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ABSTRACT OF THE DISSERTATION 
 
 

Investigations of phenotypic robustness and effector peptide function in 
Drosophila Toll signaling 

 
by 
 

Alexa Watson Clemmons 
 

  Doctor of Philosophy in Biology 
 

University of California, San Diego, 2015 
 

Professor Steven Wasserman, Chair 
 
 
 
 

This dissertation contains two parts, linked by their study of the Toll pathway, 

a widely conserved signaling pathway required for both embryonic development and 

innate immunity in Drosophila. 

The experiments presented in Chapter I employ the Toll pathway as a tool to 

investigate normally occurring fluctuations in gene expression and their impact on 

phenotype. This study focused on a set of alleles of the tube gene, which encodes a 

Toll pathway adaptor protein. I found that females carrying any of these tube alleles 

produced embryos across an unusually wide spectrum of phenotypes associated with 



 

    
 

xii 

defective dorsoventral patterning, even in the absence of variations in genetic 

background or environment. Using sequencing, asymmetric PCR, and site-directed 

recombination techniques, I discovered that transposable element insertions near, but 

not within, the tube gene were responsible for the hypervariable phenotypes of the 

five tube alleles. These transposable elements acted combinatorially to reduce 

maternal tube expression below the threshold required for wild-type patterning. By 

measuring transcript levels in individual embryos, I found that there was a normal 

level of inter-embryo tube expression variability. The phenotypic hypervariability of 

these alleles revealed normal transcriptional fluctuations around a reduced mean 

expression level.  

In Chapter II, I delve into the question of how Toll pathway signaling 

mediates pathogen resistance in Drosophila adults. I characterized a novel gene 

family, the Bomanins (Boms), which encodes small effector peptides that are 

massively upregulated upon Toll activation by infection. Using targeted genome 

engineering, I generated a deletion of a gene cluster containing ten of the twelve Bom 

genes in the D. melanogaster genome. Flies lacking these ten Bom genes succumbed 

to infection at the same rate and with the same specificity as flies incapable of Toll 

signaling, despite the fact that Toll signaling is unaffected by the Bom cluster deletion. 

By comparing the bacterial load of Bom cluster deletion mutants and wild-type flies, I 

found that Boms mediate infection resistance, not tolerance. I additionally examined 

the survival of flies lacking a smaller subset of Bom genes or single Bom genes to find 

that at least some, although not all, Boms have overlapping functions. 
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Chapter I: 

Combinatorial effects of transposable elements on gene 

expression and phenotypic robustness in Drosophila 

melanogaster development 
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ABSTRACT 

Embryonic patterning displays remarkable consistency from individual to 

individual despite frequent environmental perturbations and diverse genetic contexts. 

Stochastic influences on the cellular environment may cause transcription rates to 

fluctuate, but these fluctuations rarely lead to developmental defects or disease. Here 

we characterize a set of recessive alleles of the Toll pathway component tube that 

destabilize embryonic dorsoventral patterning in Drosophila melanogaster. Females 

bearing these tube alleles generate embryos of an unusually wide range of dorsalized 

phenotypes, with the distributions across this range being unique for each allele. We 

determine that the mutant lines have in common a retrotransposon insertion upstream 

of the tube transcription start site. Genetic and molecular approaches demonstrate that 

this insertion dramatically reduces maternal expression of tube, thereby uncovering 

the inherent variability in gene expression. We further find that additional 

transposable element insertions near the tube gene synergistically enhance the 

phenotype caused by the sensitizing upstream insertion. These studies document how 

phenotypic variability can arise from normally occurring fluctuations around reduced 

mean expression and illustrate the contribution of transposons, individually and 

combinatorially, to such a state. 
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INTRODUCTION 

Gene expression often varies over time within a single cell or among cells of 

the same tissue. This variation exists, in part, because stochastic forces influence 

transcription (Kaern et al. 2005; Chubb and Liverpool 2010; Lehner and Kaneko 

2011). The source of stochasticity itself varies and includes both the sporadic 

fluctuations in local transcription factor abundance and the dynamic nature of 

chromatin. Cells generally buffer this transcriptional noise, avoiding any detrimental 

effects and thus displaying a property termed phenotypic robustness (Waddington 

1942; Flatt 2005). Developmental biologists have long been intrigued by the way 

wild-type organisms achieve robust patterning by dampening the effects of 

environmental, genetic, and stochastic perturbations (Houchmandzadeh et al. 2002; 

Arias and Hayward 2006; Porcher and Dostatni 2010).  

Survival requires maintaining transcript levels of essential genes above a 

threshold value. Gene expression at levels significantly above the threshold is one 

potential means of lessening the effects of noisy gene expression; expression levels 

swing back and forth around an average, but the entire range lies above the threshold. 

In this model, the detrimental effects of stochastic forces on phenotype in a wild-type 

organism are minimized.  

For the vast majority of D. melanogaster genes, changing dosage does not 

affect survival, as demonstrated by investigations of segmental aneuploids (flies in 

which particular autosomal regions of the genome are present in only a single copy or 

in three copies). In their landmark investigation of the D. melanogaster genome, 
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Lindsley and colleagues demonstrated the existence of at most 20 loci, and more 

likely just one, that are haploinsufficient for lethality (Lindsley et al. 1972). This 

finding, together with subsequent studies, revealed that nearly all genes are normally 

expressed at levels higher than that required for survival, consistent with the idea that 

surplus gene expression contributes to phenotypic robustness. 

Based on the model described above, one would predict that fluctuations 

produced by stochastic forces would be revealed if an additional influence, such as a 

mutation, reduced the average expression level of a gene to near or below the 

threshold. The phenotype would then vary with changes in expression, essentially 

becoming a readout of the probabilistic nature of underlying molecular interactions.  

With the exception of temperature-sensitive and other conditional missense 

alleles, mutations that disrupt developmental patterning typically result in a consistent 

and relatively narrow phenotypic range. Occasionally, however, phenotypic 

hypervariability emerges (Raj et al. 2010). What distinguishes these rare cases? It 

may be that some processes, like transcription, are more sensitive to perturbations 

than others. To investigate this phenotypic phenomenon, we focused our attention on 

a set of mutations exhibiting hypervariable disruption of Toll signaling.  

In the D. melanogaster embryo, the Toll pathway establishes dorsoventral 

polarity. Females bearing mutations that block Toll signaling produce dorsalized 

embryos, with the severity of dorsalization corresponding to the extent of reduction in 

signaling (Figure 1 and (Anderson and Nüsslein-Volhard 1984; Huang et al. 1997)). 

Generally, isogenic females bearing a mutation in a Toll pathway gene produce 
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embryos of a very narrow phenotypic range. The mutations that we have studied, 

which affect the Toll pathway adaptor protein Tube, instead cause an unusually wide 

range of phenotypes. We have utilized these tube mutants as a model system to study 

variable gene expression and phenotypic robustness. 
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RESULTS 

Phenotypically variable tube alleles 

 The starting point for these studies was the finding that a particular D. 

melanogaster chromosome provides variably reduced tube function. Females carrying 

the tubste chromosome in trans to a tube null mutation (tubste/tubnull) produce embryos 

that span a phenotypic range from strongly dorsalized to wild type (Figure 2A and 

refer to Figure 1). As stated above, except in cases of conditional missense alleles, 

such phenotypic variation is rare. For example, the phenotypes of tub2 and tub4, 

which disrupt tube function to quite different degrees, are distinct but nevertheless 

largely invariant (Figure 2B-C). There is, however, a set of alleles that, like tubste, 

displays an unusually wide phenotypic range. Hecht and Anderson have reported 

isolation of four alleles – tub6, tub7, tub8, and tub9 – exhibiting highly variable tube 

function (Hecht and Anderson 1993). To compare the phenotypic variation of tubste 

with these tube alleles we analyzed embryonic cuticles. Consistent with the published 

data, embryos from females carrying any of these alleles in trans to a strong or null 

mutation exhibit a broad range of phenotypes, with a distinct phenotypic distribution 

for each allele (Figure 2D-G). Hereafter, we therefore use the term tubvar to refer to 

the variable alleles tubste, tub6, tub7, tub8, and tub9. 

Phenotypic variability typically arises from heterogeneity in genetic 

background or the environment. However, because a single tubvar/tubnull female held 

in a constant environment generates embryos with a similar range of dorsalization as 

does a population of tubvar/tubnull females (Figure 3 and (Hecht and Anderson 1993)), 
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the phenotypic range does not reflect variation in genetic background or environment. 

Nor does it reflect paternal genotype, since tube function in embryonic patterning is 

strictly maternally contributed (Gerttula et al. 1988). Rather, the tubvar chromosomes 

must provide variable tube activity, reflecting an alteration in the production, stability, 

or activity of the tube mRNA or protein.  

The observation that single genotypes give rise to widely variable phenotypes 

suggests a stochastic contribution to tube function. One possible source of 

stochasticity is the effect of cellular fluctuations on the activity or stability of a 

protein or RNA transcript. However, sequencing revealed that the Tube proteins 

encoded by four of the five tubvar alleles are wild-type (the tub6 coding sequence has 

an asparagine in place of aspartic acid at position 106). Moreover, the noncoding 

portion of the tube transcription unit is wild-type for all of the tubvar alleles, making a 

disruption in mRNA processing or stability very unlikely. What then is the source of 

phenotypic variation for these tubvar alleles?  

 

Stochastic variation in tube expression 

Based on these findings, we postulated that the tubvar alleles alter tube 

transcription. In particular, we envision that these mutations reduce mRNA levels 

below a threshold amount, revealing phenotypic effects of stochastic gene expression 

fluctuations. To determine if tubvar alleles on average substantially reduce gene 

expression, we assayed tube expression in batches of embryos from tubvar/tubnull 
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females by both quantitative real time PCR (qRT-PCR) of first strand cDNA and 

immunoblotting of protein in embryo extract.  

All of the tubvar alleles exhibited a marked mean reduction in tube expression. 

In embryos from tubste/tubnull females, the level of tube mRNA was reduced on 

average to 28% of the wild-type (tub+/tub+) level (Figure 4A). For tub6/tubnull, 

tub7/tubnull, tub8/tubnull, and tub9/tubnull, which exhibit a more severe reduction in tube 

function (see Figure 2), tube mRNA levels were only 0.2% to 19% of the wild-type 

level (Figure 4A). Immunoblotting revealed that Tube protein levels were also greatly 

reduced (Figure 4B). Furthermore, Tube protein levels correlated closely with mRNA 

levels. Based on these findings, we concluded that the mutations responsible for the 

tubvar phenotypes reduce the production of tube mRNA.  

The finding that tube expression is strongly reduced in tubvar mutants is 

consistent with a model in which phenotypic variability originates from normally 

occurring, probabilistic fluctuations in transcription. It remained a possibility, 

however, that the mutations increase transcriptional noise in addition to reducing 

average transcription levels. To distinguish between these two models, we measured 

tube expression in individual embryos from tubste/tubnull, tub8/tubnull, and control 

females by qRT-PCR.  

As shown in Table 1, the tubvar alleles do not enhance transcriptional 

fluctuations of tube. Rather, the standard deviations of tube expression from the tubvar 

chromosomes were comparable to each other and to the wild type. This finding 

demonstrates that the mutations responsible for the tubvar phenotypes reduce tube 
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expression without introducing additional variability in gene expression. Said another 

way, the phenotype of embryos from tubvar females unmasks transcriptional noise. 

We also included in our analysis the allele tub4, which produces reduced 

levels of functioning Tube protein (Letsou et al. 1993) and yet displays an invariant 

dorsalization phenotype (see Figure 2C). The tub4 chromosome contains a mutation 

that disrupts splicing, leading to only a very small fraction of tube transcripts being 

properly spliced and consequently very low amounts of functioning Tube protein. 

This would suggest that low tube gene product levels are required but not sufficient 

for a variable phenotype. Upon analyzing RNA from individual embryos produced by 

tub4/tubnull females, we found that the average level of spliced tube mRNA for tub4 

was greatly reduced relative to the wild type (Table 1). Further, we found that the 

standard deviation of tube expression was considerably less than observed from the 

other genotypes. In other words, spliced tube transcript levels varied less from 

embryo to embryo for tub4 than for other genotypes. 

Based on our sequence analysis of the transcribed region, it is likely that the 

tubvar chromosomes are altered for tube transcription initiation or elongation, rather 

than a co-transcriptional or post-transcriptional process. In contrast, the tub4 

chromosome displays defective splicing, a co-transcriptional process, but little 

variation in mature transcript level. This result can best be explained if the tub4 

splicing defect acts as a bottleneck, masking fluctuations in transcription initiation. 

We drew two conclusions from the comparison of tubvar and tub4 expression 

in individual embryos. First, because the tub4 chromosome displayed a reduced 
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average tube expression level with a lower standard deviation than observed from the 

other genotypes, qRT-PCR of individual embryos introduced little, if any, additional 

technical variability. Second, low transcript levels do not inherently cause phenotypic 

variability. Reduced transcript levels combined with naturally occurring 

transcriptional fluctuations generate the tubvar phenotypic variability.  

 

Retrotransposon-mediated disruption of tube expression 

Our investigation revealed that maternal tube expression was diminished in all 

five tubvar alleles, suggesting that the phenotypic variability is caused by mutations 

that reduce tube transcription. We therefore set out to find cis regulatory mutations 

affecting tube. We have previously demonstrated that a transgene that includes the 

tube transcription unit and 8 kb of DNA directly upstream rescues Toll signaling in 

tube deficient embryos (Letsou et al. 1991). We began by amplifying this region of 

the tubste chromosome with conventional and TAIL-PCR (see Material and Methods), 

followed by sequencing. In this manner, we discovered a retrotransposon insertion at 

position -301 relative to the tube transcription start site (Figure 5A). By PCR-based 

analysis, we further found that each of the tubvar chromosomes, including tub6, 

contains this -301 insertion, but wild-type chromosomes do not (Figure 6). The 

retrotransposon is a member of a family of insertions called opus elements, which are 

LTR-containing retrotransposons typically found in 20-30 copies distributed 

throughout the D. melanogaster genome (Kaminker et al. 2002).  



 

    
 

11 

Given the finding that all of the tubvar alleles contain the opus insertion, we 

made two predictions. First, because the opus insertion is approximately 7.4 kb and is 

located in the tube promoter region, it is likely required for the variable phenotype 

observed in all tubvar alleles. In this case, the variable phenotype should map to a 

region containing the opus insertion. Second, because each allele displays a unique 

phenotypic profile, the opus insertion is probably the primary event but cannot be the 

sole source of the variable phenotype. Instead, we hypothesized that the tubvar 

chromosomes, perhaps with the exception of tubste, are doubly mutant for tube. In this 

case, we should be able to identify additional, enhancing mutations in some or all of 

the tubvar chromosomes that are required for their unique phenotypic profiles.  

To address the first prediction – whether the opus insertion is required for the 

tubvar phenotypes – we carried out mapping by site-specific male recombination 

(Chen et al. 1998). We hypothesized that the tubste chromosome might not contain a 

second mutation because it is the least affected of the tubvar alleles with regard to tube 

expression and embryonic phenotype. We therefore began by mapping the mutation 

responsible for the tubste phenotype. Specifically, we induced recombination between 

the tubste chromosome and a chromosome bearing either of two P element insertions, 

one approximately 8 kb upstream and one approximately 8 kb downstream of the tube 

transcription unit (Figure 5B). As shown in Figure 5C, these studies demonstrated 

that a 25 kb region encompassing tube and the opus insertion was both necessary and 

sufficient to generate the range of dorsalized phenotypes associated with tubste. 

Furthermore, sequencing of the entire 25 kb region in the tubste chromosome revealed 
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just seven other changes, each of which were minor sequence variations when 

compared to wild-type cDNA or genomic sequences (Table 2). These findings are 

consistent with the hypothesis that the opus retrotransposon is the primary event 

responsible for the tubvar phenotypic variability and acts by diminishing tube 

expression.  

Using qRT-PCR and 5’ RACE in combination with published modENCODE 

RNAseq data we determined that the opus insertion disrupts tube expression without 

affecting the position of the transcription start site (Figure 7). Moreover, the opus 

insertion site separates the tube transcription start site from the most highly conserved 

intergenic region upstream of tube (Celniker et al. 2002; Kent et al. 2002). It thus 

appears that the opus insertion disrupts tube regulation, reducing tube expression 

without compromising the boundaries of the tube transcript.  

 

Context-specific expression defects 

The findings detailed above indicate that the presence of the opus insertion 

alters tube expression. Since Tube is required for Toll pathway function in both 

embryonic patterning and innate immunity, we wondered if tubvar mutants also 

display immune defects. To answer this question, we assayed tubvar/tubnull, 

tubnull/tubnull, and wild-type adult males for survival following septic injury with the 

fungus Fusarium oxysporum, a specific inducer of Toll signaling. We found that 

while tubnull/tubnull males died within two days following infection, tubvar/tubnull males 

survived on average for four days following infection, indistinguishable from wild-
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type males (Figure 8A). Thus, the tubvar chromosomes detectably disrupt Toll 

signaling in embryos but not in adult immune tissues. 

We considered two explanations for the distinct effects of the tubvar 

chromosomes in different in vivo contexts. One possibility is that the threshold level 

of Tube required for full pathway function during infection is lower than during 

embryonic development, allowing tubvar/tubnull flies to mount an effective immune 

response with relatively small amounts of Tube. Alternatively, the effect of the opus 

insertion on tube expression could differ among tissues. To distinguish between these 

hypotheses, we measured tube mRNA levels by qRT-PCR in whole adult males. For 

four of the five variable alleles, tubvar/tubnull adult males exhibited wild-type levels of 

tube expression (Figure 8B). In the case of tub9, expression in adult males was 

somewhat reduced compared to tub+/tubnull, but far higher than that observed in 

embryos. In all cases, it seems that the opus insertion affects the ability of cells to 

transcribe tube in the ovary but not in the immune tissues. Expression of tube in the 

different tissues presumably requires distinct regulatory elements, making the effect 

of the opus element on tube expression context-specific. 

 

Additional mutations and enhancement of the variable phenotype 

As stated earlier, we postulated that the synergistic interactions of the opus 

insertion with an additional mutation on each of the tubvar chromosomes (except for 

tubste) cause the distinct phenotypic profile of each allele. As described above, the 

tub6 chromosome carries a missense mutation in addition to the opus insertion. We 
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were unable to identify a second mutation in the regions flanking tube in the tub8 

chromosome (data not shown). However, we were successful in identifying an 

additional and likely significant mutation in both the tub7 and tub9 chromosomes. 

For the tub7 chromosome, we analyzed the 25 kb region indicated by site-

specific recombination experiments to be responsible for the variable phenotype on 

the tubste chromosome. Using an approach combining conventional PCR, TAIL-PCR, 

and sequencing, we identified an insertion of Stalker2, another retrotransposon, 6 kb 

downstream of the tube transcription unit in the tub7 chromosome (see Figure 9A). 

Stalker2 is an LTR-containing retrotransposon found in approximately 10 copies 

distributed over the D. melanogaster genome (Kaminker et al. 2002). Genomic 

sequencing of this 25 kb region revealed no differences between tub7 and tubste other 

than the Stalker2 insertion. Furthermore, PCR-based analysis demonstrated that the 

Stalker2 insertion is absent from all other tubvar chromosomes and from wild-type 

chromosomes (Figure 10). Thus the Stalker2 insertion appears to be the second 

mutation in the tub7 chromosome that interacts with the opus insertion to generate its 

unique phenotype.  

In the case of tub9, Hecht and Anderson had found a P-element insertion 

downstream of the tube gene (Hecht and Anderson 1993). By sequencing we 

confirmed the presence of a P element, 687 bp long, located 581 bp downstream of 

the end of the tube transcription unit (see Figure 9A). To test whether this P element 

synergistically interacts with the opus insertion, we mobilized the P element and 

assayed for precise excision. We obtained three such excisants and, as reported by 
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Hecht and Anderson, they were fertile (Hecht and Anderson 1993). However, we 

found that the phenotypic distribution of embryos from the excisant females was not 

wild-type, as previously reported, but was instead variable and similar to that of 

embryos from tubste/tubnull females (Figure 9B). Thus, the excision of the P element 

partially restored tube function in these embryos. This finding demonstrates that the 

unique tub9 phenotypic profile reflects the combined activities of two mutations, the 

opus and P element insertions. The opus element is the primary event, and the P 

element additionally decreases tube expression and correspondingly enhances the 

dorsalization phenotype of tub9 relative to tubste.  

Given the proximity of the P-element insertion in tub9 to the tube gene, we 

wondered whether such an insertion by itself would perturb tube expression. We 

could not, however, remove the opus insertion from tub9 because retrotransposons do 

not excise. Instead, we analyzed P-element insertions in the same location as the P 

element in tub9 but in a background devoid of the opus insertion. Taking advantage of 

available collections, we obtained three such P-element insertions, each within four 

base pairs or less of the tub9 P-element insertion site. All conferred wild-type tube 

function during embryonic patterning (Figure 9B). Furthermore, tube mRNA levels 

were wild-type in embryos from females bearing these P elements (Figure 9C). 

Hence, a P-element insertion at the same location as that in tub9 does not by itself 

have an effect on tube expression. The simplest explanation for these results is that 

the P element in tub9 exerts its effect on tube expression exclusively through its 

synergistic interaction with the upstream opus insertion. 
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DISCUSSION 

Sensitizing mutations and synergistic effects of additional mutations 

We have identified a retrotransposon insertion upstream of the tube 

transcription start site that is specific to the tubvar alleles and that lies within the 

region responsible for the variable phenotype of tubste. We conclude that the opus 

insertion at -301 dramatically reduces tube expression, producing a variable 

phenotype that depends on naturally fluctuating transcriptional levels. The opus 

insertion is approximately 7.4 kb long and sits between the tube transcription start site 

and the region of upstream intergenic sequence with the highest conservation among 

Drosophila species (Celniker et al. 2002; Kent et al. 2002). This conserved region is 

most likely a regulatory element, suggesting a means by which the opus insertion 

could interrupt tube expression. The opus insertion could act by simply spatially 

separating the tube transcription start site from an important regulatory element. 

Alternatively, the opus insertion could induce epigenetic changes that inhibit the 

interaction of this conserved region with DNA binding proteins that promote tube 

transcription. 

Given that all of the tubvar alleles contain the opus insertion and several other 

small polymorphisms absent from the reference genome, it seems likely that a 

common progenitor chromosome was used to generate each of the tubvar alleles 

(Hecht and Anderson 1993). We speculate that the opus insertion provided a 

sensitized background for mutagenesis, leading to the recovery of the tub6, tub7, tub8, 

and tub9 chromosomes. Our data support a model in which each of the tubvar 
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chromosomes, except tubste, contain a second, enhancing mutation, which acts 

synergistically with the opus insertion to substantially disrupt tube gene function. 

Despite the fact that tub8 also displays a phenotype distinct from that observed in 

tubste, we have not identified a second mutation in the tub8 chromosome. It may be, 

therefore, that the tub8 chromosome contains multiple or complex changes that cannot 

be as easily dissected by site-specific recombination mapping. 

We identified two different types of mutations that interact with the opus 

insertion to increase the severity of the variable dorsalization. The second mutation 

on the tub6 chromosome, a missense mutation, appears to mildly decrease Tube 

protein function without affecting tube expression. Embryos from tub6/tubnull females 

are more severely dorsalized, on average, than those from tubste/tubnull females despite 

similar mRNA levels (see Figure 4A). Embryos from tub6/tubnull females are not 

completely dorsalized, however, demonstrating that the Tube protein encoded by tub6 

retains at least some functionality. The wild-type survival of tub6/tubnull males 

following fungal infection further demonstrates this functionality. We speculate that 

their wild-type survival is due to the elevated levels of tube gene product in males 

relative to embryos. An excess of Tube protein in these males would mitigate the 

shortcoming of reduced Tube functionality. In the embryos, however, low Tube 

protein levels in combination with reduced functionality generate the unique 

phenotypic profile of tub6. 

In the cases of tub7 and tub9, we identified a second transposable element 

insertion in each chromosome, which we believe work synergistically with the opus 
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insertion to further reduce tube mRNA levels. The insertions that we found in the 

course of our studies of the tubvar chromosomes represent three distinct families of 

transposable element, giving us examples of the complexity of genetic interactions 

that are possible among transposable elements. Each transposable element contains 

distinct sets of cis regulatory sequences, which on a genome-wide scale, allows for 

seemingly endless combinations of potential genetic perturbations of a gene locus via 

alterations to the local chromatin landscape.  

Our studies of the tub9 chromosome provide evidence that transposable 

element insertions that are innocuous on their own can induce profound alterations in 

local gene expression when located near other transposable element insertions. If a 

single insertion is benign on its own, such as the tub9 P element, it will not be selected 

against. This safety from selection allows transposable element insertions to 

accumulate around the genome, sensitizing many loci to additional insertions. One 

might expect more published examples of similar hypervariable phenotypes given the 

abundance of transposable elements in eukaryotic genomes. We speculate, however, 

that in-depth studies of such mutations are underrepresented in the literature because 

they lack the robust phenotypes required by most traditional genetic approaches. 

 

Gene-proximal transposable elements and gene regulation 

The fact that gene-proximal transposable element insertions can cause 

dramatic and complex regulatory changes on neighboring genes is relevant to our 

understanding of intergenic DNA. Transposable elements comprise approximately 
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10-20% of the D. melanogaster genome and over 45% of the human genome (Ganko 

et al. 2006; Burns and Boeke 2012). The D. melanogaster genome contains at least 96 

families of transposable elements, each identified based on their unique sequence 

composition and each ranging in euchromatic copy number from 1 to approximately 

150 per genome (Kaminker et al. 2002). In wild populations, the frequency with 

which transposable element insertion sites are shared is low (Charlesworth and Lapid 

1989; Charlesworth et al. 1992; Biemont et al. 1994) or, in other words, 

subpopulations of flies harbor unique collections of transposable element insertion 

sites. The diversity of insertion sites produces many opportunities for adaptive 

modulations in gene expression.  

In the case of the tubvar alleles, the transposable element insertions produce a 

detrimental phenotype. However, a similar effect on a non-essential gene could lead 

to a tempered modulation of gene activity, a change that could potentially improve 

organismal fitness. Such effects have been reported in both D. melanogaster and 

mammalian models involving particular subsets of neurons that show elevated 

transposition rates (Thomas and Muotri 2012; Perrat et al. 2013). In at least one case, 

the resulting de novo insertions altered local gene expression and cell fate (Muotri et 

al. 2005). One possibility is that derepression of transposon mobility is an 

evolutionary adaptation to generate genomic diversity, and subsequently gene 

expression diversity, among genetically identical cells.  
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Surplus gene expression as a source of phenotypic robustness 

We find that tubste/tubnull females on average express only 28% of the wild-

type level of maternal tube transcripts and yet approximately 82% of their embryos 

develop wild-type dorsoventral axes. This suggests that the threshold of tube 

expression needed for a wild-type phenotype is considerably less than 50% of the 

wild-type level. It seems energetically unfavorable for an organism to produce so 

much more mRNA and protein than necessary. However, surplus gene expression 

may be a molecular mechanism to buffer the effects of stochastic influences. This 

model is simpler than the alternative of attempting to minimize or eliminate 

fluctuations in transcription factor abundance or activity.  

In the case of early embryonic development, the guaranteed abundance of a 

gene product above a threshold level is particularly important because there is no 

opportunity for feedback regulation - all germline gene expression is completed prior 

to fertilization. Thus, a mutation that significantly perturbs maternal gene expression 

would have an irreversible effect on gene product levels in the oocyte and, ultimately, 

the phenotype of the progeny. 

It would be interesting to look for the extent of surplus expression in other 

maternally expressed genes, especially those essential to embryonic survival, like 

tube, and compare them to the expression profiles of zygotically expressed genes. 

One possibility is that surplus expression is less common among zygotically 

expressed genes because there is the opportunity for positive feedback regulation. In 

this case, the female germline would have unique epigenetic or transcriptional 
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mechanisms to ensure surplus expression of gene products that are to be transferred 

into the oocyte. A more complete understanding of this problem will require the 

determination of threshold levels of gene expression for additional genes. 
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MATERIALS AND METHODS 

Fly stocks, site-specific male recombination, precise excision, and cuticle 

preparation 

Alleles tub2, Df(3R)XM3, tubΔR5.6, tub6, tub7, tub8, and tub9 have been 

described previously (Letsou et al. 1991; Hecht and Anderson 1993). Df(3R)XM3 

served as tubDf and tubΔR5.6 served as tubnull in all experiments, except where 

otherwise noted. CG14646CB-0692-3 (CB06923), GS7007, and GS13951 were obtained 

from the Drosophila Genetic Resource Center at the Kyoto Institute of Technology. 

Site-specific recombination and precise excision were carried out using a transposase 

source from the stock T(2;3)apXa, apXa/CyO, H[P∆2-3]HoP2.1; Sb obtained from 

Bloomington Drosophila Stock Center. Site-specific recombination was conducted as 

previously described (Chen et al. 1998). Precise excision was conducted by 

generating males bearing the ∆2-3 source and the tub9 chromosome, collecting their 

female progeny, mating them with wild-type males at 18°C, and assaying for 

increased fecundity. Genomic DNA from potential excisants was amplified via PCR 

and sequenced to identify precise excisants. For all experiments examining 

dorsalization, cuticles from embryos (1-2 days post fertilization) raised at 25°C were 

prepared and scored as previously described (Wieschaus and Nüsslein-Volhard 1986), 

unless otherwise noted.  
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Survival assays 

Survival assays were performed essentially as described previously (Romeo 

and Lemaitre 2008). Males (2-4 days post eclosion) were stabbed with a needle 

dipped in a 20% glycerol suspension of purified fungal spores; the fungus used was 

Fusarium oxysporum f. sp. lycopersici (obtained from the Fungal Genetics Stock 

Center). Flies were incubated at 29°C for the duration of the experiment. Survival 

was assayed over four days. 

 

Quantitative RT-PCR, sequencing, and 5’ RACE 

RNA was prepared using Trizol (Ambion) or RNeasy kit (Qiagen) from 

embryos (0-1.5 hours post fertilization) or adult males (2-5 days post eclosion), and 

first strand cDNA was synthesized using the SuperScript II kit (Invitrogen). 

Quantitative RT-PCR was performed on an iQ5 cycler (BioRad) using iQ SYBR 

Green Supermix (BioRad). Genomic DNA was prepared from adults as described 

previously (Huang et al. 2009). Taq Polymerase with ThermoPol buffer (NEB) and 

Expand HF kit (Roche) were used to amplify the tube transcript region and flanking 

regions for sequencing. TAIL-PCR was conducted essentially as described previously 

(Liu and Whittier 1995), except Phusion (NEB) was used as the polymerase. 5’ 

RACE was performed using the RLM-RACE kit (Ambion), and Phusion (NEB) was 

used as the PCR polymerase.  
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Immunoblotting 

Immunoblotting protocols and rabbit a-Tube serum (1:20,000) have been 

described previously (Letsou et al. 1993; Sun et al. 2004). Rabbit a-Diaphanous 

(1:5,000) was used as a loading control and was previously described (Afshar et al. 

2000). Secondary antibody was goat a-rabbit IgG-Peroxidase (Sigma, 1:10,000). 

 

Statistics 

Quantitative RT-PCR data were analyzed using a one-way ANOVA test 

followed by a Dunnett post-test (GraphPad PRISM 5).  
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FIGURES  

Figure 1. The spectrum of embryonic dorsalization phenotypes. 

Pictures of embryos representative of the dorsalization phenotypes referred to in this 
paper. Embryonic phenotypes were scored based on pre-existing scale, D0-D3 and 
wild-type (Wieschaus and Nüsslein-Volhard 1986).  
  

severely dorsalized: D0 

moderately dorsalized: D3 (left) and D2 (right) 

wild-type 

strongly dorsalized: D1 
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Figure 2. Embryos from tubvar/tubnull females display a wide range of dorsalized 
phenotypes compared to conventional alleles, tub2 and tub4. 

Phenotypic distributions of embryonic cuticles from groups of females of the 
specified genotype. Analysis of tub7 was performed at 18°C and in trans to tub2, a 
strong hypomorphic allele. Red lines highlight phenotypic range. n ≥ 160 for A and 
D-G. n ≥ 35 for B & C. 
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Figure 2. Embryos from tubvar/tubnull females display a wide range of dorsalized 
phenotypes compared to conventional alleles, tub2 and tub4 (continued). 
 
Phenotypic distributions of embryonic cuticles from groups of females of the 
specified genotype. Analysis of tub7 was performed at 18°C and in trans to tub2, a 
strong hypomorphic allele. Red lines highlight phenotypic range. n ≥ 160 for A and 
D-G. n ≥ 35 for B & C. 
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Figure 3. Embryos from single females display a range of phenotypes, as is also 
seen among embryos produced from a population of females of the same 
genotype. 

Single females of specified genotypes were mated with wild-type males. Cuticle 
phenotypes are represented as the percent of total embryos scored from that female. 
Compare to Figure 1. A. tubste/tubnull female, n = 156. B. tubste/tubnull female, n = 176. 
C. tub8/tubnull female, n = 73. D. tub8/tubnull female, n = 80. Red lines highlight range 
of phenotypes. Dorsalized phenotypes are underrepresented relative to wild-type in 
this experiment because of the difficulty in recovering small numbers of unhatched 
embryos. 
 

4!SI! A.!W.!Clemmons!and!S.!A.!Wasserman! !

+

Figure+S2.+Embryos!from!single!females!display!a!range!of!phenotypes,!as!is!also!seen!among!embryos!produced!from!

a!population!of!females!of!the!same!genotype.!

Single!females!of!specified!genotypes!were!mated!with!wildFtype!males.!Cuticle!phenotypes!are!represented!as!the!

percent!of!total!embryos!scored!from!that!female.!Compare!to!Figure!1.!!A.!tubste/tubnull&female,!n!=!156.&B.!

tubste/tubnull&female,!n!=!176.&C.!tub8/tubnull&female,!n!=!73.&D.!tub8/tubnull&female,!n!=!80.&Red!lines!highlight!range!of!

phenotypes.!Dorsalized!phenotypes!are!underrepresented!relative!to!wildFtype!in!this!experiment!because!of!the!

difficulty!in!recovering!small!numbers!of!unhatched!embryos.!
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Figure 4. Maternal tube expression is dramatically reduced in tubvar/tubnull 

females. 

A. Quantitation of tube mRNA in embryos. Quantitative RT-PCR data of tube 
expression in embryos from females of the specified genotype. Expression data were 
normalized to rp49 expression and are presented as a fraction of tub+/tubnull 
expression, with tub+/tubnull set to 0.5. Error bars represent S.E.M., *** = p<0.001.  
B. Quantitation of Tube protein in embryos. Immunoblot using α-Tube sera of protein 
isolated from embryos from females of specified genotype. Loading control is α-
Diaphanous.  
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Figure 5. An opus retrotransposon insertion 301 bp upstream of tube causes 
variable dorsalization. 

A. Schematic of opus insertion site relative to the tube gene in the tubvar 
chromosomes. 
B. Schematic of site-specific recombination technique used to map the mutation 
responsible for the variable dorsalization in the tubste chromosome. Schematic is not 
to scale. 
C. Phenotypic data from site-specific recombination mapping of the tubste 
chromosome. Recombination was induced at a P-element insertion site located either 
8 kb proximal (P) or 8 kb distal (D) to the tube gene. Phenotypes were assayed in 
embryos from females bearing the recombinant chromosome in trans to tubnull. 
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Figure 5. An opus retrotransposon insertion 301 bp upstream of tube causes 
variable dorsalization (continued). 
 
A. Schematic of opus insertion site relative to the tube gene in the tubvar 
chromosomes. 
B. Schematic of site-specific recombination technique used to map the mutation 
responsible for the variable dorsalization in the tubste chromosome. Schematic is not 
to scale. 
C. Phenotypic data from site-specific recombination mapping of the tubste 
chromosome. Recombination was induced at a P-element insertion site located either 
8 kb proximal (P) or 8 kb distal (D) to the tube gene. Phenotypes were assayed in 
embryos from females bearing the recombinant chromosome in trans to tubnull. 
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Figure 6. The opus insertion is present in all tubvar chromosomes and absent 
from wild-type chromosomes. 

Genomic DNA from flies of the specified genotype was PCR amplified using three 
different primer sets to assay for the presence of the opus insertion (see diagram at 
bottom). Primer set A spans the 5’ insertion junction, primer set B spans the 3’ 
insertion junction, and primer set C spans the entire insertion (>7 kb in tubste 
chromosome, too large to amplify under given cycling conditions). 
 
 
 
 
 
 
 
 

 
  !
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!

Figure+S3.+The!opus&insertion!is!present!in!all!tubvar&chromosomes!and&absent!from!wildFtype!chromosomes.!

Genomic!DNA!from!flies!of!the!specified!genotype!was!PCR!amplified!using!three!different!primer!sets!to!assay!for!the!

presence!of!the!opus&insertion!(see!diagram!at!bottom).!Primer!set!A!spans!the!5’!insertion!junction,!primer!set!B!

spans!the!3’!insertion!junction,!and!primer!set!C!spans!the!entire!insertion!(>7!kb!in!tubste!chromosome,!too!large!to!

amplify!under!given!cycling!conditions).!

!

!

!

!
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Figure 7. Downregulation of tube by opus insertion does not depend on an 
alternative transcription start site. 

A. Schematic of primer locations for quantitative RT-PCR and 5’ RACE to assay for 
use of an alternative transcription start site in embryos from tubste/tubnull females. 
Quantitative RT-PCR primer sets are labeled D-H. Products were detected from 
primer set H, but not from primer sets D-G. 
B. Results from 5’ RACE using RNA prepared from embryos from tubste/tubnull 
females. Expected size of tube transcript originating from wild-type transcription start 
size was 830 bp. 
 
 
 

 
 
 

6!SI! A.!W.!Clemmons!and!S.!A.!Wasserman! !

!

Figure+S4.+Downregulation!of!tube&by!opus!insertion!does!not!depend!on!an!alternative!transcription!start!site.!

A.!Schematic!of!primer!locations!for!quantitative!RTFPCR!and!5’!RACE!to!assay!for!use!of!an!alternative!transcription!

start!site!in!embryos!from!tubste/tubnull!females.!Quantitative!RTFPCR!primer!sets!are!labeled!DFH.!Products!were!

detected!from!primer!set!H,!but!not!from!primer!sets!DFG.!

B.!Results!from!5’!RACE!using!RNA!prepared!from!embryos!from!tubste/tubnull!females.!Expected!size!of!tube&transcript!

originating!from!wildFtype!transcription!start!size!was!830!bp.!

!

!

!

!

!
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Figure 8. Immune function of tube appears unaffected in tubvar adults. 

A. Survival of adult males of specified genotype following septic wounding with F. 
oxysporum spores. Analysis of tub7 was performed in trans to tub2, a strong 
hypomorphic allele. Error bars represent S.E.M. 
B. Quantitation of tube mRNA in adults. Quantitative RT-PCR data of tube 
expression in adult males of the specified genotype. Expression data were normalized 
to rp49 expression and are presented as a fraction of tub+/tubnull expression, with 
tub+/tubnull set to 0.5. Error bars represent S.E.M., ** = p<0.01, *** = p<0.001, n.s. = 
not significant. 
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Figure 8. Immune function of tube appears unaffected in tubvar adults 
(continued). 
 
A. Survival of adult males of specified genotype following septic wounding with F. 
oxysporum spores. Analysis of tub7 was performed in trans to tub2, a strong 
hypomorphic allele. Error bars represent S.E.M. 
B. Quantitation of tube mRNA in adults. Quantitative RT-PCR data of tube 
expression in adult males of the specified genotype. Expression data were normalized 
to rp49 expression and are presented as a fraction of tub+/tubnull expression, with 
tub+/tubnull set to 0.5. Error bars represent S.E.M., ** = p<0.01, *** = p<0.001, n.s. = 
not significant. 
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Figure 9. Additional mutations in the tubvar chromosomes genetically interact 
with the opus insertion to enhance the variable phenotype. 
 
A. Schematic of locations of identified mutations in tubvar chromosomes, including 
opus insertion, tub6 missense mutation, tub7 Stalker2 insertion, and tub9 P-element 
insertion. 
B. Phenotypic ranges of embryos from females of specified genotype in trans to 
tubnull. Precise excisants (tub9Δ) were generated using a transposase source (Δ2,3). 
GS7007, GS13951, and CB06923 are chromosomes containing P-element insertions 
within 4 bp of the tub9 P-element insertion site. 
C. Quantitation of tube mRNA in embryos from females bearing P elements 
downstream of tube. Quantitative RT-PCR expression data were first normalized to 
rp49 expression and are presented as a fraction of tub+/tubnull expression, with 
tub+/tubnull set to 0.5. Error bars represent S.E.M., *** = p<0.001, n.s. = not 
significant.   
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Figure 9. Additional mutations in the tubvar chromosomes genetically interact 
with the opus insertion to enhance the variable phenotype (continued). 
 
A. Schematic of locations of identified mutations in tubvar chromosomes, including 
opus insertion, tub6 missense mutation, tub7 Stalker2 insertion, and tub9 P-element 
insertion. 
B. Phenotypic ranges of embryos from females of specified genotype in trans to 
tubnull. Precise excisants (tub9Δ) were generated using a transposase source (Δ2,3). 
GS7007, GS13951, and CB06923 are chromosomes containing P-element insertions 
within 4 bp of the tub9 P-element insertion site. 
C. Quantitation of tube mRNA in embryos from females bearing P elements 
downstream of tube. Quantitative RT-PCR expression data were first normalized to 
rp49 expression and are presented as a fraction of tub+/tubnull expression, with 
tub+/tubnull set to 0.5. Error bars represent S.E.M., *** = p<0.001, n.s. = not 
significant.   
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Figure 10. The downstream Stalker2 insertion appears to be unique to tub7. 

Genomic DNA from flies of the specified genotypes was PCR amplified using three 
different primer sets to assay for the presence of the Stalker2 insertion (see diagram at 
bottom). Primer set J spans the 5’ insertion junction, primer set K spans the 3’ 
insertion junction, and primer set L spans the entire insertion (>8 kb in tub7 

chromosome, too large to amplify using given cycling conditions). 
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Figure+S5.+The!downstream!Stalker2&insertion!appears!to!be!unique!to!tub7.!

Genomic!DNA!from!flies!of!the!specified!genotypes&was!PCR!amplified!using!three!different!primer!sets!to!assay!for!

the!presence!of!the!Stalker2&insertion!(see!diagram!at!bottom).!Primer!set!J!spans!the!5’!insertion!junction,!primer!set!

K!spans!the!3’!insertion!junction,!and!primer!set!L!spans!the!entire!insertion!(>8!kb!in!tub7!chromosome,!too!large!to!

amplify!using!given!cycling!conditions).!
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Tables 

Table 1. Maternal tube expression is equally variable in tubvar and wild-type 
females. 

Quantitation of tube mRNA in individual embryos from females of the specified 
genotype by qRT-PCR. Expression data were normalized to rp49 expression. n ≥ 32 
for each genotype.  
 

Maternal genotype Phenotype 
 
Mean (x 10-4) 

Standard deviation 
(x 10-4) 

tub+/tubnull wild-type 25  11  
tubste/tubnull variable 23  9.4  
tub8/tubnull variable 8.4  8.6  

tub4/tubnull 
strongly 
dorsalized 3.1  1.4  
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Table 2. Polymorphisms found in tubste chromosome within the 25 kb region 
determined via site-specific recombination to be responsible for the tubste 
variable phenotype. 

Sequence polymorphisms are relative to the reference genome and a functional tube 
cDNA (Letsou et al. 1993; Celniker et al. 2002) all were also found in tub7 and tub8. 
Locations of site-specific recombination sites and of the beginning and end of the 
tube transcription unit are noted under Reference Points.  
 

Polymorphisms  
Description Location 
4 bp deletion (TTAG) 3R: 205,032 - 205,035 
Single base substitution (A > G) 3R: 206,259 
1 bp deletion (T) 3R: 207,180 
4 bp deletion (ATTT) 3R: 213,067 - 213,070 
7,400 bp insertion (opus) 3R: 213,161 
Single base substitution (T > A) 3R: 219,883 
Single base substitution (G > C) 3R: 220,488 
Two base substitution (GC > AA) 3R: 223,222 - 223,223 

 
Reference Points 
Description Location 
Proximal recombination site 3R: 204,648 
tube transcription start site 3R: 213,460 
End of tube transcription unit 3R: 215,536 
Distal recombination site 3R: 223,611 
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 Bomanins: An effector peptide family required for 

Drosophila Toll-mediated immunity 

  



 

    
 

47 

ABSTRACT 

In Drosophila melanogaster, recognition of an invading pathogen activates 

the Toll or Imd signaling pathway, triggering robust upregulation of innate immune 

effectors. Although the mechanisms of pathogen recognition and signaling are now 

well understood, the functions of the immune-induced transcriptome and proteome 

remain much less well characterized. Through bioinformatic analysis of effector gene 

sequences, we have defined a family of twelve genes – the Bomanins (Boms) – that 

are specifically induced by Toll and that encode small, secreted peptides of unknown 

biochemical activity. Using targeted genome engineering, we have deleted ten of the 

twelve Bom genes. Remarkably, inactivating these ten genes decreases survival upon 

microbial infection to the same extent and with the same specificity as does 

eliminating Toll pathway function. Toll signaling, however, appears unaffected. 

Assaying bacterial load post-infection in wild-type and mutant flies, we provide 

evidence that the Boms are required for resistance to, rather than tolerance of, 

infection. In addition, by generating and assaying a deletion of a smaller subset of the 

Bom genes, we find that there is overlap in Bom activity toward particular pathogens. 

Together, these studies deepen our understanding of Toll-mediated immunity and 

provide a new in vivo model for exploration of the innate immune effector repertoire. 
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INTRODUCTION 

Constant interaction with microbes is a fact of life, and sometimes death, for 

animals. Many microbes are neutral or beneficial to the host’s health. Some, however, 

are pathogenic and threaten the host’s viability. In vertebrates and invertebrates alike, 

immune responses are initiated by recognition of pathogen associated molecular 

patterns (PAMPs) following invasion of host tissues (Medzhitov and Janeway 2000; 

Akira 2006). This recognition of conserved microbial products triggers innate 

immune signaling pathways that are closely related in species as divergent as flies 

and humans (Wasserman 1993; Hoffmann and Reichhart 2002; Leulier and Lemaitre 

2008). In each case, pathway activation initiates a transcriptional program encoding 

an array of effector peptides and proteins. 

In the fruit fly Drosophila melanogaster, Toll and Imd proteins define the two 

major immune signaling pathways (Lemaitre et al. 1995; Lemaitre et al. 1996; 

Georgel et al. 2001; Rutschmann et al. 2002; Ganesan et al. 2011; Valanne et al. 

2011). Toll signaling is triggered by the β-1,3-glucans of fungal cell walls or by Lys-

type peptidoglycan, found in many Gram-positive bacterial cell walls (Michel et al. 

2001; Gobert et al. 2003; Bischoff et al. 2004; Buchon et al. 2009; Lindsay and 

Wasserman 2013). In contrast, the Imd pathway is activated by DAP-type 

peptidoglycan, found in Gram-negative bacteria and some Gram-positive bacteria 

(Choe et al. 2002; Kaneko and Silverman 2005; Kaneko et al. 2006). Upon activation, 

Toll and Imd direct expression of distinct but overlapping effector gene repertoires. 

These effector genes bring about the humoral immune response via factors, including 
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antimicrobial peptides (AMPs), that circulate throughout the fly hemolymph. Effector 

genes also support the cellular immune response, by, for example, upregulating genes 

that promote the activity of blood cells (hemocytes) responsible for melanization and 

phagocytosis (De Gregorio et al. 2001).  

How do flies defend themselves against dangerous pathogens? Different lines 

of evidence are converging to elucidate the relative contributions of the cellular and 

humoral immune responses to Drosophila defenses as a whole. For decades, research 

in insects including Drosophila has made Nobel prize-worthy contributions to 

understanding the induced, humoral response. Genetic analysis revealed that loss of 

Toll or Imd pathway signaling could dramatically accelerate the rate at which flies 

died after infection with pathogenic microbes, or could cause flies to succumb to 

infection with otherwise non-pathogenic microbes (Lemaitre et al. 1995; Lemaitre et 

al. 1996; Georgel et al. 2001; Rutschmann et al. 2002; Tauszig-Delamasure et al. 

2002). As technology advanced, microarray, RNAseq, and mass spectrometry 

experiments have catalogued the sets of genes induced by the Toll or Imd pathways 

(Uttenweiler-Joseph et al. 1998; Irving et al. 2001; Boutros et al. 2002; De Gregorio 

et al. 2002; Levy et al. 2004). The most highly upregulated genes included many as 

yet uncharacterized effectors and most known AMPs. Around the same time, genetic 

analysis established that ectopic expression of some AMP genes was sufficient to 

rescue survival of flies incapable of signaling by either pathway (Tzou et al. 2002), 

suggesting that AMPs are major mediators of Drosophila immunity. 
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More recent studies have highlighted the importance of the constitutive, 

cellular response. Flies injected with latex beads, exhausting the phagocytic capacities 

of hemocytes, succumbed to infection with three different Gram-positive bacteria –

Staphylococcus aureus, Enterococcus faecalis, and Micrococcus luteus – as quickly 

as or more quickly than flies without Toll signaling (Nehme et al. 2011). Another 

study, which genetically ablated phagocytic hemocytes, found similarly striking 

effects for defense against S. aureus, although less so for E. faecalis (Defaye et al. 

2009). In the cases of the Gram-negative bacterium Escherichia coli or the yeast 

Candida glabrata, flies lacking immune signaling succumbed more quickly to 

infection when also defective for phagocytosis (Elrod-Erickson et al. 2000; Quintin et 

al. 2013). These results suggest that, depending on the pathogen, the non-induced, 

cellular response at the very least plays an important, supporting role to the AMP-

mediated, humoral response. Furthermore, analysis of phenoloxidase mutants recently 

revealed that melanization substantially contributes to defense against some Gram-

positive bacteria and fungi, but not Gram-negative bacteria, although flies lacking 

Toll signaling were still generally more susceptible to the tested pathogens (Binggeli 

et al. 2014).  

Excitement about the insect cellular immune response was furthered by a 

study in Tribolium showing that after infection with S. aureus, 95% of systemically 

introduced bacteria were cleared in the first 30 minutes of infection, before AMPs 

were produced (Haine et al. 2008). The authors suggest a model for the relative 

contributions of the cellular and humoral responses where constitutive immune 
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defenses, like phagocytosis and melanization, do the bulk of the work clearing an 

infection, and AMPs are expressed to “mop up” the remaining, resistant bacteria.  

Teasing apart the relative importance of the induced response can be 

problematic, especially in the context of the Toll signaling pathway. Such studies 

have typically been conducted in mutants for the Toll or Imd signaling pathways. 

However, Toll signaling plays a role in hemocyte development and activation after 

infection (Matova and Anderson 2006; Matova and Anderson 2010; Schmid et al. 

2014), and thus when studying mutants lacking Toll signaling genes, the cellular 

immune response is also partly disabled.  

Through this project, we aimed to better understand how, specifically, the Toll 

signaling-induced immune response contributes to immune defenses. We set out to 

find the importance and function of some of the novel effectors identified in the 

aforementioned microarray and mass spectrometry studies. For both characterized 

and novel effectors, with a few exceptions (Nizet et al. 2001; Blandin et al. 2002; 

Moule et al. 2010; Hamilton and Bulmer 2012), delineation of in vivo requirements 

based on loss-of-function phenotypes is largely lacking. To address this problem, we 

applied recent advances in genome engineering to genetically dissect novel innate 

immune effector function. By generating a designer deletion of multiple members of 

an effector gene family, we demonstrate an essential role for these genes in Toll-

mediated defense against microbial pathogens. 
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RESULTS 

The Bom genes encode a family of short, secreted, Toll-regulated peptides 

Carrying out sequence comparisons among Drosophila melanogaster loci 

induced by the Toll pathway (De Gregorio et al. 2002), we identified a family of 

twelve genes encoding secreted peptides lacking similarity to known AMPs. Each of 

the twelve peptides contains one or two copies of a 16 amino acid-long motif that 

includes a CXXC bend surrounded by a region of high sequence conservation (Figure 

11A). All orthologs identified to date are from members of the Drosophila genus. We 

propose naming this family of genes the Bomanins (Boms), after Hans Boman, who 

carried out pioneering work in peptide-mediated innate immunity (see, for example, 

Boman et al. 1972; Steiner et al. 1981; Lee et al. 1989).  

Several of the Bom peptides correspond to Immune-induced Molecules (IMs) 

previously described by mass spectrometry (Uttenweiler-Joseph et al. 1998; Levy et 

al. 2004). Combining those findings with detailed sequence comparisons reveals post-

translational processing events: signal peptide cleavage and, often, removal of 

additional residues at the amino-terminal end as well as carboxy-terminal amidation 

(Figure 11B).  

The Bom peptides fall into three distinct groups (Figure 11B and Table 3). For 

six of the twelve, the mature peptide is just 16 or 17 amino acids long. The sequences 

of these six short-form peptides are highly similar and correspond to the conserved, 

CXXC-containing region that we have defined as the Bom motif (see Figure 11A and 

B). Three other Bom peptides have a tailed form – a Bom motif followed by a C-
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terminal extension or tail, 15 to 82 amino acids in length. The remaining three 

peptides have a Bom motif at each end, connected by a linker region of 43 to 103 

amino acids. We refer to these peptides as two-headed or bicipital. Sequence identity 

and similarity within the Bom motif is reduced, but still significant, in the tailed and 

bicipital forms (see Figure 11A). In contrast, the tail and linker regions in these two 

classes are rich in homopolymeric stretches and contain no appreciable sequence 

conservation either with each other or with other proteins in available databases. 

Published microarray, RNA-seq, and mass spectrometry experiments 

document robust expression of the Bom transcripts and peptides after bacterial or 

fungal infection (Uttenweiler-Joseph et al. 1998; De Gregorio et al. 2001; Irving et al. 

2001; Boutros et al. 2002; De Gregorio et al. 2002; Levy et al. 2004). Indeed, induced 

expression of many Boms is at levels equal to or greater than those of AMP loci. 

Furthermore, Bom peptides, like AMPs, are abundant in the hemolymph of infected 

flies (Fehlbaum et al. 1994; Uttenweiler-Joseph et al. 1998). 

Ten of the twelve D. melanogaster Bom genes are clustered on chromosome 2 

at cytogenetic position 55C (henceforth 55C Bom cluster, Figure 11C). The two 

remaining Bom genes, CG5791 and CG5778, reside in a mini-cluster on chromosome 

3 and encode a bicipital and a tailed Bom peptide, respectively. Because the predicted 

mature Bom peptides are highly similar and hence potentially overlapping in function, 

we began our investigation of the Boms by precisely deleting the ten genes of the 55C 

Bom cluster using a TALEN-based approach. The deletion, henceforth Bom∆55C, is 9 

kb long and removes no annotated loci other than the Bom genes.  
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The 55C Bom cluster is specifically required for the Toll-mediated immune 

defense 

Because Toll signaling induces Bom expression, we challenged Bom∆55C 

adults with E. faecalis, a Gram-positive bacterium that has Lys-type peptidoglycan 

and therefore specifically induces the Toll pathway. Using septic wounding, we 

systemically infected adult flies and then monitored survival. In control experiments, 

we found that flies lacking a functional Toll pathway (MyD88–) were much more 

susceptible to E. faecalis infection than were flies with wild-type immune 

competence (w1118), as reported previously (Rutschmann et al. 2002; Tauszig-

Delamasure et al. 2002). Following infection, more than 50% of MyD88– flies died 

within one day and nearly all (>90%) were dead within two days (Figure 12A). In 

contrast, more than 95% of wild-type adults were alive one day post-infection and 

more than 50% survived two days or longer. 

Strikingly, Bom∆55C flies were as susceptible to E. faecalis infection as 

MyD88– flies. Indeed, the survival curves of Bom∆55C and MyD88– flies were almost 

indistinguishable, suggesting that loss of the 55C Bom cluster is as detrimental to 

defense against this bacterial pathogen as is loss of Toll signaling entirely. 

Having observed that Bom∆55C flies rapidly succumb to septic wounding with 

E. faecalis (see Figure 12A), we wondered if this phenotype reflected a defective 

response to wounding or stress rather than infection per se. To test this idea, we 

wounded wild-type and mutant flies with a clean needle or with one dipped in a 

suspension of heat-killed E. faecalis. The survival of Bom∆55C flies was markedly 
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better for either challenge compared to septic wounding over the same time period. 

Specifically, upon either clean wounding or wounding with heat-killed bacteria, more 

than 75% of Bom∆55C flies survived for four or more days, comparable to the wild 

type (Figure 13 and Figure 12B). We conclude that active infection, rather than 

wounding itself or response to PAMP recognition, causes the rapid death of Bom∆55C 

flies challenged with live E. faecalis. 

Toll mediates resistance not only to a number of bacteria, but also to fungi, 

including yeast (Lemaitre et al. 1996; Quintin et al. 2013). To determine if this Toll 

activity is also Bom-dependent, we assayed the effect of deleting the 55C Bom genes 

on survival after infection with the yeast Candida glabrata. Wild-type flies exhibit 

significant resistance to C. glabrata, with over 80% of wild-type flies surviving five 

days after infection (Figure 12C). In contrast, 50% of MyD88– flies succumbed just 

two days after being infected. Bom∆55C flies were similarly affected. Although it took 

Bom∆55C flies slightly longer than MyD88– flies to drop to 50% survival (three days), 

survival rates were nearly coincident at later time points.  

We next tested the survival of Bom∆55C flies after infection with a filamentous 

fungus, Fusarium oxysporum, which also triggers a Toll-dependent immune response. 

Among wild-type flies, roughly 80% survived for four or more days (Figure 12D). In 

contrast, both MyD88– and Bom∆55C flies succumbed much more quickly. Specifically, 

Bom∆55C flies had a median survival of just over two days post-infection, nearly 

identical to MyD88– flies. We conclude that the 55C Boms are also essential for Toll-

mediated defense against both a unicellular and a filamentous fungus. 
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Because the Imd pathway does not appear to regulate Bom expression (De 

Gregorio et al. 2002), we predicted that the Bom genes would be dispensable for Imd-

mediated defenses. We could test this hypothesis with Enterobacter cloacae, a Gram-

negative bacterium that has a DAP-type peptidoglycan and therefore triggers Imd 

signaling. We used E. cloacae to infect Bom∆55C flies, as well as control flies lacking 

imd function. Whereas over 90% of imd– flies died within 24 hours of septic 

wounding with E. cloacae, greater than 80% of Bom∆55C, MyD88–, and wild-type flies 

survived for four or more days (Figure 12E). Taken together, these studies indicate 

that the 55C Bom peptides are specifically required in the Toll-mediated, acute phase 

defense against systemic infection.  

 

Bom peptides are not required to maintain, protect, or amplify Toll signaling 

 Given the similarity in phenotypes between Bom∆55C and MyD88– flies, we 

wondered if loss of the 55C Boms disrupts Toll signaling. These Boms might, for 

example, be required to counteract pathogen virulence factors that target Toll 

signaling. They might also provide positive feedback, spreading and amplifying Toll 

signaling after initial pathogen detection. According to such models, induction of 

Toll-responsive genes should be reduced in Bom∆55C flies relative to the wild type. To 

test this idea, we infected flies with E. faecalis and used qRT-PCR to measure 

induction of marker loci. For this purpose, we chose two genes that are strongly 

expressed upon Toll activation but that lie outside of the 55C cluster: IM4 and 

Drosomycin (Drs). Six hours after E. faecalis infection, we detected robust expression 
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of IM4 and Drs in the wild type but, as expected, negligible induction in MyD88– 

(Figure 14A and B). In Bom∆55C flies, induction of both Toll-responsive genes was 

comparable to that in the wild type. In fact, expression of IM4 was greater in Bom∆55C 

flies than wild-type flies, perhaps reflecting the enhanced induction of Toll by an 

unchecked infection. 

These experiments reveal that the susceptibility of Bom∆55C flies to microbial 

infection does not reflect a general block in Toll signaling. Further, they strongly 

suggest that flies lacking Bom gene function have increased susceptibility to E. 

faecalis, C. glabrata, and F. oxysporum despite normal, Toll-mediated induction of 

AMP genes. 

 

Bom peptides mediate infection resistance, not tolerance 

Infection resistance is defined as the ability to clear microbes, while infection 

tolerance is the ability to endure the presence of microbes (Ayres and Schneider 

2012). Expression of Toll-responsive genes appears unaffected in Bom∆55C flies. Is it 

the case that AMPs and other Toll-induced effectors kill pathogens in Bom∆55C flies, 

but the flies nevertheless die due to an inability to tolerate the infection? Alternatively, 

do Bom∆55C flies succumb because Bom peptides are in fact required to control and 

clear infections? We set out to distinguish between these hypotheses.  

To assess resistance and tolerance, we assayed bacterial load over the course 

of an E. faecalis infection, using wild-type, MyD88–, and Bom∆55C flies in parallel. 

Because Bom∆55C and MyD88– flies have a median survival after E. faecalis infection 
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of about 24 hours, time points were taken at intervals up to 18 hours. At two hours 

post-infection, all flies had similar bacterial loads (Figure 15A). At later time points, 

however, differences emerged. At six hours, the bacterial load was on average 3-fold 

greater in Bom∆55C than in the wild type. The bacterial load of MyD88– flies was 

similarly elevated relative to wild-type flies. At 18 hours, both Bom∆55C and MyD88– 

flies had a bacterial load at least 20-fold greater than did wild-type flies. This 

elevation in bacterial load in MyD88– and Bom∆55C flies over the course of infection 

suggests that Toll signaling in general, and Bom peptides specifically, contribute to 

resistance.  

To further explore the questions of resistance and tolerance, we measured 

bacterial load in wild-type flies at 44 hours post-infection, an interval slightly shorter 

than their median survival time (48 hours). If Boms contribute to resistance rather 

than tolerance, the bacterial load in wild-type flies at 44 hours post-infection should 

be similar to the bacterial load of Bom∆55C and MyD88– flies at 18 hours post-

infection.  

The response of the wild type to E. faecalis infection necessitated a minor 

modification in our protocol for assaying bacterial load. In particular, some wild-type 

flies appear to clear E. faecalis infection, as evident in survival curves that do not 

reach 0% survival, but instead level out at an intermediate value (see, for example, 

Figure 12A). Foreseeing a bimodal distribution of bacterial loads among wild-type 

flies at 44 hours – some clearing infection and others not – we measured bacterial 

load for this time point in individual flies, rather than in groups. Measured in this way, 
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there were indeed two groups with quite distinct bacterial loads. Of 32 wild-type flies 

still alive at this time point, 23 had a bacterial load less than 4,000 colony forming 

units (CFU) (Figure 15B, “low”). These low CFU flies presumably represent the 

fraction of the population that survives infection. The other nine wild-type flies had 

bacterial loads at 44 hours ranging from 60,000 to 36,000,000 CFU, comparable to 

those of Bom∆55C and MyD88– flies at 18 hours (compare Figure 15B, “high” to 

Figure 15A, 18h). Thus wild-type flies that die from infection do so at a bacterial load 

comparable to that in the mutants. We conclude that the Bom∆55C flies succumb to 

infection more quickly than the wild type due to a defect in resistance. 

 

Deleting subsets of 55C Bom genes reveals overlap in Bom gene activity 

Our experiments with Bom∆55C flies demonstrate that the 55C Bom cluster is 

required to provide Toll-mediated resistance to our test set of pathogens. Is the entire 

gene cluster required? If not, to what extent do the 55C genes overlap in function? To 

address these questions, we set out to assay how flies expressing a subset of the 55C 

Bom genes fare when infected with the same test set. 

We first explored the phenotypes of flies lacking single Bom genes. In the 

course of investigating the 55C cluster, we came across a publically available stock 

carrying an insertion in the 3’ UTR of IM2 of a MiMIC (Minos-mediated integration 

cassette) transposon, hereafter called IM2Mi (Venken et al. 2011). By qRT-PCR we 

found that IM2 expression in IM2Mi is reduced to just 10% of wild-type levels both 

before and after immune induction by E. faecalis infection (Figure 16A). Expression 
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of surrounding genes was normal (Figure 17). We thus define IM2Mi as a loss-of-

function allele of IM2. To confirm that the MiMIC insertion was responsible for the 

reduced IM2 expression, we isolated a precise excisant of the MiMIC insertion 

(IM2∆Mi). Precise excision of the MiMIC insertion rescued IM2 expression levels in 

IM2∆Mi flies both before and after E. faecalis infection (see Figure 16A).  

To determine whether loss of IM2 alone affected immunity, we monitored 

survival of IM2Mi flies after infection with E. faecalis, C. glabrata, and F. oxysporum. 

In each case the IM2∆Mi excisant flies served as the control. Analysis of IM2Mi and 

IM2∆Mi flies additionally served as genetic background control for Bom∆55C, as IM2Mi 

was the progenitor chromosome on which the TALEN-mediated 55C cluster deletion 

was performed. After E. faecalis infection, although Bom∆55C flies quickly succumbed 

to infection as usual, the survival of IM2Mi flies was comparable to that of IM2∆Mi and 

was, in fact, slightly better (Figure 16B). Similarly, survival after C. glabrata 

infection was unaffected in IM2Mi flies relative to IM2∆Mi (Figure 16C). 

For F. oxysporum, IM2Mi flies succumbed to infection more quickly than 

IM2∆Mi. IM2Mi flies had a median survival time of 91 hours post-infection, compared 

to 145 hours post-infection for IM2∆Mi flies (Figure 16D). Although these differences 

were statistically significant, we note that the effect of the MiMIC insertion in IM2 is 

quite small when compared to that of the Bom∆55C deletion, revealing that at least one 

other Bom gene must participate in defense against F. oxysporum. In addition, we 

conclude that the genetic background provided by the Bom∆55C progenitor 

chromosome had little, if any, contribution to the severe Bom∆55C immune phenotype. 
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Another 55C Bom gene, IM1, shares striking sequence similarity with IM2. 

These two short-form peptides differ by just three residues in the 16 amino acid long 

mature Bom peptide sequence, two of which are the highly variable residues within 

the CXXC bend (refer to Figure 11A). Considering this similarity, we wondered if 

IM1 also participates in antifungal defense. To test this hypothesis, we used TALENs 

to generate a frameshift mutation in the 5’ end of the IM1 coding sequence (Figure 

18). The mutant chromosome, hereafter IM149, encoded an aberrant IM1 peptide 

retaining only ten amino acids of the N-terminal signal sequence, followed by 13 

aberrant residues before an early stop codon. Thus, IM149 flies were unable to 

synthesize the mature IM1 peptide sequence. By infecting IM149 flies, we found that 

loss of IM1 had no effect on resistance to E. faecalis, F. oxysporum, or C. glabrata 

infections (Figure 16B-D). For all three infections, survival of IM149 flies closely 

resembled the wild type. We therefore concluded that IM1 is dispensable for defense 

against the tested pathogens, at least in the presence of other Bom genes. 

Although loss of at least two single Bom genes had little or no effect on 

defense against the pathogen test set, we next asked what effect a larger, but not 

complete, deletion of the 55C Bom cluster had. While screening for the precise 

excision of the MiMIC insertion in IM2, we also identified a chromosome that had 

undergone an imprecise excision. The resulting chromosome, hereafter Bom∆left, lacks 

IM2 and the five Bom genes to the left (proximal) of IM2, but retains the four Bom 

genes to the right (distal) of IM2 (see Figure 11C). 
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To assay the activity of the four 55C Bom genes present in the imprecise 

excisant, we challenged Bom∆left, IM2∆Mi, and Bom∆55C flies by infection and 

monitored survival. For all pathogens tested, we defined the phenotype of Bom∆55C 

flies as lacking resistance and that of IM2∆Mi flies as having full resistance over a four 

to five day post-infection interval. Based on this scale, Bom∆left flies lacked resistance 

to E. faecalis, exhibited partial resistance to F. oxysporum, and had full resistance to 

C. glabrata (Figure 19). The Bom∆left chromosome thus provided a subset of the 55C 

Bom cluster immune activity. 

We draw three conclusions from the experiments shown in Figure 19. First, 

the wild-type resistance of Bom∆left flies to challenge with C. glabrata demonstrates 

that the complete 55C Bom gene set is not a prerequisite for Bom function. Second, 

the fact that Bom∆left flies have partial resistance to F. oxysporum indicates that at 

least some Bom genes overlap in specificity. Third, resistance to some pathogens 

requires more than one Bom peptide. In particular, wild-type resistance to F. 

oxysporum must require at least one of the genes present in Bom∆left but deleted in 

Bom∆55C, as well as one or more of the genes deleted in in Bom∆left. In and of 

themselves, these studies do not reveal whether Bom peptides have a narrow- or 

broad-spectrum of activity, but do provide clues in this regard, as addressed in the 

discussion. 
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DISCUSSION 

A gene family essential for infection resistance 

We report here that Toll-mediated defenses against a bacterium, yeast, or 

filamentous fungus require Bom gene function. Prior to this study, there were no 

examples of mutations in Drosophila immune-induced effectors that even 

approximated the extent of infection susceptibility caused by loss of Toll or Imd 

signaling. Having made this discovery using a loss-of-function approach, we note that 

such methods have only rarely been applied to the role of innate immune effectors 

(Nizet et al. 2001; Blandin et al. 2002; Moule et al. 2010; Hamilton and Bulmer 2012). 

The paucity of such studies has several likely causes. First, many effector genes, such 

as the Boms and the known AMP genes, encode peptides that are sufficiently small as 

to be relatively refractory to random mutagenesis. Second, in the specific case of 

Drosophila immunity, large-scale screens have typically relied on reporter genes 

useful for identifying lesions that block pathogen recognition or response pathway 

signaling, but opaque to disruptions in more downstream processes.   

Perhaps the biggest obstacle, real or imagined, to loss-of-function studies of 

immune effectors has been the existence of families of closely related genes. One 

might reasonably expect significant overlap in gene function, meaning that multiple 

family members would need to be inactivated to uncover reliable phenotypes. Instead, 

researchers interested in knockout phenotypes have largely focused on those 

examples where paralogs are absent. Thus, for example, the loss-of-function study 

demonstrating that disruption of a mouse cathelicidin gene promoted invasive skin 
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infection with Group A Streptococcus (Nizet et al. 2001) took advantage of the fact 

that mice, unlike some other mammals, encode only one member of this gene family.  

 

Bomanin peptide function 

How do Bom peptides promote infection resistance? We considered a role for 

Bom peptides in the Drosophila cellular immune response. However, we have found 

no defects in wasp egg encapsulation, hemocyte count or composition, or wound site 

melanization in Bom∆55C larvae or adults (data not shown). Moreover, the phenotype 

caused by disabling phagocytosis in adults prior to infection with C. glabrata is 

significantly less severe than the immune deficiency we observe in Bom∆55C flies 

(Quintin et al. 2013). Thus, although we cannot rule out a role in a cellular immune 

process, it appears more likely that Bom peptides are humoral immune effectors. 

A number of observations suggest that Bom peptides function as antimicrobial 

peptides. We found that they contribute to infection resistance, not tolerance, 

consistent with AMP activity (see Figure 15). Like many AMPs, Bom peptides are 

short, secreted, have intramolecular disulfide bonds, and undergo post-translational 

processing. Although short-form Bom peptides would be the shortest characterized 

Drosophila AMP, the mature form of Drosocin is just three amino acids longer (Bulet 

et al. 1993). Furthermore, both the Boms and the known AMPs populate the upper 

echelons of the sets of genes most highly upregulated upon activation of the Toll 

pathway. Specifically, at 12, 24, and 96 hours after natural infection by the fungus 
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Beauvaria bassiana, the 30 most highly upregulated genes include five or more Bom 

family members and five or more known AMP genes (De Gregorio et al. 2002).  

 

Dissecting the Bom gene cluster 

The structure and sequence of the 55C Bom cluster suggests that the Bom 

family arose by multiple gene duplications. Such events are enriched among loci 

involved in pathogen resistance and provide the opportunity for divergence in gene 

function driven by positive selection (Thomas 2006; Sackton et al. 2007). One 

example is the Drosophila Peptidoglycan Recognition Protein (PGRP) gene family, 

which consists of 13 genes, some clustered, encoding 19 proteins. While all PGRPs 

share a peptidoglycan-recognition domain, the functions of the proteins vary 

considerably (Kurata 2014). Some activate the Toll or Imd signaling pathways and 

promote phagocytosis, autophagy, and melanization. Others suppress the Imd 

pathway, protecting commensal gut bacteria. A third class has direct bactericidal 

activity.  

Gene duplications need not, however, result in functional divergence. Rather, 

there are circumstances in which gene duplications instead lead to changes in the 

level, location, or timing of expression of what is essentially the same gene product. 

For example, the seven members of the Drosomycin (Drs) gene family share a 

singular primary function – direct antifungal activity (Yang et al. 2006; Tian et al. 

2008). However, the Drs genes have differential expression patterns with regard to 

level, constitutive expression at various developmental stages, and induction after 
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clean or septic wounding (Tian et al. 2008; Deng et al. 2009). Drs duplications appear 

to have allowed for optimization of expression of a potent antifungal peptide. In such 

examples, minor sequence variation will arise, but in general the coding regions of 

such genes will not bear the hallmarks of positive selection. 

Comparing the effects of eliminating some or all Bom genes in the Bom 55C 

cluster, we observe differential effects on resistance to particular pathogens. How 

does this observation fit with the alternative potential outcomes for gene duplication?  

If functional divergence has occurred, we would expect that at least some 

Bom peptides have a narrow-spectrum effector activity, i.e., are specific for a 

particular pathogen or set of pathogens. One or more of the six Bom genes deleted in 

the Bom∆left chromosome would be specific for E. faecalis, while one or more of the 

four 55C Bom genes remaining in Bom∆left would protect specifically against C. 

glabrata. There would need to be at least two peptides specific for F. oxysporum: one 

or more of the six genes deleted in the Bom∆left chromosome, as well as one or more 

of the four remaining 55C Bom genes. 

Although our data can accommodate a narrow-spectrum activity model, we 

favor the idea that Bom peptides have a common, broad-spectrum activity. In this 

scenario, resistance to different pathogens would require different total Bom peptide 

levels, as could be produced by variation in the numbers of Bom genes. Importantly, 

multiple gene copies would facilitate the rapid and massive production of the high 

concentrations of Bom peptides required to fight more pathogenic microbes. In the 

context of our experiments, defense against E. faecalis would require the greatest 



 

    
 

67 

level of Bom activity, while C. glabrata would require the least. Defense against F. 

oxysporum would require a level intermediate to that required for E. faecalis and C. 

glabrata.  

When considered as a whole, our survival data support this broad-spectrum 

effector model: the predicted hierarchy of Bom activity levels required for particular 

pathogens parallels the overall virulence levels for these pathogens (E. faecalis > F. 

oxysporum > C. glabrata). This holds true when virulence is measured either by the 

proportion of wild-type flies that succumb to infection or by the rates at which the 

mutants succumb after infection (compare Figures 12A, C, and D). The parallel 

between required Bom activity level and pathogen virulence makes sense if we 

assume that the broad-spectrum activity of Bom peptides is more efficient and rapid 

at higher concentrations. 

Our analysis of IM2 mutants could be viewed as an exception to the broad-

spectrum activity model. We found that loss of IM2 adversely affects defense against 

F. oxysporum, but not E. faecalis or C. glabrata (refer to Figures 16B-D). These 

results suggest that the IM2 peptide has activity against filamentous fungi, although 

its function must overlap with at least one other Bom. However, the meager size of 

the effect observed in IM2Mi flies is comparable to previous studies examining 

differences in defenses among various D. melanogaster wild-type lab strains 

(Eleftherianos et al. 2014; Neyen et al. 2014). Furthermore, loss of IM1 did not affect 

antifungal defense, despite the fact that IM1 and IM2 have very similar induced 

expression levels and peptide sequences. Thus, although we cannot rule out a narrow-
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spectrum antifungal activity for IM2, the data are consistent with a broad-spectrum 

model of Bom peptide activity where loss of a single 55C Bom gene has no effect on 

the Bom-mediated immune defense.    

The two Bom genes not analyzed in this study, CG5791 and CG5778, reside 

in a mini-cluster on chromosome 3. To date, there are no detailed studies of these 

genes. As previously mentioned, CG5791 and CG5778 encode bicipital and tailed 

Bom peptides, respectively. Structure-function analysis of the three Bom peptide 

forms, all of which are found in the 55C Bom cluster, may provide clues to the 

functions of these two Boms. Determination of their essentiality relative to the 55C 

Bom peptides will require an additional loss-of-function study. Fortuitously, their 

gene organization lends itself to a loss-of-function genetic approach similar to that 

used successfully for the 55C Bom cluster. 

 

The functional relationship of Bom peptides and Drosomycin 

Lemaitre and colleagues have reported that overexpression of a UAS-Drs 

construct using a ubiquitous GAL4 driver restores F. oxysporum resistance to flies 

lacking both Toll and Imd pathway function (Tzou et al. 2002). In our studies, 

however, we found that Bom∆55C flies induce Drs expression upon infection with E. 

faecalis and F. oxysporum (see Figure 14B and data not shown), but succumb as 

rapidly as flies lacking Toll signaling (see Figure 12A and D). Why was a 

requirement for Bom gene function not apparent in the Lemaitre study? One 

possibility is that loading the flies with high levels of Drosomycin prior to infection 
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obviates the need for additional Toll-induced loci, including the Bom genes. This idea 

predicts that overexpression of a single Bom gene could confer similar protection to 

immune signaling-compromised flies. 

An alternative explanation lies in the fact only inducible Bom expression was 

blocked in the Lemaitre study, whereas our study eliminated all Bom gene function. It 

might be that the synergistic activity of both Drosomycin and Boms is required to 

defend against F. oxysporum, but that a basal, Toll-independent level of Bom 

expression is sufficient for this synergy. In support of this idea, RNAseq data from 

modENCODE demonstrate that expression of many Bom genes is robust even in the 

absence of infection (Graveley et al. 2011).  

That many of the 55C Bom genes are normally expressed at particular 

developmental stages suggests that Bom peptides could have a developmental 

function. This observation leads to a broader question: do Bom peptides interact with 

host or pathogen molecules? If the Bom peptides participate in fly development, they 

must have endogenous interaction partners. Alternatively, Boms may be expressed 

prophylactically, during stages when the fly is particularly prone to infection. There 

are three bursts of Bom expression during development: late embryogenesis, early 

pupation, and early adulthood. Expression during late embryogenesis may prepare the 

early larva for emergence from the insular environment of the chorion. During 

pupation, Boms may help kill bacteria released from the gut during the extensive 

tissue remodeling of metamorphosis. 
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Contribution of Bom activity to Toll-mediated defense 

Given that innate immune signaling pathways direct expression of large 

batteries of effector genes upon infection, including many AMPs, one might have 

expected that disabling a small subset of that repertoire would have only minor 

effects on the overall immune response. That is not what we observe. Instead, 

elimination of Bom activity is indistinguishable in phenotype from loss of the entire 

Toll-mediated immune defense for the pathogens tested, although Toll signaling is 

intact. We envision at least four explanations for the essential role of the Bom gene 

family: 

1. The Boms have a unique and central role in Toll-mediated defense. This 

might seem unlikely, given that the Bom family is apparently specific to the 

Drosophila genus and thus represents a relatively young family of effectors. However, 

such a model is, in fact, in keeping with recent studies on genes that are essential in 

the sense of being required for viability or fertility. In particular, we now know that 

essentiality is found in equal proportions among old and young Drosophila genes, 

where age is measured on the scale of divergence time between species (Chen et al. 

2010). It could therefore be that a gene family and associated function that arose 

fairly recently has become a dominant and essential feature of the innate immune 

response. 

2. The Boms are essential for Toll-mediated responses specific to certain 

microbial pathogens, including E. faecalis, C. glabrata, and F. oxysporum. From 

some of the aforementioned studies we know that defense against other pathogens, 
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like S. aureus, appears to rely much more heavily on constitutive responses such as 

phagocytosis and melanization than signal-dependent AMP expression (Tzou et al. 

2002; Haine et al. 2008; Nehme et al. 2011; Binggeli et al. 2014). Conversely, 

defense against pathogens such as E. faecalis and C. glabrata was not as severely 

affected by loss of phagocytosis or melanization in these studies (Elrod-Erickson et al. 

2000; Quintin et al. 2013). We know from a variety of expression studies that the 

entire Toll effector repertoire is upregulated regardless of the source of the activating 

signal, PAMP or otherwise. By this model, Toll activates a large number of effectors, 

each attacking a subset of pathogens, rather than collectively fighting a common 

target pathogen. If so, there should be additional pathogens for which Toll is required 

and the Bom peptides are not. Moreover, defense against pathogens that are most 

susceptible to constitutive, cellular responses also should not require Bom activity. 

Supporting this model, preliminary data show that Boms might be less important for 

defense against S. aureus and B. subtilis than the pathogens in our test set (data not 

shown).   

3. The Bom genes and other effectors synergize, such that loss of just a single 

factor disrupts defense as strongly as loss of all components. By this model, innate 

immunity involves a network of effector functions that comprise multiple hubs, each 

making a vital contribution to defense.  

4. The Bom family and other components of the Toll repertoire are each 

expressed at the minimal level required for resistance. There is good evidence that 

immune activation requires an energy tradeoff with metabolic processes (Buchon et al. 
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2014; Dionne 2014). As a result, limiting the resources used by an immune response 

can be beneficial to overall health.  

By either of the last two models, knocking out other effector families should 

result in the same phenotype observed with the Bom∆55C deletion, i.e., inactivation of 

Toll defenses. Testing this prediction thus holds promise for a broader understanding 

of innate immune effector function in vivo. 

 

Bomanins and the evolution of immune effectors 

How does a gene family restricted to Drosophila become required for immune 

defense? As described by the Red Queen hypothesis and demonstrated by 

bioinformatics sequence analysis, genes involved in host-pathogen interactions are 

among those under the most selective pressure and are therefore some of the most 

rapidly changing loci (Van Valen 1973; Schlenke and Begun 2003; Sackton et al. 

2007). For example, there are nine Toll or Toll-Like Receptor (TLR) genes in 

Drosophila, ten TLRs in humans, but 222 TLRs in the purple sea urchin (Rast et al. 

2006; Leulier and Lemaitre 2008). The incredibly expanded repertoire of TLRs in the 

purple sea urchin is speculated to provide a primitive adaptive immune system, 

allowing the organism to recognize and respond specifically to a wide number of 

pathogens. In a similar vein, studying the Bom peptides may reveal another unique 

defense tactic, adding to our understanding of the dynamic nature of the innate 

immune system. 
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Determination of Bom peptide function will help explain why Boms are 

required for the Toll-mediated immune response. As mentioned above, we now know 

that new genes are just as likely as ancient genes to be essential for viability in 

Drosophila (Chen et al. 2010). It is likely that required immune genes follow similar 

patterns. Further exploration of Bom function could elucidate how young genes, in 

general, become essential and what conditions contribute to essentiality. Thus, 

Bomanins are of widespread interest in at least three respects. We foresee that further 

exploration of the Bom gene family will expand our knowledge of: first, Drosophila 

defense against Gram-positive bacteria and fungi; second, the additive or synergistic 

interactions between the induced and constitutive responses; and, third, the evolution 

of essentiality in immune function. 
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MATERIALS AND METHODS 

Flies and mutant generation 

Flies were raised at 25°C on standard cornmeal agar media. The w1118 strain 

was used as the wild type. MyD88– flies were MyD88kra1, and imd– flies were imdshadok. 

All flies were homozygous for the listed mutations.  

TALEN mutagenesis was conducted as previously described (Liu et al. 2012). 

In vitro transcription was conducted using the Megascript kit (Ambion) with a 5’-cap 

analog (Promega). For Bom∆55C generation, two pairs of TALEN transcripts were 

injected into embryos from a fly line containing a MiMIC element in the IM2 gene 

(y1w*; Mi[MIC]IM2MI01019, Bloomington stock center, #32727). The MiMIC element 

carries the mini-yellow marker. F0 flies were crossed to yw; Sco/CyO and the 

resulting y- F1 flies were collected and crossed to yw; Sco/CyO. Stocks were 

established and genotyped using Phusion polymerase (NEB) and primers flanking the 

predicted deletion end points. We confirmed the exact endpoints of the deletions by 

sequencing the PCR product. For IM149 generation, one pair of TALEN transcripts 

was injected into w1118 embryos. Stocks were established and screened for point 

mutations by PCR and restriction analysis as described previously (Liu et al. 2012). 

Frameshift mutations were confirmed by sequencing. 

Excision of the MiMIC element from Mi[MIC]IM2MI01019 was conducted as 

described previously (Metaxakis et al. 2005) with the transposase source coming from 

stock y1 w*; snaSco/SM6a, P{hsILMiT}2.4 (obtained from Bloomington stock center, 

stock #36311).  
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Microbial culture  

Microbes were prepared for infection experiments as follows. E. faecalis and 

E. cloacae were cultured in LB media at 37ºC and concentrated to OD600 = 10 in 20% 

glycerol. For heat-killed E. faecalis challenges, E. faecalis cultures were concentrated 

to OD600 = 10 in 20% glycerol and then boiled for 30 minutes. C. glabrata was 

cultured in YPD media at 30ºC and concentrated to OD600 = 50 in 20% glycerol for 

infection. F. oxysporum was cultured on oatmeal agar plates for 7-10 days at 29ºC 

before being strained through steel wool to isolate spores. Purified spores were 

resuspended in 20% glycerol and stored at -80ºC until infection. 

 

Drosophila Infection, Survival Analysis, and Bacterial Load Analysis 

For infection, at least 20 2-7 day old, male flies per genotype were 

anaesthetized and septically wounded in the anterior lateral thorax with a size 00 

insect pin dipped in a suspension of pathogen. Survival analysis was conducted 

essentially as described previously (Neyen et al. 2014). After infection, flies were 

incubated at 25°C (live or heat-killed E. faecalis) or 29ºC (clean wounding, F. 

oxysporum, C. glabrata, and E. cloacae), and the number of dead flies were counted 

at least once per day for the given time interval. Flies that died within 6 hours of 

infection were assumed to have died from trauma related to wounding and were 

therefore excluded from analysis, except in challenges with a clean needle or heat-

killed E. faecalis. For Figures 12 and 18, infected flies remained in the same vial for 

entire post-infection analysis. For Figure 16, flies were transferred to new vials every 
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two to four days post-infection. Colony forming units (CFUs) were assayed as 

described previously (Kuo et al. 2012).  

 

Gene Expression Quantitation 

RNA was prepared using Trizol (Ambion) from 2-7 day old males, and first-

strand cDNA was synthesized with the SuperScript II kit (Invitrogen). Quantitative 

RT-PCR was performed on an iQ5 cycler (BioRad) using iQ SYBR Green Supermix 

(BioRad). 

 

Data Analysis 

GraphPad Prism was used to run statistical analyses. Survival data were 

plotted on a Kaplan-Meier curve and the Gehan-Breslow-Wilcoxon test was used to 

determine significance. The Gehan-Breslow-Wilcoxon test is recommended for 

analysis of infection with sublethal pathogen doses; where a sublethal dose is defined 

as a dose where some proportion of wild-type flies survive (Neyen et al. 2014). 

Quantitative RT-PCR and bacterial load data were analyzed by two-way ANOVA 

using the Bonferroni post method. 
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Figures 

 
Figure 11. Bom genes share a conserved 16-aa motif. 

A. Alignment of Bom motifs. Top. Mature Bom peptide sequences of the short-form 
Boms. Middle. Bom peptide motifs of the tailed Boms. Bottom. Bom peptide motifs 
from the N- and C-terminal ends of the three bicipital Boms. Shading indicates 
sequence identity (black) or similarity (gray). 
B. Schematic of the three Bom peptide forms. ‘Bom’ represents the conserved 16-aa 
motif depicted in Figure 11A. Drawings are to scale and arrows indicate sites of 
cleavage.  
C. Schematic of 55C Bom gene cluster on chromosome 2R. Lines beneath schematic 
demarcate areas deleted in Bom∆55C and Bom∆left chromosomes. Asterisk indicates 
position of MiMIC insertion in IM2Mi. The proximal end of the gene cluster is shown 
to the left.  
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Figure 11. Bom genes share a conserved 16-aa motif (continued). 
 
A. Alignment of Bom motifs. Top. Mature Bom peptide sequences of the short-form 
Boms. Middle. Bom peptide motifs of the tailed Boms. Bottom. Bom peptide motifs 
from the N- and C-terminal ends of the three bicipital Boms. Shading indicates 
sequence identity (black) or similarity (gray). 
B. Schematic of the three Bom peptide forms. ‘Bom’ represents the conserved 16-aa 
motif depicted in Figure 11A. Drawings are to scale and arrows indicate sites of 
cleavage.  
C. Schematic of 55C Bom gene cluster on chromosome 2R. Lines beneath schematic 
demarcate areas deleted in Bom∆55C and Bom∆left chromosomes. Asterisk indicates 
position of MiMIC insertion in IM2Mi. The proximal end of the gene cluster is shown 
to the left.  

*
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Figure 12. The 55C Boms are essential for Toll-mediated defense. 

Graphs indicate survival at indicated intervals post-infection. Each curve represents 
the pooled results of at least three independent experiments involving 20 or more flies 
per genotype. Survival curves were compared using the Gehan-Breslow-Wilcoxon 
test. Significance is shown relative to the wild type and adjusted for multiple 
comparisons (*** p<0.0003, n.s. = not significant, p>0.0167). 
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Figure 13. Deletion of 55C Bom gene cluster does not affect ability to recover 
from wounding alone. 
 
Survival rate of flies after wounding with a clean needle. Experiment-wide Log-rank 
test shows no significant difference between curves for any genotype. 
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Figure 14. Toll-mediated activation of immune genes is normal in Bom∆55C flies. 

Transcript levels of the Toll-responsive genes (A) IM4 and (B) Drs in flies were 
measured in the absence of infection and six hours after infection with E. faecalis. 
Expression was measured by qRT-PCR and normalized to that of the ribosomal 
protein gene rp49 (rp49 = 1). Error bars represent SEM. Significance was measured 
by two-way ANOVA (** p<0.01, *** p<0.001, n.s. = not significant, p>0.05). 
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Figure 15. Deletion of the 55C Bom genes impairs resistance to E. faecalis 
infection rather than tolerance. 

A. Points indicate the mean CFU/fly from individual experiments using pools of 5-10 
flies per genotype after E. faecalis infection at the indicated time point. Horizontal 
bars represent the mean of the (four or more) independent experiments shown. Error 
bars represent SEM. Significance was measured by two-way ANOVA and is relative 
to the wild type at the same time point (** p<0.01, *** p<0.001).  
B. CFU of individual wild-type flies at 44 hours post-infection. Horizontal bars 
represents mean. Error bars represent SEM. “Low” (<3800 CFU/fly) and “high” 
(>3800 CFU/fly) populations were measured simultaneously during four independent 
collections of individual flies. Data were binned (indicated by boxes), and means and 
SEMs were calculated separately.  
 
 



 

    
 

84 

 
Figure 16. Loss of a single 55C Bom gene has little or no effect on survival. 

A. IM2 transcript levels in flies with or without the MiMIC insertion in IM2 measured 
in the absence of infection and six hours after infection with E. faecalis. Expression 
was assayed by qRT-PCR and normalized to rp49 (rp49 = 1). Error bars represent 
SEM. Significance was determined by two-way ANOVA (*** p<0.001). 
B-D. Survival curves display the pooled results of at least three independent 
experiments per challenge. Survival curves were compared by Gehan-Breslow-
Wilcox test. Significance of IM149 survival is relative to wild-type (** p<0.01, n.s. 
p>0.05). Significance of IM2Mi and Bom∆55C survival are relative to IM2∆Mi and are 
adjusted for multiple comparisons (*** p<0.00017, n.s. = not significant, p>0.0083). 
See material and methods for explanation of slight protocol changes responsible for 
shifts in survival trends relative to Figures 12 and 19. 
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Figure 17. MiMIC insertion in IM2 does not affect expression of neighboring 
genes. 

Expression of the genes flanking IM2 on the left (CG15067) and right (IM3) (refer to 
Figure 11C) were assayed in the absence of infection and six hours after infection 
with E. faecalis. Expression was measured by qRT-PCR and normalized to rp49 
(rp49 = 1). Error bars represent SEM.  
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Figure 18. The TALEN-induced frameshift mutation in the IM149 chromosome 
abolishes mature IM1 peptide activity. 

Top. Nucleotide alignment of the IM1 coding sequences in wild-type and IM149 flies. 
TALEN target sites, represented by blue text, flank the frameshift mutation in the 
IM149 chromosome, indicated by red text. Bottom. Translated amino acid alignment 
of IM1 peptides encoded by wild-type and IM149 chromosomes. Changes are 
indicated by red text. 
 
 
  

Genomic sequence
IM1 CDS   ATGAAATTCT TCTCAGTCGT CACCGTTTTT GTGCTCGGTC TGCTGGCTGT GGCCAATGGT GAGTAAAACT           

IM149    ATGAAATTCT TCTCAGTCGT CACCGTTTTT G----CAGTC TGCTGGCTGT GGCCAATGGT GAGTAAAACT 

Translation
IM1 peptide   MKFFSVVTVF VLGLLAVANA VPLSPDPGNV IINGDCRVCN VHGGK             

IM149
    MKFFSVVTVF AVCWLWPMVS KTN*    

Left TALE target site Right TALE target site
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Figure 19. Loss of a subset of the 55C Bom genes has different, pathogen-specific 
effects on survival. 

Graphs indicate survival at indicated intervals post-infection. Each curve represents 
the pooled results of at least three independent experiments involving 20 or more flies 
per genotype. Survival curves were compared using the Gehan-Breslow-Wilcox test. 
Significance is relative to IM2∆Mi and adjusted for multiple comparisons (*** 
p<0.0003, n.s. = not significant, p>0.0167). 
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Tables 

Table 3. Mature Bom peptide sequences. 
 
Comparison of mature sequences for the three classes of Bom peptides. Bom motif 
sequences (as shown in Figure 1A) are highlighted in red. An asterisk indicates that 
processing was confirmed by published mass spectrometry (Uttenweiler-Joseph et al. 
1998; Levy et al. 2004). Those studies indicate that a number of Bom peptides 
undergo C-terminal amidation (not shown). 
 

Gene Name Actual (*) or Predicted Mature Peptide Sequence 
Short-Form Boms  
IM1 * GNVIINGDCRVCNVHG  
CG18107 GNVIINGDCVNCNVRG  
IM2 * GNVVINGDCKYCNVHG  
IM3 * GNVIINGDCRVCNVRA  
CG15065 GNVIINGDCRHCNVRG  
CG15068 GNVIINGDCKVCNIRGD 
Tailed Boms  
CG43202 GDIIVHGNCNDCTARATKNSAHLSIKFTRRW 
CG16836 GQVYINGKCIDCNKPDNDPGIIIPPDHKSAGSMSYTLTS

GAIFFGIIYHIFS 
CG5778 AAVYIGGGCYDCNPPGGQGPGVYTGGNGGRGGGGGYNAG

GGGGGYYNGGGGGGGGRRPVYSGNFGPGYGNGGGGGGGG
YGGGGGGGYDDGGLTQIISG 

Bicipital Boms   
IM23 * GNVIIGGVCQDCSPPVAENVVVGGQSYRTGRPGQGTVYI

NSPGAYLGALDGPIRRTGAGGGGGGGAQYPDGYSGRLPG
GTYLHNKDCVGCSISGGGD 

CG15067 GKVTINGKCVNCSHDQTTTTTHKPTSGKGSGGRTTARPS
SRSSPARGRPSWDDDDDDDLTGDWALHQSAGGTQYIGRR
SKRQSRGGQYIDLGGSGGRGGGGGWAGSGITTIDSSGYP
GGTLVRNSDCVGCNIRG 

CG5791 STVVVNGVCLTCPNPNGEPVYLDGQQYRSFSSSPGDGNV
VISRGNDGSGGGGGTIYRRGGNTIVNGRCQHCNVDPY 
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Both of the investigations that I have presented in this dissertation successfully 

map mutations or define loci required for strong, specific phenotypes. In the case of the 

variable tube alleles, I mapped a hypervariable embryonic patterning phenotype to 

transposon insertions flanking the tube gene. For my study of the Bomanins, I generated 

several mutations, large or small, to find that Bom peptides are required for Toll-

mediated immunity. Further mechanistic explorations of both transposon-mediated gene 

disruption and Bom peptide activity could benefit these studies. Both projects also have 

implications for larger generalizations about gene regulation or immune effector peptide 

function. Below I suggest future directions intended to build on the groundwork laid by 

the data in this dissertation. 

 

Variable tube alleles 

Transposon-mediated gene disregulation 

Mutations in the five tubvar alleles disrupt maternal but not adult somatic tube 

expression (refer to Figures 4 and 8). How do these transposon insertions cause tissue-

specific disruption of tube? I was unable to determine the molecular mechanism of gene 

expression reduction during my investigation, but I have considered four possible models. 

The first possible mechanism of transposon-mediated gene disruption considers 

the nuclear environment of ovarian nurse cells, where tube transcripts are produced and 

then transferred into the developing oocyte. Nurse cells contain polytene chromosomes, 

which undergo multiple rounds of DNA replication without cell division, producing 

many copies of identical chromosomes in a single nucleus (Edgar and Orr-Weaver 2001). 

The transposon insertions in the tubvar alleles might reduce replication of the tube gene 
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region during polytene chromosome maturity. The cells of the fat body, an important 

Drosophila immune tissue, however, also contain polytene chromosomes, making this 

possibility less likely. Still, this does not rule out tissue-specific polytene chromosome 

replication defects. This model could be tested by visually comparing the tube locus in 

nurse cells and fat body cells by polytene chromosome preparations hybridized with a 

DNA probe to mark the tube gene region. 

A second explanation for tissue-specific differences in tube expression is 

intervention by small RNA-mediated gene regulation. The Piwi-interacting-RNA 

(piRNA) pathway is an RNAi-like pathway that downregulates transposon transcription 

and mobility specifically in the gonad and is thought to prevent the accumulation of 

mutations that would be detrimental to the developing embryo (Halic and Moazed 2009; 

Khurana and Theurkauf 2010). I considered that the piRNA-pathway may target and 

downregulate activity of the opus insertion upstream of tube, and that the tube locus may 

be suppressed as collateral damage. However, I tested the ability of several required 

piRNA-pathway genes to rescue the tubvar phenotype and saw no effect (data not shown). 

Embryos from piRNA-pathway, tubvar double mutant females had the same ranges and 

distributions of dorsalization phenotypes as embryos from the corresponding tubvar single 

mutant females, implying that tube was still repressed when the piRNA pathway was 

disabled. 

A third possibility is that the opus insertion directly impedes RNA Polymerase II 

or core transcription factor binding to the tube promoter in the germline but not the soma. 

This could be the case if the two tissues employ different polymerase binding sites or 

transcription start sites. As shown in Figure 7, the tube transcription start site was no 
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different in embryos from tubvar females compared to those from wild-type females. I did 

not, however, assess the tube transcription start site using cDNA from adult males. Using 

5’ RACE, one could determine the somatic tube transcription start site. In fact, RNAseq 

trace data from a Drosophila modENCODE developmental timeline suggest that tube 

transcripts in adult males have a more 5’ transcription start site than those in embryos 

(Graveley et al. 2011). A difference between maternal and zygotic tube transcript 5’ ends 

could imply a mechanism for tissue-specific tube gene disruption by the opus insertion. 

The ability of the opus insertion to disrupt RNA Polymerase II binding to the tube 

promoter could be further explored using ChIP to compare RNA Polymerase II binding 

to the region upstream of tube in tubvar and wild-type embryos. It would be best to 

analyze the ChIP results with qRT-PCR to measure the amount of RNA Polymerase II at 

each site, since the opus insertion does not abolish tube transcription. There may be 

several transcription start sites, some of which are more efficient than others. I therefore 

also suggest using several putative tube promoter primer sets to detect RNA Polymerase 

II binding along the entirety of the intergenic region upstream of tube. 

A fourth and likely explanation for how the opus insertion downregulates tube in 

a tissue-specific manner involves enhancers. Here, the transposon blocks the activity of 

an enhancer specific to maternal expression in nurse cells, but not in adult immune 

tissues. The opus insertion may inhibit enhancer activity either via an insulator element or 

by spatially separating the tube enhancer and promoter. I will consider these two 

possibilities in turn. 

Insulator elements, cis acting elements that can block enhancer activity, have been 

very well characterized in the context of a transposon, specifically the Gypsy transposon 
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in Drosophila (Gdula et al. 1996). The Gypsy transposon contains an insulator element 

that recruits sequence-specific DNA binding proteins that block interactions between 

enhancers and promoters that are necessary for gene transcription. The opus element may 

act similarly. By this model, the enhancer required for maternal gene expression lies 

upstream of the tube gene and the opus insertion site. This model can be tested by cloning 

the opus insertion into a plasmid between an enhancer and a luciferase reporter, similar to 

the chicken beta-globin insulator assay (Recillas-Targa et al. 1999). In parallel, a 

transposon of similar length known to not contain an insulator element should be cloned 

as a control for effects of sequence length on plasmid activity. If the 7 kb length inhibits 

reporter construct activity, then the opus sequence can be broken into smaller parts for 

individual testing in the same assay. 

It may be that the length of the opus insertion alone spatially separates the 

promoter and enhancer sufficiently to disrupt expression in the chromosomal context of 

the tube gene. To test this hypothesis, I propose using CRISPRs to insert a 7 kb sequence, 

such as the negative control used in the above described assay, at the same site upstream 

of tube in a wild-type chromosome. Almost any random 7 kb sequence should then 

specifically reduce maternal, but not zygotic, tube expression.  

 

Mechanisms of phenotypic robustness during early embryogenesis 

When I began the tubvar project, I expected that the alleles produced highly 

variable expression of the tube gene, resulting in highly variable phenotypes. I was 

therefore surprised by the results of my experiment quantitating tube transcripts in single 

embryos from tubvar and wild-type females (refer to Table 1). I found that tube transcript 
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levels were no more variable in embryos from females bearing either of two different 

tubvar alleles, tubste and tub8, than in embryos from wild-type females. From these data I 

concluded that the variable phenotypes arose from normal levels of transcription 

fluctuation around a reduced mean level of tube expression. These results uncovered a 

sharp dose-response curve of ventral development to tube transcript level when tube 

transcript levels fall below a threshold. I proposed a model in which organisms express 

essential genes at levels much higher than that required for survival. In this way, even if 

expression levels fluctuate, the lowest level of expression would still be above the 

threshold for survival. This model is even more applicable when considering maternal 

gene expression, where all transcripts are produced in the ovary, a tissue temporally and 

spatially separated from the embryo where they will be used. This separation removes 

any opportunity for feedback regulation. 

Two predictions follow from the model of “surplus expression” as a means to 

phenotypic robustness. Both predictions involve the idea that because there is a tradeoff 

of energy and resources for this insurance, probably not all genes are treated this way. 

First, essential genes would be more likely to show surplus expression than genes that are 

dispensable for viability or fertility. Second, surplus expression should be more common 

among essential maternally expressed genes than essential zygotically expressed genes, 

which have the opportunity for feedback regulation if the level of that gene product drops 

below a threshold. There could be a similar divide between expression levels of the same 

gene in a maternal or zygotic context, explaining the two modes of tube gene regulation 

discussed above. 
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I estimated the tube expression level threshold for dorsoventral patterning using 

the allelic series provided by the tubvar alleles. I compared the mean tube expression 

levels of the five tubvar alleles to the frequency that each allele produced wild-type 

embryos to find that well below 50%, and probably closer to 20%, of the wild-type tube 

transcript level is required for patterning. The hypomorphic tubvar allele set lent itself to 

such an analysis. It would be interesting to determine the required (threshold) and actual 

expression levels of other essential maternal genes. However, finding a similar allele set 

may be impractical. An alternative method to test the phenotypic outcomes of reduced 

transcript levels of other genes is possible. Using the GAL4/UAS system for directed, 

ectopic expression of gene constructs, a similar series could be mimicked using RNAi. 

By testing different RNAi target sequences, which routinely vary in effectiveness, and 

various germline-specific GAL4 drivers, which vary in promoter strength, one could 

generate embryos containing different reduced levels of other patterning genes. 

Developing such an allele set would take some trial and error, but qRT-PCR could 

be used to quantitate target transcript levels and identify suitable RNAi construct and 

GAL4 driver pairs. From there, expression levels could be compared to embryonic 

viability rates. If other essential maternal genes function as does tube, a threshold should 

be detected where females that produce that mean level of a test gene produce a 

combination of wild-type and aberrantly patterned embryos. I suggest testing several 

genes, some essential and some dispensable. The essential genes should include some in 

the Toll pathway and some involved in other patterning pathways. Among dispensable 

genes, it will be necessary to identify genes that produce a visible phenotype in living 

embryos. 
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If using the GAL4/UAS system and RNAi constructs to develop test gene allele 

sets is infeasible, varying concentrations of in vitro synthesized mRNA of test genes 

could be injected into embryos from females carrying null alleles of that gene. One could 

compare injected mRNA levels to endogenous transcripts by qRT-PCR to find 

concentrations representative of in vivo transcript levels. Moreover, concerns about 

translational efficiency of in vitro synthesized transcripts could be addressed by a parallel 

analysis of embryos from tube null females. Required tube transcript concentrations and 

phenotypic outcomes could be compared to known transcript level thresholds and 

phenotypes as shown in Table 1 and Figure 2.  

After developing test gene allele sets by one of the two methods described above, 

I would calculate the ratio of the expression level required for wild-type phenotypes to 

the actual expression levels measured in at least three independent wild-type lab strains. 

My model in which essential, maternally expressed genes are transcribed at much greater 

levels than required predicts that I would see a high actual:threshold expression level 

ratio among the essential test set genes, similar to that observed with tube. Furthermore, 

the genes that are dispensable for viability should have a lower actual:threshold 

expression level ratio than the essential genes.  

It may be that finding dispensable, maternally expressed genes with readily 

detectable phenotypes is difficult. In that case I would focus my analysis on a comparison 

of zygotic and maternal expression levels of the same gene. This analysis would test the 

second prediction of the surplus expression model of phenotypic robustness. Specifically, 

I would compare the actual:threshold expression level ratio of tube in somatic tissues to 

my measurements in embryos. Since the opus insertion does not affect somatic tube 
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expression, I would have to take a similar RNAi-based approach to knocking down tube 

gene expression in immune tissues. I could determine the threshold tube expression level 

for immune function by comparing qRT-PCR tube transcript measurements to survival 

after infection and Toll-mediated induction of reporter genes, like Drosomycin, upon 

infection. Survival and reporter gene expression would be compared to tube null and 

wild-type flies. We know that the adult somatic tube gene undergoes at least some 

positive feedback regulation from microarray studies (De Gregorio et al. 2002); Toll 

pathway signaling induces tube gene expression upon infection. I therefore predict that 

tube will normally be expressed at levels closer to the threshold for immune function in 

the somatic tissues of wild-type flies (the actual:threshold expression level ratio will be 

closer to 1). 

 

Bomanins 

Bom peptide activity: narrow- or broad-spectrum? 

By imprecise excision of the MiMIC transposon insertion in IM2, I generated a 

deletion, Bom∆left, that removed the six 55C Bom genes on the proximal end of the cluster. 

I found not only that Bom∆left flies had immune defects, but also that the profile of 

pathogen resistance was different from that of Bom∆55C (refer to Figure 19). This 

observation led me to the conclusion that at least some Bom genes have redundant 

activities, but did not allow me to determine whether all or just some Bom peptides are 

functionally redundant. To distinguish between the models of narrow- or broad-spectrum 

Bom peptide activity, I have returned to the quick and simple imprecise MiMIC 

transposon excision approach to generate new Bom mutant chromosomes for comparison 
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to Bom∆left and Bom∆55C
. An undergraduate researcher, Jamie Yoon, is currently in the 

process of screening for a new imprecise excision event. 

Although the screening approach allows detection of any imprecise excision event, 

large or small, the desired excision event is a deletion of a subset of the 55C Bom gene 

cluster on the opposite side of the cluster relative to Bom∆left. This deletion, which we will 

call Bom∆right, should ideally delete the four genes distal to IM2, and may or may not also 

inactivate IM2. Along with any other, smaller deletions identified, I will compare the 

susceptibility of Bom∆right flies to that of Bom∆left and Bom∆55C to characterize the activity 

of the four distal and six proximal Bom genes. 

If the Bom peptides have broad-spectrum activity, then the overall level of Bom 

peptides, and, in turn, the level of Bom peptide activity, is likely to be the most important 

determinant of infection resistance. As discussed in Chapter II, the profile of pathogen 

resistance of Bom∆left flies suggested that pathogen virulence level dictated the required 

level of Bom peptides, where the most virulent pathogen, E. faecalis, required the highest 

level, and the least virulent pathogen, C. glabrata, required the lowest. Like Bom∆left flies, 

Bom∆right flies will have a level of Bom peptides intermediate to Bom∆55C and the wild 

type. By the broad-spectrum activity model, Bom∆right flies should have pathogen 

resistance phenotypes generally similar to Bom∆left. See Table 4 for specific predictions. 

Not all Bom genes are transcribed at equivalent levels upon Toll induction, however, so 

the number of 55C Bom genes present on the chromosome is not a direct predictor of 

Bom peptide level. Different Bom peptides might also vary in rates of processing or 

turnover. Therefore, the relative susceptibility of Bom∆right flies may shift and more 
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closely resemble Bom∆55C or wild-type flies than Bom∆left, but the hierarchy of pathogen 

resistance should stay the same. 

Alternatively, if Bom peptides have narrow-spectrum activity, then Bom∆right flies 

should have a reciprocal pathogen resistance profile compared to Bom∆left (see Table 4). 

By the narrow-spectrum model, defense against E. faecalis requires one or more Boms 

deleted in Bom∆left. We further know from IM2Mi and IM149 analysis that neither one of 

these genes is strictly required for defense against E. faecalis (see Figure 16). This 

narrows down the possible Bom genes required for defense against E. faecalis to just four 

of the proximal 55C Bom genes, all of which would be present in Bom∆right. Conversely, 

Bom∆left flies were fully resistant to C. glabrata infection, suggesting that the Bom genes 

deleted on the Bom∆left chromosome are dispensable for defense against this yeast. If 

Bom∆right flies are resistant to E. faecalis, but not C. glabrata, the pattern of pathogen 

resistance will have flipped, showing that Bom peptide level is not the most important 

determinant of pathogen resistance. Rather, I would conclude that the presence of 

different Bom peptides mediates resistance to different pathogens, or, in other words, the 

Bom peptides have narrow-spectrum activity. 

It is possible that we will be unable to identify a Bom∆right chromosome. If this is 

the case, the same questions can be answered using a Bom gene knock-in in a Bom∆55C 

background. Several knock-in constructs can be cloned and inserted in the genome by 

germline transformation. These rescue constructs would replace either the proximal or 

distal portions of the 55C Bom cluster. This approach has the advantage of allowing for 

precise and iterative manipulation of Bom gene copy number. In contrast to other knock-

in methods, the rescue constructs will have Bom genes under control of their native 
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promoters. Thus their activity should mimic natural Bom gene expression patterns. This 

can be confirmed by analysis of the complete, ten gene rescue construct or the four distal 

gene rescue construct, which should phenocopy wild-type or Bom∆left flies, respectively. 

From there, the proximal six gene knock-in can be tested and compared to Bom∆left and 

analyzed as described above for Bom∆right. Scott Lindsay is currently pursuing this 

approach in parallel to my approach using imprecise excision, and we hope to have 

survival analysis data to answer the question of narrow- or broad-spectrum Bom activity 

in the next few months. 

 

Bom peptide mechanism of action: AMP, cytokine, other? 

As argued in the discussion section of Chapter II, what we know about the 

structure and expression of Bom peptides is most consistent with antimicrobial peptide 

activity. If Bom peptides are, in fact, AMPs they should be able to directly kill or inhibit 

growth of bacterial and fungal cells, although as discussed above different Bom peptides 

may vary in effectiveness by pathogen. It should be possible to measure such activity in 

vitro using synthesized peptides. In fact, very recent preliminary experiments conducted 

by Scott Lindsay have shown that IM1 peptide can kill over 90% of bacterial cells in less 

than 5 minutes when mixed with E. faecalis in vitro. Although preliminary in vivo 

peptide injection experiments have failed to reproduce this effect, it is possible that those 

experiments simply did not introduce the amount of IM1 peptide needed to reach the 

required local peptide concentrations in vivo. Scott is continuing these experiments 

currently, and this line of inquiry holds promise to reveal the mechanism of antibacterial 

action of Bom peptides. 
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If we are able to show in vivo killing of E. faecalis by IM1 peptide, the next 

question will be how Bom peptides mediate antifungal immunity. Much like the approach 

with E. faecalis, there are established assays designed to measure direct antifungal 

activity. These experiments should also settle the question of narrow- or broad-spectrum 

Bom peptide activity. If the Bom peptides have broad-spectrum activities, then IM1 

peptide should also kill F. oxysporum and C. glabrata. Alternatively, if IM1 does not 

show antifungal activity, we will synthesize other Bom peptides for similar tests. As 

illustrated in Figure 11B, there are three Bom peptide forms – short, tailed, or bicipital. 

IM1 is a short form peptide. It may be that the distinct structures of tailed or bicipital 

peptides facilitate interactions with fungal cell walls or other structures specific to fungi. 

The regions of nonconserved residues found in these two larger Bom peptide forms also 

make them more amenable to epitope tagging and, in turn, more cost-effective production 

and purification. Scott is also working on these approaches. 

Given that we have not yet observed in vivo activity of IM1 peptide, there remains 

a chance that Bom peptides do not have AMP-like functions. One alternative possibility 

is that the Boms are ligands for receptors that mediate infection resistance by an as yet 

undefined process. In this model, Bom peptides would essentially be cytokines. By qRT-

PCR, I’ve shown that Bom∆55C flies have no apparent defect in Toll, Imd, or JAK/STAT 

signaling (Figure 14 and data not shown). However, there are other uncharacterized 

receptors in the Drosophila genome that could participate in immunity. There are good 

reasons that screens for genes involved in immunity would not have detected such 

receptors. First, as discussed in Chapter II, such screens more frequently focused on 

reporter expression downstream of Toll or Imd pathways rather than infection resistance, 
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an approach that would by definition miss genes involved in other signaling pathways. 

Second, if there are multiple Bom peptide receptors with redundant signaling activities, 

loss of a single receptor would not have uncovered an immune phenotype even in an 

appropriate screen. The latter reason argues against conducting a reverse genetic screen 

to test the idea that Boms are cytokines and interact with receptors not previously 

implicated in immunity.  

I propose that if Bom peptides serve as signaling molecules, there should be a 

difference in gene expression between wild-type and Bom∆55C flies after infection. 

Microarray or RNAseq analysis of uninfected or infected flies could reveal differential 

expression of gene targets. The effect may be small if the signal is limited to a certain 

tissue or cell type. In this case, it may be helpful to run parallel gene expression analyses 

on dissected tissues, such as the fat body, the hemolymph, the head, and the carcass. 

Additionally, to avoid confounding effects of significant differences in pathogen load on 

gene expression results, it would be best to conduct the gene expression experiments on 

flies infected with a less virulent pathogen. I would therefore compare gene expression in 

wild-type and Bom∆55C flies after C. glabrata infection, at a time of approximately six 

hours post-infection, after initial Bom gene induction by the Toll pathway but before 

changes in mortality. 

If AMP activity is ruled out and no gene expression difference is detected, the 

Bom peptides may direct changes in cell activity or motility. In this case, it would be 

useful to observe fluorescently tagged immune tissues in a wild-type or Bom∆55C genetic 

background. Using the GAL4/UAS system for directed misexpression of transgenes, 

hemocytes and other tissues could be monitored for growth or movement. 
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Interactions within and between the Drosophila cellular and humoral immune 

responses 

I showed that Bom∆55C flies are susceptible to infection with the same severity and 

the same specificity as flies incapable of Toll signaling (MyD88–). I further found that 

Toll signaling is intact in Bom∆55C flies. These findings were unexpected because 

Bom∆55C flies induce expression of many genes, including AMPs, upon infection, while 

MyD88– flies lack Toll-induced expression of a very large number of genes. Do non-Bom, 

Toll-induced genes contribute to defense against the tested pathogens at all? To test this 

question, I’ve begun generating flies carrying both Bom∆55C and MyD88– mutations. If 

AMP production still confers some protective effects, I expect that Bom∆55C, MyD88– 

double mutant flies will succumb to infections more quickly than either single mutant. 

The Lemaitre lab’s study mentioned in the discussion section of Chapter II suggests that 

AMP gene production should be at least slightly protective against F. oxysporum, since 

overexpression of one Toll-induced AMP gene, Drosomycin, protected flies lacking Toll 

signaling from this infection (Tzou et al. 2002). 

In contrast, it may be that AMP genes are effective against many pathogens, but 

are not the primary method of defense in vivo, as suggested by a report that 95% of 

bacteria injected into beetles were killed within 30 minutes of infection, before AMP 

production (Haine et al. 2008). In this paper, the authors propose a model where 

constitutive defenses, like melanization and phagocytosis, kill the bulk of invading 

pathogens, and AMPs kill only the remaining, resistant pathogens. This model suggests 

that loss of AMP genes would have no effect on mortality after infection in the short term, 
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although it could cause a late, infection-related death corresponding to the delayed 

growth of the resistant pathogen population.  

The effect of mutations in AMP genes has never been tested in Drosophila. 

Knocking out all AMP genes in a single fly would be a considerable technical burden, 

however, knocking out individual AMP gene families is feasible using new, targeted 

mutagenesis techniques. I propose knocking out the Drosomycin (Drs∆) and Defensin 

(Def∆) gene families separately, using several rounds of CRISPR mutagenesis.  

After generating Drs∆ and Def∆ mutants, I would first compare their susceptibility 

to the pathogen test set used in Chapter II. The Drosomycins fight fungal pathogens, and 

the Defensins are effective against Gram-positive bacteria (Tzou et al. 2002). If AMPs do 

substantially and broadly contribute to innate immunity, then AMPs may be just as 

important as Bom peptides in defense against a wide array of pathogens. In this model, I 

would predict that Drs∆ flies would be more susceptible than the wild type to C. glabrata 

and F. oxysporum, but not E. faecalis. Conversely, Def∆ flies should be more susceptible 

to E. faecalis, but not C. glabrata or F. oxysporum.  

An alternative model is that different defense peptides specialize in defense 

against certain pathogens. Here, Bom peptides are the most important effectors against E. 

faecalis, C. glabrata, and F. oxysporum. The Drs and Def gene families may be equally 

important for defense against other pathogens. I would next compare the susceptibility of 

Drs∆, Def∆, and Bom∆55C flies to an expanded pathogen test set. Are different small 

peptide effectors specialized for different pathogen sets? Or do many immune peptide 

families overlap in activity? Such questions address the outstanding question of how the 

many components of the innate immune system interact to be effective against many 
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different types of pathogens. As discussed at the end of Chapter II, we have only limited 

understanding of whether the innate immune system functions as a multi-faceted attack 

against all pathogens or whether a wide variety of specialized effectors are coregulated 

because of the generalized nature of pathogen recognition by the innate immune system. 

Among studies that have addressed the issue of the relative contributions of 

different immune factors, several have found that some pathogens appear to be more 

susceptible to constitutive responses than the induced, humoral response (Elrod-Erickson 

et al. 2000; Defaye et al. 2009; Nehme et al. 2011; Binggeli et al. 2014). In the next wave 

of this analysis, I suggest determining the pathogen resistance profiles of flies defective 

in phagocytosis or melanization to the expanded pathogen test set and comparing them to 

those of Drs∆, Def∆, Bom∆55C, or MyD88– flies. By comparing the hazard ratios (the ratio 

of the rates of death of mutant to wild-type flies) of the signaling, peptide family, 

phagocytosis, and melanization mutants, one could develop an estimate of the relative 

importance of each immune facet for defense against individual pathogens.  

Such a comparative analysis would alone be valuable by providing a much needed, 

holistic look at the cooperativity, or lack thereof, of the innate immune response. Do all 

processes participate in defense against all pathogens, albeit perhaps with different 

effectivenesses? Does each process have a pathogen set that it is disproportionally 

effective against? The answer is likely somewhere between these two possibilities. 

This large-scale comparative analysis would undoubtedly open the door to many 

follow-up projects. If there are categories of pathogens that are more susceptible to 

certain processes, one could follow up on the molecular mechanisms of pathogen killing 

by different processes. Is there a link between certain physiological or anatomical 



 

    
 

112 

characteristics of pathogens and the defenses that are most effective against them? For 

example, if some pathogens are much more susceptible to peptide-mediated defenses, 

perhaps the cell surfaces of these pathogens are better suited for peptide-mediated killing. 

If so, I predict that these pathogens will have lower minimum inhibitory concentrations 

than other pathogens when treated with in vitro synthesized peptides. Further, for those 

pathogens that are not particularly sensitive to peptide-mediated defenses, perhaps 

phagocytosis receptors are adapted to better target those pathogens. This prediction could 

be measured by established assays for rates of phagocytosis in vivo and in vitro. The 

mode of killing of melanization enzymes is not well understood. If particularly 

melanization-sensitive pathogens are identified, it would be interesting to see if these 

pathogens can be efficiently killed by in vitro prophenoloxidase activity. Alternatively, 

they may be particularly sensitive to reactive oxygen species treatment. 

This analysis could be expanded to include human pathogens, an approach that 

could have important biomedical applications. In the face of growing resistance to broad-

spectrum antibiotics, can we develop more targeted, pathogen-specific treatments that 

will be effective against human pathogens in vivo? For example, many cancer treatments 

are now targeted to particular types of tumors, depending on which tissue the tumor 

originated in and the mutations specific to that tumor. Oncologists learned that treating a 

patient with a chemotherapy drug that isn’t specific to their particular type of cancer is 

not only ineffective, but bad practice due to the severe side effects of most chemotherapy 

drugs. Similarly, broad-spectrum antibiotics can cause mild to severe side effects due to 

the nonspecific killing of commensal bacteria. By identifying the types of defenses that 
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common human pathogens are most susceptible to, physicians can prescribe drugs known 

to target the weaknesses of their patient’s infection. 

Using microbiome data from wild insects, a Drosophila-specific pathogen test set 

could also be developed to better understand the in vivo relevance of each of these 

processes. How commonly do wild fruit flies encounter different types of pathogens? To 

which pathogens are they most resistant and to which pathogens do they most commonly 

succumb? It seems likely that the natural resistance profile of Drosophila reflects an 

energy tradeoff to support defenses that are effective against the most commonly 

encountered pathogens. One prediction is that constitutive responses, being rapidly and 

readily active, are effective against the most commonly encountered pathogens. 

The finding that Bomanins are essential for Drosophila Toll-mediated immunity 

is important for understanding Drosophila antifungal and antibacterial defenses. However, 

by showing that loss of a single gene family affected immunity as strongly as loss of an 

entire immune signaling pathway, my investigation of Boms also provided insight on the 

relative contributions of different innate immune defenses. The experiments outlined 

above will improve our understanding of Bom function and of host-pathogen interactions 

from a system-wide perspective. I therefore believe that these future directions will be of 

interest not only to Drosophila Toll pathway defense experts, but also to researchers 

interested in immunity in all organisms, including humans.  
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Tables 

Table 4. Actual and predicted pathogen resistance phenotypes of Bom mutants. 

 E. faecalis F. oxysporum C. glabrata 

wild-type Partially resistant Resistant Resistant 

Bom∆55C Susceptible Susceptible Susceptible 

Bom∆left Susceptible Partially resistant Resistant 

Narrow-spectrum model: 

Bom∆right Resistant Partially resistant Susceptible 

Broad-spectrum model: 

Bom∆right Susceptible Partially resistant Resistant 
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