. 2005; Hedges et al. 2008; Teixeira et al. 2008; Jaenike et al. 2010; 

Lukasik et al. 2013; Xie et al. 2014), affect response to temperature (Rigaud et al. 1991; 

Chen et al. 2000; Montllor et al. 2002; Russell and Moran 2006; Jia et al. 2009; 

Wiwatanaratanabutr 2009; Burke et al. 2010; Morag et al. 2012; Fan and Wernegreen 2013) 

or modify the suite of plants on which the arthropod hosts feed (Ferrari et al. 2007; Biere and 

Tack 2013). In most cases, however, the importance of the phenotype of the symbiont in a 

given host population has not been investigated. Knowledge of pest-symbiont interactions 

will be particularly important in the context of global climate change, which requires 

organisms to quickly adapt to new environmental conditions (Douglas 2007). In a volatile 

environment, a new symbiont infection in a vector could perceivably be the difference 

between an epidemic and extinction.  
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The sweetpotato whitefly, Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae), is a tiny, 

polyphagous herbivore. It is a major agricultural pest worldwide, damaging crops by direct 

feeding and vectoring viruses (Oliveira et al. 2001). Bemisa tabaci is complex of 

morphologically indistinguishable species (Dinsdale et al. 2010; De Barro et al. 2011). It 

houses an obligate symbiont, Portiera, which provides its host with a nutritional supplement 

of amino acids and carotenoids (Sloan and Moran 2012). A number of facultative symbionts 

have also been detected in combinations varying by host species and location. Herein all 

references to B. tabaci refer to the “B (or B-biotype)” or “Middle East Asian Minor 1 

(MEAM1)”, which is the species present in the field in the USA (Dickey et al. 2013). This 

species appears to have just two facultative symbionts, being fixed or nearly fixed for 

Hamiltonella and variably infected with Rickettsia (Gottlieb et al. 2006; Chiel et al. 2007; 

Gottlieb et al. 2008; Gueguen et al. 2010; Nirgianaki et al. 2003; Zchori-Fein and Brown, 

2002; Himler et al. 2011; Cass et al. 2015; Bing et al. 2013; Chu et al. 2011; Hagimori et al. 

2006).  

 

Rickettsia (α-Proteobacteria) are common insect symbionts (Perlman et al 2006) and 

arthropod-vectored vertebrate pathogens (Azad and Beard 1998). In other insects Rickettsia 

have been associated with host reproductive manipulations such as male-killing and 

parthenogenesis (Lawson et al. 2001, Werren et al. 1994, Giorgini et al., Hagimori et al. 

2006) as well as plant disease (leafhopper-vectored papaya bunchy top disease, Davis et al. 

1998). Whitefly Rickettsia is in the bellii clade, which includes R. bellii, a symbiont of soft 

and hard ticks, as well as the plant pathogen and other Rickettsia occurring in phytophagous 

insects such as the Rickettsia found in the pea aphid (Gottlieb et al. 2006, Sakurai et al. 
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2005).  

 

Rickettsia dramatically increases the fitness and biases the sex ratio of B. tabaci collected in 

the southwestern USA (Himler et al. 2011). It also protected whiteflies against an 

entomopathogenic bacterium in laboratory trials (Hendry et al. 2014). These effects increase 

Rickettsia-infected whitefly competitiveness in the field (Asiimwe et al. 2014). Rickettsia 

swept through B. tabaci populations in this region from 2000 to 2006 and has remained at 

high frequencies since (Himler et al. 2011, Cass et al. 2015). Frequencies across the rest of 

the southern USA and in a number of other countries are also high (Cass et al. 2015; Bing et 

al. 2013; Chu et al. 2011; Hagimori et al. 2006).  

 

In contrast, Rickettsia provides few apparent fitness benefits to B. tabaci collected in Israel 

(Chiel et al. 2009) where it has been shown to be transmitted through the plant tissues 

(Caspi-Fluger et al. 2012) and increase whitefly susceptibility to insecticides (Kontsedalov et 

al. 2008). Rickettsia frequencies in the field in Israel have declined in the last 15 years (Cass 

et al. 2015). There have been mixed reports about the ability of Rickettsia to protect 

whiteflies against heat shock and extreme low or high temperatures (Mahadav et al. 2009; 

Brumin et al. 2011; Shan et al. 2014; Cass et al. in review.). The mechanisms for these effects 

are mostly unknown. The mixed phenotypes and field frequencies suggest that the fitness 

benefits are context dependent, although host genotype is thought to explain some of the 

variation (Cass et al. in review).  

 

Here we analyzed the genome sequence of the Rickettsia endosymbiont of B. tabaci collected 
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in Arizona, USA where high frequencies and the strong fitness benefit have been observed. 

We compared the genome to that of other Rickettsia species and the other two B. tabaci 

symbionts, Portiera aleyrodidarum and Hamiltonella defensa, to explore the potential 

mechanism of the Rickettsia fitness benefit. Given that Rickettsia provides the fitness benefit 

to whiteflies in constant laboratory conditions (Himler et al. 2011) without an external 

challenge from natural enemies or abiotic factors, and that whiteflies feed on a restricted diet 

of plant phloem, one hypothesis is that Rickettsia is a nutritional mutualist, increasing 

whitefly reproductive and growth capacity relative to uninfected whiteflies by providing 

some added nutritional metabolites. On the other hand, the variable frequencies of Rickettsia 

throughout the whitefly range, might suggest conditional benefits of Rickettsia infection and 

argue against a nutritional role (Cass et al. 2015). We predicted that the genome sequence of 

whitefly Rickettsia would provide insight into how Rickettsia interacts with its host, for 

example by the presence of the genes to construct a complete metabolic pathway that is more 

likely to be needed for a eukaryotic host than by the bacterium. Alternative hypotheses 

include the possibilities that Rickettsia provides a defensive role against a cryptic whitefly 

virus or common pesticide, manipulates whitefly host plant defenses or nutrition, influences 

insect growth hormones or buffers the host from temperature stress. To our knowledge, this 

is the first genome analysis of a Rickettsia infecting a phytophagous host, and therefore will 

also provide general insights into host adaptation in this clade of insect symbionts.  

 

2. MATERIALS AND METHODS 

2.1 Rickettsia DNA sample and sequencing 

Bemisia tabaci were collected from cotton in autumn 2009 at the Maricopa Agricultural 
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Center, AZ, USA, (Himler et al. 2011) and maintained on cowpea, Vigna unguiculata. DNA 

was extracted from pooled adult whiteflies as described previously by Degnan et al. (2009) 

and Sloan & Moran (2012) for 454 and Illumina platforms, respectively. The 454 sequencing 

was performed at the University of Arizona Genetics Core and the Illumina paired-end 

sequencing was performed as part of the Portiera BT-B sequencing project described in 

Sloan & Moran (2012). We herein refer to the Rickettsia from B. tabaci collected in the USA 

as rBT-B_USA.  

 

2.2 Assembly and annotation 

To assemble the reads, adaptor sequences were trimmed from the Illumina reads with 

Trimmomatic v0.03 and reads were quality filtered. Reads mapping to the genome of the 

whitefly Portiera primary symbiont were removed. The Illumina and 454 reads were 

assembled with Velvet v1.2.10 using a k-mer of 51 and the gaps were filled and contigs 

connected with SSPACE (x 0 -m 25 -o 10 -T 16 -p 1) and GapFiller (-o 2 -m 29 -r 0.7 -n 10 -

T 20 -g 1 -d 50 -t 10 -i 20). The scaffolds were binned as Rickettsia if they had a blast match 

to a previously sequenced Rickettsia by nucleotide BLASTn (evalue = 1e-10) or for a coding 

region by amino acid BLASTp (evalue = 1e-10). Similarly, scaffolds were excluded as host 

sequence if they matched to a whitefly or another insect or mitochondrial sequence in 

GenBank. Six scaffolds that contained only pseudo-tRNAs were also binned as Rickettsia.  

 

The Rickettsia scaffolds were annotated automatically in RAST version 2.0 (Aziz et al 2008) 

using the ClassicRAST annotation scheme, then edited manually in Geneious version 5.0.4 

(www.geneious.com). Gene functional assignments were made using SEED Viewer (version 
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2.0; Overbeek et al. 2014) and KEGG database (Release 74.0; http://www.genome.jp/kegg/). 

The amino acid sequences of all CDSs were assigned KEGG annotations with the KAAS 

Automatic Annotation Server Ver. 2.0 (Moriya et al. 2007) using the BLAST search program 

BBH (bi-directional best hit) method. The genome will be made available in the GenBank 

database.  

 

2.3 Comparison to other symbiont genomes  

The structure and content of the rBT-B_USA genome was compared to the previously 

published genomes of:  

a) its closest sequenced relative, R. bellii strain RML369-C (Ogata et al. 2006), which is 

a symbiont of the tick Dermacentor variabilis,  

b) the B. tabaci primary nutritional symbiont Portiera BT-B (Sloan & Moran 2012), and  

c) the B. tabaci secondary symbiont Hamiltonella hBtab_MEAM1, also thought to have 

a nutritional role (Rollat-Farnier et al. 2015).  

In the core metabolic analysis figure described below, two additional symbionts occurring in 

the aphid Acyrthosiphon pisum were included for comparison. Acyrthosiphon pisum feeds on 

phloem and, like B. tabaci, has a primary symbiont (Buchnera aphidicola str. APS; Sloan et 

al. 2014) and a secondary symbiont (H. defensa; Degnan et al. 2009) that is a close relative of 

whitefly Hamiltonella but has a defensive rather than nutritional role.  

 

The gene content of these bacteria was compared using the SEED Viewer and KEGG. 

Annotations for R. bellii RML369-C were already available in SEED Viewer. The genomes 

of Portiera BT-B and Hamiltonella hBtab_MEAM1 were annotated in RAST for SEED 
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Viewer using the same conditions as for Rickettsia rBT-B_USA, preserving the original gene 

calls. KEGG annotations were already available for Portiera BT-B and R. bellii RML369-C, 

and were assigned for Hamiltonella hBtab_MEAM1 using the same conditions as for 

Rickettsia rBT-B_USA. Buchnera aphidicola str. APS and H. defensa were analyzed for core 

metabolism genes using KEGG annotations, which were already available.  

 

Rickettsia rBT-B_USA genes were considered orthologs between any of the four symbionts 

when there was a bidirectional best hit in the SEED Viewer Sequence based Comparison 

using each symbiont genome as the reference organism. Pseudogenes were identified as any 

gene with a length less than 80% the length of the next shortest ortholog among the four 

symbionts. Genes with no orthologs among the four symbionts were considered pseudogenes 

if their length was less that 80% of the length of their top BLASTp match (evalue = 0.001) in 

a close relative (Buchnera organism tax id = 32199 for Portiera; Hamiltonella defensa 5AT 

organism tax id = 572265 for Hamiltonella; and other Rickettsia organism tax id = 780 

exclude 33990, 337479 for R. bellii and Rickettsia rBT-B_USA). Rickettsia rBT-B_USA 

genes with no match to R. bellii or the other two B. tabaci symbionts were compared to other 

sequenced Rickettsia using BLASTp (evalue = 0.001, organism tax id = 780). The remaining 

genes with no match in any Rickettsia or the other two B. tabaci symbionts were compared to 

the entire nr database (BLASTp, evalue = 0.001).  

 

2.4 Nutritional pathways 

The gene profile of rBT-B_USA was assessed for completeness of nutritional biosynthesis 

pathways and complementarity to the gene profiles of the other two B. tabaci symbionts. 
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Genes involved in core metabolic processes were compared using KEGG assignments. These 

included genes involved in both biosynthetic pathways potentially useful in nutrient 

provisioning to the host as well as other core metabolic functions including replication, 

recombination, repair, cell envelope synthesis and cell shape. The gene profiles were 

displayed in a similar format to Figure 2 in Moran et al. (2008) and Table S2 in Rao et al. 

(2015). The remaining genes present in Rickettsia rBT-B_USA not present in the other two 

B. tabaci symbionts were divided manually based on their functional assignments, into those 

likely to be used internally for the growth and functioning of the Rickettsia cell (for example, 

genes in the functional category ‘Cell Division and Cell Cycle’) and those with a potential 

role in interacting with the host (for example, genes in the functional category of ‘Virulence, 

Disease and Defense’). 

 

2.5 Effector proteins 

The genes present in Rickettsia rBT-B_USA but not present in the other two B. tabaci 

symbionts were assessed for their potential to act as host or plant cell effectors. Potential 

effectors were identified both by similarity to proteins in the Pathogen-Host Interaction 

Database (PHI-base) and by molecular patterns indicating secretion and host targeting. PHI-

base is a curated database of genes shown to affect the outcome of pathogen-host 

interactions. Protein sequences were screened for similarity to the genes in the PHI-base 

Version 3.8 database of 3069 entries, using BLASTp (evalue = 1e-15 and filter for low 

complexity regions).  
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Rickettsia rBT-B_USA protein sequences with molecular signals indicating that they are 

likely secreted to the cell surface, not part of the cell membrane and targeted to the host 

nucleus, were identified using a workflow based on Bai et al. (2009). Briefly, unique rBT-

B_USA protein sequences at least 40 amino acids in length were processed with SignalP 

Version 4.1 (Petersen et al. 2011) and SecretomeP Version 2.0 (Bendtsen et al. 2005) to 

identify proteins with signal peptide triggered secretion tags or those secreted by a non-

classical process, respectively. The standard settings for gram-negative bacteria, including a 

DMAX cutoff of 0.57 for the noTM network and 0.51 for the TM network in SignalP were 

used. Proteins sequences were trimmed if a cleavage site was predicted by SignalP. From the 

resulting list of potentially secreted proteins, any identified as lipoproteins were ruled out 

using LipoP Version 1.0 (for proteins at least 70 amino acids in length; Juncker et al. 2003), 

as were those with a transmembrane helix using TMHMM Server v. 2.0 (Krogh et al. 2001). 

Default settings for gram negative bacteria were used. The remaining secreted proteins were 

searched for nuclear localization signals in NLStradamus (Nguyen et al. 2009) using the 

default settings.  

 

3. RESULTS 

3.1 Rickettsia rBT-B_USA genome features 

The rBT-B_USA genome assembled into 196 scaffolds raging in size from 558 to 49,375 bp, 

with a total length of 1.22 Mb. This includes 0.2% N (2 kb of ambiguous bp) and slightly 

underestimates the actual genome size due to some repetitive regions being collapsed. The 

assembly likely represents all of the unique coding regions of the genome as the average 

coverage is high (172-fold) and the breaks between contigs are likely due to repetitive 
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regions that could not be assembled. Rickettsia genomes generally have high numbers of 

selfish DNA, repeat palindromic elements and mobile genetic elements (Merhej and Raoult, 

2011). The genome is AT biased (32.2% G+C), has a coding density of 82% and includes 

1,312 genes including 249 putative pseudogenes. The genome has 28 tRNAs including at 

least one for each amino acid plus eight pseudo-tRNAs. Although some genes were similar to 

those occurring on the plasmid from R. monacensis, no complete circular chromosome was 

assembled.  

 

A further 341 scaffolds were not assigned to any organism and are likely host insect DNA, 

although we cannot rule out that they are Rickettsia. Of these unassigned scaffolds, only 64 

had predicted hypothetical proteins, none of which had any good match in GenBank. Their 

average GC content was higher (37.1%) and coding density lower (3%) suggestive of host 

DNA, and size small (range 504 to 11,910 bp). Therefore, it is unlikely that these contain 

genetic information pertinent to the questions addressed here.  

 

3.2 Comparison to other symbiont genomes 

There are 120 genes shared by Rickettsia rBT-B_USA, R. bellii RML369-C, Portiera BT-B 

and Hamiltonella hBtab_MEAM1 (Figure 1). The Rickettsia rBT-B_USA is 0.3 Mb smaller 

than the R. bellii genome and similar in gene content, with 777 orthologous genes (Figure 1). 

Only five genes were shared by all three whitefly symbionts but not found in R. bellii (Table 

1). Similar to the R. bellii genome, the Rickettsia rBT-B_USA genome has many toxin-

antitoxin systems, tetratricopeptide repeats, and mobile elements.  
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Six hundred and seventy-six genes present in Rickettsia rBT-B_USA have no ortholog in the 

other two whitefly symbionts so are considered candidates for having a role in the host 

fitness benefit. Of these, 279 genes have no ortholog in R. bellii RML369-C. Of the 279 with 

no ortholog in R. bellii RML369-C, 228 had a match to other Rickettsia (GenBank nr 

database tax id = 780). From the 51 Rickettsia rBT-B_USA genes with no match in either of 

the other whitefly symbionts or any other sequenced Rickettsia, 18 had a match to sequences 

from other organisms in the GenBank nr database (Table 2a); the remainding 33 genes are 

hypothetical proteins with no SEED or KEGG assignments.  

 

A number of the 625 genes present in Rickettsia rBT-B_USA but not present in the other two 

whitefly symbionts were assigned functional roles, KEGG pathways or SEED subsystems of 

interest for the fitness benefit hypotheses (Table 2b-d). However, many were hypothetical 

proteins (238 genes), mobile elements (20 genes), or ankyrin repeats (8 genes). Selected 

genes of interest included those with a role in biosynthesis of a cell metabolite (Table 2b), in 

stress response, pathogenicity, or affecting the host cell (Table 2c), or with a potential role as 

secreted effectors (Table d). Genes involved in basic cellular functions such as DNA repair, 

bacterial cell division, two-component systems and ion transporters, were considered less 

likely to be involved in the fitness benefit (not shown). Many genes in addition to the 

hypothetical proteins did not have enough information available from orthologs to discern a 

specific function (for example, ‘Putative Zn-dependent hydrolase’, ‘Glycosyltransferase’, 

‘Transcriptional regulator’, with no SEED or KEGG functional assignments).  

 

3.3 Core metabolic profile and nutrition 
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The core metabolic profile of rBT-B_USA is highly reduced and contains few complete core 

metabolic pathways (Figure 2). Indeed, the only complete core groups are single enzymes for 

synthesis of Gly, Tyr and PRPP, and for transcription (not shown; all genes present in all 

symbionts compared). Portiera has few core metabolic genes so rBT-B_USA has many 

genes that could supplement Portiera metabolism, however, only twelve of these are not also 

present in Hamiltonella hBTAB_MEAM1: mfd, rumC and dnaQ involved in replication and 

repair, fabF involved in fatty acid biosynthesis, argB, cysQ and ilvE in amino acid synthesis, 

hemB, hemC, hemE and hemF in heme synthesis and coaE in co-factor synthesis. Of these, 

only fabF, ilvE and coaE would create new complete pathways among the three B tabaci 

symbionts (for example, Figure 3). More striking is the high degree of similarity between 

whitefly Rickettsia and R. bellii; these genomes have the same core metabolic profile with 

the exception of the loss of two genes in the whitefly Rickettsia (dnaQ and trpA). Among the 

biosynthesis-related genes outside the core metabolic profile, few unique Rickettsia genes 

seem likely candidates for secondary metabolites that would be important for whiteflies 

(Table 2b). For example, ketone bodies are used in times of glucose shortage, and polyketide 

sugars are more likely to have a defensive than nutritional role. 

 

3.4 Putative effectors and secreted proteins 

Thirty-four rBT-B_USA genes had at least one match in the PHI-base dataset, using a strict 

BLASTp e-value cutoff of 1e-15 and filtering for low complexity regions (Table 3). One 

hundred and forteen rBT-B_USA proteins were predicted to be secreted and 17 of these 

targeted for the host or plant nucleus (Table 4a-b). Twenty-nine of these were secreted by 
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signal peptide triggered secretion tags (Table 4a) and the remainder by a non-traditional 

secretion method (Table 4b).  

 

4. DISCUSSION 

4.1 Nutritional mutualism hypothesis 

The highly reduced core metabolic profile of rBT-B_USA with few complete pathways 

(Figure 1) provides little evidence to support the hypothesis that Rickettsia is a nutritional 

mutualist. If Rickettsia had evolved to provide metabolites to the whitefly, we would expect 

to see profiles similar to the primary symbionts or Hamiltonella hBTAB_MEAM1, which all 

have various complete pathways to synthesize, for example, branched chain amino acids and 

carotenoids (Portiera), essential amino acids (Buchnera) or lysine, threonine, folate, 

riboflavin, biotin and pyridoxine (Hamiltonella hBTAB_MEAM1). Instead, whitefly 

Rickettsia has few complete core metabolic capabilities and likely acquires many metabolites 

and metabolic substrates from the host or the other symbionts. Furthermore, the core 

metabolic profile of whitefly Rickettsia is very similar to that of R. bellii, with only four gene 

losses in difference, suggesting that Rickettsia has not been under selection to bring 

metabolic capabilities beneficial to its phytophagous host. This is in contrast to whitefly 

Hamiltonella, which has a full pathway for folate synthesis that is not complete in the 

defensive Hamiltonella symbiont in pea aphids. While we cannot rule out that metabolic 

substrates are moving between bacteria mid pathway, there is little evidence that Rickettsia 

provides unique products, not made by the other symbionts or the host.  
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The nutrition biosynthesis genes present in Rickettsia but not present in either of the other 

symbionts (Figure 2, Table 2b) seem unlikely candidates for the fitness benefit. Many of 

these are components of essential pathways, and therefore unlikely to be useful to the 

whitefly since Rickettsia is not an obligate symbiont. Further, in many cases this type of 

contribution would require the substrates to move from Hamiltonella or Portiera into 

Rickettsia and back again. It seems more likely that the whitefly host provides these 

enzymes, and future genomic or transcriptomic analyses on the whitefly host will provide 

insights into the cooperation among the host and symbionts and confirm whether any 

Rickettsia genes may be needed to complete core metabolic pathways.  

 

4.2 Plant diet and plant manipulation  

Only five genes were present in at least two of the three whitefly symbionts but not present in 

R. bellii (Table 1). In addition, few genes were unique to whitefly Rickettsia from the 

Rickettsia lineage (Table 2a). This lack of a strong signature of adaptation of the symbionts 

to a phytophagous host may be due to their buffered environment or a short evolutionary 

time separating R. bellii from whitefly Rickettsia. A number of hypothetical proteins or 

smaller scale changes in genes and gene expression may also play a role in host adaptation. 

 

Many genes were present in the two Rickettsia species but not present in the other two B. 

tabaci symbionts (Table 2). These include a number of cell surface antigens, lipoproteins, 

dTDP-rhamnose (involved in cell wall synthesis), outer membrane and extracellular proteins 

and peptidoglycan-related proteins (Table 2c) that may cause the plant to recognize a 

bacterium, activating antibacterial defenses and suppressing herbivore defenses, to the 
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whitefly’s benefit (e.g. Beckers and Spoel, 2006; Zarate et al. 2007). The exact role of two 

plant-related proteins (patatin precursor and phytol kinase) is unclear (Table 2c), however, 

phytol kinase is essential in Arabidopsis for seed tocopherol synthesis (Valentin et al. 2006). 

Rather than manipulating plant defenses, Rickettsia could influence the plant nutrition 

(Mauck et al. 2015) in a way that benefits the whitefly by increasing the availability of the 

plant resources. 

 

4.3 Toxins, defense and other host effectors 

The rBT-B_USA genome has a number of transporters, including a twin arginine 

translocation system, and a type IV secretion system that could send effectors to the host cell 

(Table 3d). Many putative secreted proteins were identified in the genome (Table 4), several 

with nuclear targeting domains. A number of ankyrins were present, which are common in 

eukaryotes and are thought to be involved in protein-protein interactions generally, and 

between symbiont and host in the case of the reproductive manipulator endosymbiont 

Wolbachia and its insect host (Iturbe-Prmaetxe et al. 2005). A number of genes have roles in 

stress response, including heat shock and cold shock proteins, cobalt-zinc-cadmium 

resistance and oxidative stress proteins. These may be used by Rickettsia or may help the 

whitefly cell to respond to environmental stress. Antibiotic synthesis and secreted 

pathogenicity factors could play a role in defending the whitefly against opportunistic 

entomopathogens encountered in the environment (e.g. Hendry et al. 2014). Proteins 

including oligopeptidase B (Coetzer et al. 2008) and ecotin (Eggers et al. 2004) are known 

pathogenicity factors with exogenous targets; they could play a role in priming the plant or 
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whitefly immune systems or in defending the obligate nutritional symbionts against bacterial 

competitors.  

 

5. CONCLUSIONS 

Taken together, the analyses of the genome sequence of Rickettsia rBT-B_USA suggest that 

the fitness benefit provided to whiteflies may be related to host plant manipulation or defense 

against cryptic pathogens. The plethora of potential excreted and effector proteins warrant 

further investigation, as do a number of proteins involved in stress response. A nutritional 

role for Rickettsia appears less likely, given the few complete biosynthesis pathways. A 

whitefly genome or transcriptome would help complete the picture of the combined 

metabolic capabilities of the insect and three endosymbionts, clarifying the importance of 

unique Rickettsia genes in the combined genomic capacity. 
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7. TABLES AND FIGURES 

Table 1. Functions of the genes present in Rickettsia rBT-B_USA and at least one of the 

other two B. tabaci symbionts but not present in R. bellii tick symbiont 

Orthologs 

present in: 

Gene SEED KEGG 

# Name Role Subsystems # Pathways 

Hamiltonella  

198 grxD 
Probable monothiol 

glutaredoxin GrlA 
Glutaredoxins K07390 - 

227 lepA 
Translation elongation 

factor  

Heat shock dnaK gene 

cluster extended, 

Translation elongation 

factors bacterial, 

Universal GTPases 

K03596 Legionellosis 

266 - Aminotransferase -  - - 

Hamiltonella 

and Portiera 

269 rfbA 
Glucose-1-phosphate 

thymidylyltransferase  

dTDP-rhamnose 

synthesis 
(EC 2.7.7.24) 

Streptomycin biosynthesis, 

Polyketide sugar unit 

biosynthesis 

939 HSP20 
small heat shock 

protein 
- K13993 

Protein processing in 

endoplasmic reticulum 
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Table 2a-d. Selected genes present in whitefly Rickettsia rBT-B_USA but not present in the 

other two B. tabaci symbionts: 

a) with no ortholog in other sequenced Rickettsia but with a match in the nr database 

Gene 

# 

SEED KEGG Best match BLASTp (nr) 

Role Subsystems # Pathways Protein In Organism 

201 Acetyltransferase - - - 
N-acetyltransferase 

GCN5  

Crinalium 

epipsammum 

448 HicA protein - - - 
hexulose-6-

phosphate synthase 

Tolypothrix 

bouteillei 

1182 
Type II restriction 

enzyme  HpaII 
- (EC 3.1.21.4) 

Hydrolases acting on ester 

bonds, Prokaryotic defense 

Type II R-M system 

hypothetical protein 
uncultured 

bacterium 

1195 
DNA-cytosine 

methyltransferase 

DNA 

repair, 

bacterial 

(EC 2.1.1.37) Methionine degradation 

DNA-cytosine 

methyltransferase Bacillus halodurans 

1293 
HAD superfamily 

hydrolase 
- K07025 

Putative HAD superfamily 

hydrolase 

HAD superfamily 

hydrolase 
Vibrio sp. 

5 

hypothetical 

protein 

 

- 

 

- 

 

- 

 

hypothetical protein Pantoea sp. 

82 hypothetical protein 
Sediminibacterium 

sp. 

200 
GCN5 family 

acetyltransferase 

Azospirillum 

halopraeferens 

202 hypothetical protein 
Desulfonatronum 

thiodismutans 

267 hypothetical protein Formosa sp. 

271 hypothetical protein Escherichia coli 

451 hypothetical protein 
marine gamma 

proteobacterium 

515 TriB protein Salmonella enterica 

603 
Adenine-specific 

DNA methylase 
Parcubacteria sp. 

1020 hypothetical protein Flavobacterium sp. 

1063 hypothetical protein Flavobacterium sp. 

1245 hypothetical protein Rickettsiaceae sp. 

1246 hypothetical protein Rickettsiaceae sp. 
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Table 2a-d. Selected genes present in whitefly Rickettsia rBT-B_USA but not present in the 

other two B. tabaci symbionts:  

b) with a potential role in cell nutrition based on SEED and KEGG category assignment  

Gene 

# 

SEED KEGG 

Role Subsystems # 
Involved in 

synthesis of: 

81 UDP-N-acetylglucosamine 2-epimerase - K01791 
Amino sugar, 

nucleotide sugar 

809 NAD-specific glutamate dehydrogenase 
Glutamate dehydrogenases, Glutamine, 

Glutamate, Aspartate and Asparagine Biosynthesis 
K15371 

Arginine 

 
1115 

Putative glutamine synthetase, 

Rickettsiales type 

Ammonia assimilation, Glutamine, Glutamate, 

Aspartate and Asparagine Biosynthesis, Glutamine 

synthetases, Peptidoglycan Biosynthesis 

K01915 

1090 

2-amino-4-hydroxy-6-

hydroxymethyldihydropteridine 

pyrophosphokinase 

Folate Biosynthesis K13941 
Folate 

1097 6-carboxytetrahydropterin synthase Queuosine-Archaeosine Biosynthesis K01737 

835 
Phosphoribosylaminoimidazole-

succinocarboxamide synthase 
- K01923 

Inosine 

monophosphate 

1218,1

219 

Succinyl-CoA:3-ketoacid-coenzyme A 

transferase subunit A 
Catechol branch of beta-ketoadipate pathway 

K01028, 

K01029 
Ketone bodies 

384 Beta N-acetyl-glucosaminidase Murein Hydrolases K05349 Phenylpropanoid 

1300 PqqC-like protein Folate Biosynthesis K06137 
Pyrroloquinoline-

quinone 

79 dTDP-4-dehydrorhamnose reductase 

dTDP-rhamnose synthesis 

K00067 Streptomycin, 

Polyketide sugar 

unit  
268 dTDP-glucose 4,6-dehydratase K01710 

351 
2-octaprenyl-3-methyl-6-methoxy-1,4-

benzoquinol hydroxylase 
Ubiquinone Biosynthesis 

K06134 Ubiquinone 

1289 
4-hydroxybenzoate 

polyprenyltransferase 
K03179 

Ubiquinone, other 

terpenoid-quinone 

940 Fatty acid desaturase - K00507 
Unsaturated fatty 

acids 

803 
Substrate-specific component BioY of 

biotin ECF transporter 
Biotin biosynthesis K03523 

- 

15 Ferredoxin, 2Fe-2S 
Alanine biosynthesis, Soluble cytochromes and 

functionally related electron carriers 
K04755 

16 Chaperone protein HscA Alanine biosynthesis, Protein chaperones K04044 

232 Putative preQ0 transporter Queuosine-Archaeosine Biosynthesis K09125 

410 
Iron-sulfur cluster assembly scaffold 

protein IscU 
Alanine biosynthesis K04488 

826 
Protoporphyrinogen IX oxidase, novel 

form, HemJ 
Heme and Siroheme Biosynthesis K08973 

413 Iron-sulfur cluster regulator IscR 
Alanine biosynthesis, Rrf2 family transcriptional 

regulators 
K13643 
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Table 2a-d. Selected genes present in whitefly Rickettsia rBT-B_USA but not present in the 

other two B. tabaci symbionts: c) with a potential role in other mechanisms of fitness benefit  

Gene 

# 

SEED KEGG 

Role Subsystems # Pathways 

725 Sigma-fimbriae tip adhesin sigma-Fimbriae 

- - 

E
ff

e
ct

o
r 

840 YrbA protein 
Broadly distributed proteins not 

in subsystems 

1174 Outer membrane protein H precursor 
Lipid A biosynthesis cluster, 

Periplasmic Stress Response 

770 
Alkaline phosphatase synthesis sensor 

phoR 

- 

178 Cell surface antigen Sca2 

959 Colicin V production protein 

565 NifU-like protein 

1303 
Outer membrane antigenic lipoprotein B 

precursor 

706 Outer membrane lipoprotein OmlA 

1196 Patatin b1 precursor 

456 Penicillin-binding protein 4 

762 Phytol kinase 

270 
Region 2 capsular polysaccharide 

biosynthesis protein 

145 Oligopeptidase B K01354 
Chagas disease, African 

trypanosomiasis 

520 Multidrug resistance protein B K03446 Multidrug resistance, efflux pump 

EmrAB 717 Multidrug resistance protein A K03543 

639 Large extracellular α-helical protein K06894 - 

843 Outer membrane protein W precursor K07275 Outer membrane protein ompW 

222 CarD-like transcriptional regulator K07736 CarD family transcriptional regulator 

567 
Proteinase inhibitor I11,  

ecotin precursor 
K08276 ecotin 

839 Lojap protein K09710 ybeB ribosome-associated protein 

658 
Multimodular transpeptidase-

transglycosylase  
Peptidoglycan Biosynthesis K05367 

Peptidoglycan biosynthesis, penicillin-

binding protein 1C 

537 
UDP-2,3-diacylglucosamine 

pyrophosphatase 

KDO2-Lipid A biosynthesis, 

Llipid A biosynthesis cluster 
K09949 hypothetical protein 

824 Cobalt-zinc-cadmium resistance protein Cobalt-zinc-cadmium resistance 

- - 

D
e

fe
n

se
/ 

a
b

io
ti

c 
st

re
ss

 r
e

sp
o

n
se

 

12 Universal stress protein family 3 Universal stress proteins 

938 Small heat shock protein 

- 1089 Tellurite resistance related protein 

974 Heat shock protease (EC 3.4.21.-) Serine Peptidases 

559 Cold shock protein CspA Cold shock, CspA family  K03704 Cold shock protein (CspA family) 

1156 
Non-specific DNA-binding protein Dps / 

Ferroxidase  
Oxidative stress K04047 

Starvation-inducible DNA-binding 

protein 

17 Chaperone protein HscB Protein chaperones K04082 Heat shock proteins 

135 HtrA protease/chaperone protein Periplasmic Stress Response K04771 

Cationic antimicrobial peptide (CAMP) 

resistance, envelope protein folding 

and degrading  factors DegP and DsbA 

237 
Nitrite-sensitive transcriptional repressor 

NsrR 

Nitrosative stress, Oxidative 

stress, Rrf2 family 

transcriptional regulators 

K13771 

Rrf2 family transcriptional regulator, 

nitric oxide-sensitive transcriptional 

repressor; Salmonella infection  

238 Flavohemoprotein  
Bacterial hemoglobins, 

Flavohaemoglobin 
(EC 1.14.12.17) 

Salmonella infection, nitric oxide 

dioxygenase 

550 tRNA-t(6)A37 methylthiotransferase 
Heat shock dnaK gene cluster, 

Methylthiotransferases 
K18707 

Transferases, tRNA modification 

factors 
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Table 2a-d. Selected genes present in whitefly Rickettsia rBT-B_USA but not present in the 

other two B. tabaci symbionts: 

d) with a potential role in transporting effectors to the host or plant cell  

Gene 

# 

SEED KEGG 

Role Subsystems # Pathways 

152 
Inner membrane protein of type IV secretion of T-DNA complex, 

TonB-like, VirB10 

- 

K03195 

Type IV secretion system 

 

184 
Inner membrane protein forms channel for type IV secretion of T-DNA 

complex, VirB3 
K03198 

368 VirB4 protein precursor K03199 

171 – 

175 
Inner membrane protein of type IV secretion of T-DNA complex, VirB6 K03201 

156 
Inner membrane protein forms channel for type IV secretion of T-DNA 

complex, VirB8 
K03203 

157 
Outer membrane and periplasm component of type IV secretion of T-

DNA complex, has secretin-like domain, VirB9 
K03204 

150 Type IV secretion system protein VirD4 K03205 

90 Preprotein translocase subunit YajC (TC 3.A.5.1.1) K03210 
Protein export, bacterial 

secretion system 

1256 Putrescine-ornithine antiporter K03294 
basic amino acid/polyamine 

antiporter, APA family 

702 
18K peptidoglycan-associated outer membrane lipoprotein/precursor;  

Outer membrane protein P6;  

OmpA/MotB precursor 

Ton and 

Tol 

transport 

systems 

 

K03640 

Electrochemical potential-

driven transporters, 

peptidoglycan-associated 

lipoprotein 

1024 Putative TolA protein 

- 
813 

TPR domain protein, putative component of TonB system 1228 

1281 

4 Lipid A export ATP-binding/permease protein MsbA 

- K06147 

ABC Transporters, 

Eukaryotic Type; ATP-

binding cassette, subfamily 

B, bacterial 

46 Multidrug resistance ABC transporter ATP-binding protein 

655 
Multidrug resistance protein Atm1 
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Table 3. Genes in whitefly Rickettsia rBT-B_USA and not in the other B. tabaci symbionts, 

with a match in the PSI-base dataset of known pathogen-host interaction proteins. Matches 

are sorted by effect type; note that some genes have more than one listing.  

      Gene PHI-base best BLASTp hit 

# Role PHI# Organism Effect Category 

203 Topoisomerase IV subunit A  849 Burkholderia glumae 

Chemistry target 855 Ubiquinol--cytochrome c reductase,  

cytochrome B subunit 835 Mycosphaerella graminicola 

135 HtrA protease/chaperone protein 4637 Clostridium difficile 

Increased virulence  

500 
Chromosome (plasmid) partitioning protein ParA 

3628 
Mycobacterium tuberculosis 

735 3628 

770 Alkaline phosphatase synthesis sensor protein phoR 4200 Pseudomonas aeruginosa 

723 Pole remodelling regulatory diguanylate cyclase 4198 Streptococcus pyogenes 

631 AmpG permease 
3283 Xanthomonas campestris 

562 Murein peptide permease protein AmpG 

1257 3-ketoacyl-CoA thiolase  2529 Aspergillus fumigatus Lethal 

1057 1-acyl-sn-glycerol-3-phosphate acyltransferase  508 Alternaria alternata 

Loss of pathogenicity 

787 Diguanylate cyclase/phosphodiesterase  3645 Brucella melitensis 

268 dTDP-glucose 4,6-dehydratase 274 Cryptococcus neoformans 

780 Alkaline protease secretion ATP-binding protein AprD 

2042 Magnaporthe oryzae  

4 
Lipid A export ATP-binding/permease protein MsbA 

399 

46 Multidrug resistance ABC transporter ATP-binding protein 

655 Multidrug resistance protein Atm1 

940 Delta-9 fatty acid desaturase 2605 
Aspergillus fumigatus 

Mixed outcome 

1039 Cytochrome c2 2293 

Reduced virulence 

974 Heat shock protease  2334 Botrytis cinerea 

473 Biotin carboxylase of acetyl-CoA carboxylase  2654 Candida albicans 

693 NADH-ubiquinone oxidoreductase chain D 445 Fusarium graminearum 

453 Pyruvate dehydrogenase E1 component alpha subunit 3101 Plasmodium falciparum 

1181 diguanylate cyclase (GGDEF domain) 3042 Pseudomonas aeruginosa 

458 Heme A synthase, cytochrome oxidase biogenesis protein 

Cox15-CtaA 503 Saccharomyces cerevisiae 

427 ATP synthase alpha chain 624 

Salmonella enterica 

 

250 Osmolarity sensory histidine kinase EnvZ 2686 

251 Response regulator protein OmpR 2685 

145 Oligopeptidase B 2601 Trypanosoma cruzi 

383 guanosine-3,5-bis(diphosphate) 3-pyrophosphohydrolase 

SpoTd 709 Vibrio cholerae 

1149 Nitrogen regulation protein NtrX 708 

1129 Deoxyribodipyrimidine photolyase  1052 Cercospora zeae-maydis Unaffected 

pathogenicity 755 Acetoacetyl-CoA reductase 2269 Phaeosphaeria nodorum  
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Table 4a-b. Putative secreted proteins present in whitefly Rickettsia rBT-B_USA and not in 

the other B. tabaci symbionts, by:  

a) signal peptide triggered secretion 

 

Gene # Role Networks-used D score 

Mature protein 

(amino acid #s) 

Nuclear 

localization 

702 

18K peptidoglycan-associated outer membrane 

lipoprotein/precursor;  

Outer membrane protein P6; OmpA/MotB precursor 

SignalP-noTM 

0.67 18-155 

- 

 

672 Cell surface antigen SignalP-noTM 0.62 28-1397 YES 

797 
Copper metallochaperone, bacterial analog of Cox17 

protein 
SignalP-noTM 

0.79 20-175 

- 

580 Muramoyltetrapeptide carboxypeptidase SignalP-noTM 0.86 21-319 

1303 Outer membrane antigenic lipoprotein B precursor SignalP-noTM 0.58 17-207 

843 Outer membrane protein W precursor SignalP-noTM 0.77 24-245 

456 Penicillin-binding protein 4 SignalP-noTM 0.68 22-396 

188 Possible outer surface protein SignalP-noTM 0.75 23-225 

189 Possible outer surface protein SignalP-noTM 0.82 23-252 

37 Protocatechuate 3,4-dioxygenase alpha chain SignalP-noTM 0.77 19-208 

582 Soluble lytic murein transglycosylase precursor SignalP-noTM 0.84 24-653 

210 

hypothetical protein 

SignalP-noTM 0.86 20-436 

369 SignalP-noTM 0.89 21-1156 

371 SignalP-noTM 0.77 23-243 

394 SignalP-noTM 0.67 22-214 

444 SignalP-noTM 0.81 20-194 

493 SignalP-noTM 0.65 22-116 

546 SignalP-noTM 0.64 34-87 

568 SignalP-noTM 0.63 19-57 

619 SignalP-noTM 0.62 22-275 

707 SignalP-noTM 0.85 24-577 YES 

857 SignalP-noTM 0.65 20-53 

- 

 

1006 SignalP-noTM 0.78 22-158 

1127 SignalP-noTM 0.74 19-294 

1211 SignalP-noTM 0.79 23-377 

1217 SignalP-noTM 0.76 22-244 

1309 SignalP-noTM 0.92 20-93 

1174 Outer membrane protein H precursor SignalP-TM 0.52 21-184 

822 Rickettsial 17 kDa surface antigen precursor SignalP-TM 0.55 22-159 
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Table 4a-b. Putative secreted proteins present in whitefly Rickettsia rBT-B_USA and not in 

the other B. tabaci symbionts, by:  

b) non-classical secretion 

 

Gene # Role 

SecP 

score 

Nuclear 

localization 

976 Ankyrin repeat 0.88 

- 274 Cell surface antigen 0.91 

178 Cell surface antigen Sca2 0.54 

736 Cell surface antigen Sca2 0.92 YES 

559 Cold shock protein CspA 0.52 

- 

100 DNA polymerase I 0.66 

238 Flavohemoprotein 0.61 

168 Foldase protein PrsA precursor 0.92 

1225 Hypothetical WASP N-WASP MENA proteins 0.95 

1273 
IncQ plasmid conjugative transfer DNA nicking endonuclease 

TraR (pTi VirD2 homolog) 
0.68 YES 

410 Iron-sulfur cluster assembly scaffold protein IscU 0.76 

- 179 LSU ribosomal protein L28p 0.65 

180 LSU ribosomal protein L31p 0.89 

705 LSU ribosomal protein L32p 0.85 YES 

307 LSU ribosomal protein L35p 0.79 YES 

901 LSU ribosomal protein L36p 0.70 YES 

1003 Mobile element protein 0.74 

- 

540 NADH:ubiquinone oxidoreductase 17.2 kD subunit 0.93 

161 Prevent host death protein, Phd antitoxin 0.52 

573 Prevent host death protein, Phd antitoxin 0.85 

567 Proteinase inhibitor I11, ecotin precursor 0.87 

302 Sec7-domain containing protein transport protein 0.95 YES 

1164 similarity to RP534 0.52 
- 

315 SSU ribosomal protein S20p 0.95 

1292 SSU ribosomal protein S21p 0.63 YES 

359 Thermostable carboxypeptidase 1 0.91 YES 

447 Uracil-DNA glycosylase, family 4 0.74 

- 871 VapB protein (antitoxin to VapC) 0.94 

976 Ankyrin repeat 0.88 

Not shown: 56 hypothetical proteins (SecP score range 0.50 - 0.96; seven with nuclear localization 

signals) 
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Figure 1. Venn diagram showing numbers of unique and orthologous genes in the three 

Bemisia tabaci symbionts Rickettsia rBT-B_USA (gray), Portiera aleyrodidarum BT-B 

(yellow) and Hamiltonella hBtab_MEAM1 (red); and the closest sequenced relative of 

whitefly Rickettsia, R. bellii (blue). Bold numbers show numbers of full-length genes. Plus 

signs (+) show the numbers of pseudogenes that would be added to that category from the 

organism indicated in superscript. Diagram boxes are not scaled by data.  

 

Figure 2. Genes present in core metabolic pathways of Rickettsia rBT-B_USA symbiont of 

Bemisia tabaci (column R). Other symbionts shown for comparison: Acyrthosiphon pisum 

symbionts Buchnera aphidicola str. APS and Hamiltonella 141rustac; B. tabaci symbionts 

Portiera aleyrodidarum BT-B and Hamiltonella hBtab_MEAM1; and Dermacentor 

variabilis symbiont R. bellii RML369-C. Each colored box indicates the presence of a gene 

involved in recombination, repair and replication (purple); cell envelope and cell shape 

(orange); amino acid synthesis (blue) and cofactor synthesis (green). Absent genes are shown 

by a white box and pseudogenes as dashed box. KEGG numbers are shown in parentheses.  

 

Figure 3. An example of a metabolic pathway (panthenoate and coA biosynthesis) that may 

be completed with a combination of complementary genes present in Bemisia tabaci 

symbionts, based on KEGG pathways. Yellow dashed lines lead to or from another pathway, 

gene products (enzymes) are shown in boxes, substrates/products are shaded circles, products 

entering from another pathway in open circles, dashed gray lines show incomplete pathways. 

Genes present in Rickettsia rBT-B_USA (purple), Portiera aleyrodidarum BT-B (blue) and 

Hamiltonella hBtab_MEAM1 (orange).  
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Figure 1 

 

 
 
* 676 genes present in Rickettsia rBT-B_USA but not in the other two B. tabaci symbionts 

^ Genes present in at least two of the three B. tabaci symbionts but not present in R. bellii (see Table 1) 

  

Rickettsia 
rBT-B_USA 

1312 genes 
1.2 Mb 
32.2% G+C 

R. bellii 
RML369-C 

1430 genes 
1.5 Mb 
31.6% G+C  

Hamiltonella 
hBTAB_MEAM1 

1363 genes 
1.7 Mb 
40.1% G+C 

Portiera 
BT-B 

258 genes 
0.4 Mb 
26.2% G+C 
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Figure 3 

 

 


