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ABSTRACT OF THE DISSERTATION 

 

Genetic analyses of Drosophila homologs of non-canonical BLOC-1 subunits 

 

by 

 

Christopher David Sundberg 

Doctor of Philosophy in Human Genetics 

University of California, Los Angeles, 2015 

Professor Esteban C. Dell’Angelica, Chair 

 

BLOC-1 (biogenesis of lysosome-related organelles complex 1) is a eukaryotic protein complex 

required for the efficient formation of lysosome related organelles (LROs), a class of membrane-

bound organelles derived from the endosomal-lysosomal pathway. In metazoans, BLOC-1 is an 

octameric protein complex consisting of pallidin, muted, dysbindin, cappuccino, snapin, BLOS1, 

BLOS2 and BLOS3. Mutation of the genes encoding dysbindin, pallidin or BLOS3 causes 

Hermansky-Pudlak syndrome in humans, and mutation of the genes encoding pallidin, muted, 

dysbindin, cappuccino or BLOS3 causes a related syndrome in mice. In the budding yeast, 

Saccharomyces cerevisiae, a ‘BLOC-1’ complex was described; however, this protein complex is 

hexameric and contains homologs of BLOS1, snapin and cappuccino and three non-canonical 

BLOC-1 proteins: Vab2p, Kxd1p and Bli1p. Kxd1 was previously shown to interact with BLOS1 

in mammals, insects and nematodes. To genetically determine the role of Drosophila homologs 

of non-canonical BLOC-1 proteins in relation to canonical BLOC-1, I deleted one of these genes 

by P element imprecise excision and another by CRISPR/Cas9 (Clustered Regularly Interspaced 

Short Palindromic Repeats/ CRISPR-associated protein 9)-mediated genomic editing. At the 
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same time I deleted Drosophila Blos3, also using a CRISPR-based approach. Blos3 is unique 

among the eight metazoan BLOC-1 subunit genes as mutation of Blos3 causes an atypically mild 

BLOC-1 phenotype in mice. I found that deletion of one of the non-canonical BLOC-1 proteins in 

Drosophila did not affect the biogenesis of eye pigment granules, which are LROs that require 

BLOC-1 function for normal biogenesis; nor did it modify function of BLOC-2, a protein 

complex previously shown to act epistatically to BLOC-1. On the other hand, deletion of another 

non-canonical BLOC-1 protein resulted in higher eye pigment levels than those of wildtype flies. 

Lastly, I found that deletion of Blos3 caused attenuated BLOC-1 phenotypes in Drosophila. 

These findings support the interpretation that the non-canonical BLOC-1 proteins do not have 

roles in canonical BLOC-1 activity, though one of them may negatively regulate BLOC-1 

function. Finally Blos3 appears to function in a unique manner among the recognized BLOC-1 

subunits even across distantly related eukaryotic species.   
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CHAPTER 1 
 

 

 

Introduction 
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BLOC-1 

 

BLOC-1 (biogenesis of lysosome-related organelles complex 1) is a protein complex of 

approximately 200 kDa that was originally isolated from mammalian tissues and cells in the 

course of biochemical characterization of pallidin [1]. Pallidin is the protein defective in the 

‘pallid’ line of mice that was characterized as having a role in the biogenesis of lysosome-related 

organelles [2]. BLOC-1 was subsequently found to be composed of eight protein subunits: 

pallidin and muted [1, 3], cappuccino [4], dysbindin [5], and snapin, BLOS1, BLOS2 and 

BLOS3 [6]. With the exception of BLOS3, which displays an intriguing, although functionally 

undefined GEAxExD motif [7], these proteins are small coiled-coil domain polypeptides that 

have no homology to other known proteins or identifiable functional domains [6, 8, 9].  

Structurally, BLOC-1 has been characterized as an elongated linear assembly of eight 

globular domains with a marked degree of flexibility along the length of the protein complex [8]. 

This structure is thought to facilitate the interactions of BLOC-1 with its known interactors, such 

as the adaptor protein 3 complex  (AP-3) and the target-soluble NSF (N-ethylmaleimide-sensitive 

factor) attachment protein receptors (t-SNAREs), syntaxin-13, synaptosomal-associated protein 

25 (SNAP-25), and their close relatives [2, 10-12]. The globular domains of the BLOC-1 

assembly are not thought to correspond to the individual protein subunits of BLOC-1, but are 

thought to be a consequence of secondary structure driven by heterotrimeric protein-protein 

interactions between the coiled-coil regions of the respective subunits [8]. Furthermore, two 

BLOC-1 sub-complexes have been defined: pallidin, cappuccino and BLOS1, and dysbindin, 

snapin and BLOS2. Muted and BLOS3 are more peripherally associated with BLOC-1 and are 

the first subunits to be shed when the complex is perturbed [8]. Notably, mutation of single 

BLOC-1 subunit genes leads to the reduced accumulation of all of the BLOC-1 subunit proteins, 

highlighting the tight structural organization of the BLOC-1 protein complex [1, 3, 6]. 
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Lysosome-related organelles 

 

Lysosome-related organelles (LROs) are a class of cellular organelles that, like conventional 

lysosomes, are biosynthetically derived from the endosomal-lysosomal pathway [13]. LROs 

exhibit many of the physical characteristics of conventional lysosomes, such as H(+)-ATPase-

dependent luminal acidification and the presence of extensively glycosylated integral-membrane 

proteins including the LAMP (lysosome associated membrane protein) family of proteins [14]. 

The specialized function of LROs is largely determined by the specific assortment of membrane 

proteins that are delivered to the developing LRO [13-17]. LROs are also frequently the sites of 

synthesis of the specific factors that they accumulate, such as when the biosynthetic precursors or 

products require sequestration from the rest of the cell, or when an acidic luminal pH is required 

for the synthesis of the sequestered products [15-19].!

In some cell types, such as cytotoxic T lymphocytes (CTLs) and osteoclasts, all 

lysosomes appear to be secretory LROs, whereas in other cell types, such as mast cells, 

melanocytes and endothelial cells, LROs exist side-by-side with conventional degragative 

lysosomes [13, 14]. Other examples of LROs include MHC (major histocompatibility complex) 

class II granules, basophil granules, azurophil granules, lamellar bodies of type II lung epithelial 

cells, the lytic granules of natural killer cells and synaptic vesicles of some neurons [7, 13, 14, 

20]. Melanosomes and platelet dense granules are LROs that were recognized as being 

coordinately compromised in the pallid and muted lines of spontaneous BLOC-1 mutant mice due 

to the prolonged bleeding and compromised pigmentation phenotypes that accompanied elevated 

kidney lysosomal enzymes in these animals [2, 21].  

The pigment granules of the Drosophila compound eye were subsequently found to be 

LROs [17]. Among the genes that affect eye color in Drosophila, a subset of these function to 

deliver proteins to lysosomes and pigment granules [17]. Homologs of BLOC-1 subunit genes 

were identified among this group [22]. In a similar manner, BLOC-1 homologs were identified as 
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some of the proteins responsible for the proper intracellular sorting of proteins targeted to the C. 

elegans intestinal gut granules, a type of LRO distinct from conventional lysosomes that may be 

involved in photoprotection and defense against bacterial pathogens [7, 19, 23].!

   

Spontaneous mouse mutants of BLOC-1 subunits – reduced pigmentation 

 

A total of 16 non-allelic mouse hypopigmentation lines have been identified as being associated 

with the biogenesis of LROs [5, 24]. In addition to the lines of mice with mutations causing the 

pallid and muted phenotypes (caused by mutation of Bloc1s6 and Bloc1s5, respectively) [2, 21], 

three more lines of mice, cappuccino, sandy, and ‘reduced pigmentation’, were found to harbor 

mutations in genes encoding BLOC-1 subunits – Bloc1s4 (cappuccino), Dtnbp1 (dysbindin) and 

Bloc1s3 (BLOS3), respectively [4-6, 9].  The four BLOC-1 mouse models, pallid, muted, 

cappuccino and sandy, exhibit similar prolonged bleeding defects as well as the most severe coat 

color deficiencies among the spontaneous mouse models of defective LRO biogenesis [25].  In 

contrast, ‘reduced pigmentation’ mice, although exhibiting prolonged bleeding caused by 

compromised formation of platelet dense granules, show a significantly attenuated loss of 

pigmentation relative the other lines of mice harboring BLOC-1 gene mutations [6, 9].!

 

Hermansky-Pudlak Syndrome 

 

 Mutations in a subset of the BLOC-1 genes have been found to cause Hermansky-Pudlak 

Syndrome (HPS) in humans. HPS is a genetic disorder associated with hypopigmentation of the 

skin, hair and eyes due to the abnormal formation of melanocytes, and prolonged bleeding caused 

by defects in the biogenesis of platelet dense granules [25, 26]. HPS-7 is caused by mutations in 

the gene encoding dysbindin [5]. While HPS-8 is caused by mutation of the gene encoding 

BLOS3 [27, 28]. HPS-9 is caused by mutation of the gene encoding pallidin [29, 30]. The HPS 
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subtypes caused by mutation of BLOC-1 subunit genes in humans are so far limited to these three 

subtypes, but the specific phenotypes of each HPS subtype are heterologous among affected 

individuals. For example, whereas Bloc1s3 causes an attenuated HPS-like syndrome in mice [6, 

9], in some human patients, mutation of BLOC1S3 causes HPS pheontypes indistinguishable 

from HPS caused by mutation of other BLOC-1 genes [5, 27, 28]. 

 

BLOC-1 genes 

 

 The BLOC-1 subunit genes were first cloned in mice with homologs being readily 

recognized in humans [2, 6, 4, 21, 31]. Although initially thought to be limited to mammals [21], 

homologs of the full complement of BLOC-1 subunit encoding genes were identified in 

Drosophila [22] and a subset of BLOC-1 genes were identified in C. elegans [7, 23]. However, 

homologs of BLOC-1 remained elusive in Saccharomyces cerevisiae [7, 25] until Hayes et al. 

identified a hexameric protein complex in yeast that contains three proteins exhibiting structural 

homology to metazoan BLOC-1 proteins (Fig. 1.1): Bls1p, Snn1p and Cnl1p that show homology 

to metazoan BLOS1, snapin and DUF2365 proteins, respectively – DUF2365 being a protein 

with some structural similarity to cappuccino [32].  

The three other proteins in yeast “BLOC-1” are Kxd1p, Vab2p and Bli1p, and are not 

homologous to canonical metazoan BLOC-1 subunits. However, one of these proteins, Kxd1p, 

was recognized as the homolog of a protein shown to interact with Blos1 in Drosophila and with 

both DUF2365 and cno, the suggested nematode cappuccino homolog [32], in C. elegans [32-34]. 

Kxd1 was subsequently found to elicit melanosome and platelet dense granule phenotypes when 

knocked-out in mice [35]. In our laboratory, Esteban Dell’Angelica recognized that Vab2p is the 

yeast homolog of the Drosophila protein encoded by CG11802, and this protein (hereafter Vab2) 

was shown to interact with the Blos2·dysbindin·snapin subcomplex of BLOC-1 [36] (Fig. 1.2). 

Because metazoan homologs of two of the three non-canonical yeast BLOC-1 subunits have been 
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found in association with canonical BLOC-1 subunits, this raised the question of what role, if 

any, these non-canonical yeast BLOC-1 proteins had in affecting the function of BLOC-1. 

 

Generation of a Drosophila Vab2 mutant 

 

 To test the hypothesis that Vab2 affects the function of canonical BLOC-1 in metazoans, 

I deleted the Vab2 gene in Drosophila melanogaster using the approach of P element imprecise 

excision. This work is described in Chapter 2. Briefly, I isolated and identified two independent 

deletions of Vab2: Vab2114 and Vab2115.  Vab2114 is a promoter deletion of Vab2, while Vab2115 is 

a deletion of the Vab2 open reading frame (ORF). Because Vab2114 was a promoter deletion that 

left the entire Vab2 ORF intact, I characterized Vab2 mRNA expression from both of these lines. 

 

Deletion of Kxd1 and Blos3 by CRISPR-mediated genomic editing  

 

To test the hypothesis that Kxd1 affects the function of canonical BLOC-1 in metazoans, 

and that deletion of Kxd1 in Drosophila would therefore elicit BLOC-1 phenotypes similar to 

those reported for deletion of Kxd1 in mice [35], I deleted Kxd1 in Drosophila melanogaster 

using a CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats/!CRISPR-

associated protein 9)-mediated approach.  Given the efficiency of CRISPR gene deletion that I 

observed, I also targeted the Drosophila Blos3 gene for deletion using a CRISPR/Cas9 approach. 

I hypothesized that loss of Blos3 in a phylogenetically distant species (Drosophila) could 

elucidate whether or not the atypical BLOC-1 phenotypes observed of ‘reduced-pigmentation’ 

mice were caused by a species-specific effect for the loss of BLOS3 or if the attenuated BLOC-1 

phenotypes of Blosc1s3 mutant mice were an intrinsic characteristic of BLOS3 relative to 

BLOC-1 function. This work is described in Chapter 3. 
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Phenotypic characterization of Vab2, Kxd1 and Blos3 mutant flies 

 

In Chapter 4, I describe the phenotypic characterization of the Vab2, Kxd1 and Blos3 

mutant flies.  Briefly, in each case I compared the accumulation of two distinct eye pigments in 

these flies relative to the accumulation of the same eye pigments in wildtype and blos1 mutant 

flies. Loss of blos1, a canonical subunit of metazoan BLOC-1, causes a profound reduction of red 

and brown pigments in the compound eyes of Drosophila due to defects in the biogenesis of eye 

pigment granules [22], a type of LRO where red drosopterins and brown ommochromes are 

synthesized and stored [17, 18]. If Vab2 or Kxd1 affected BLOC-1 function, I hypothesized that 

loss of these gene would phenocopy or partially phenocopy loss of blos1. Similarly, I 

hypothesized that loss of Blos3 in Drosophila would phenocopy blos1, in either an attenuated 

manner (if Blos3 behaved as a non-canonical member of BLOC-1), or in a manner nearly 

identical to blos1 (if the mild BLOC-1 phenotypes of the ‘reduced pigmentation’ mouse are due 

to a species-specific effect). Finally, I describe the characterization of Vab2 deletions in 

combination with loss of blos1 (a gene encoding a subunit of BLOC-1) and pink (a gene encoding 

a subunit of BLOC-2). 
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!
!
Figure 1.1. Comparison between the known subunits of human, Drosophila and yeast 

BLOC-1. The eight metazoan BLOC-1 subunits are listed above the dotted red line for humans 

and Drosophila melanogaster. The six yeast ‘BLOC-1’ subunits [35] are listed divided by the 

dotted red line: those with homology to metazoan BLOC-1 subunits are above, and those with no 

homology to metazoan BLOC-1 subunits are below. Homologs of two of the yeast-specific 

‘BLOC-1’ subunits were identified in metazoans: KXD1/CG10681 and LOH12CR1/CG11802, in 

humans and Drosophila, respectively (below dashed red line). The subtypes of Hermansky-

Pudlak syndrome associated with mutation of BLOC-1 subunits in humans are shown on the left 

(HPS-9, HPS-7 and HPS-8). 
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!
!
Figure 1.2. Model of Drosophila BLOC-1 organization with Vab2 and Kxd1. A cartoon 

model of Drosophila BLOC-1 is shown. The relative size of each subunit is shown by the area of 

the rectangle representing each protein. The BLOC-1 subassemblies are outlined: 

Pallidin·Blos4·Blos1 and Dysbindin·Snapin·Blos2. Solid black lines show yeast two-hybrid 

interactions between Drosophila BLOC-1 subunits [22]. The dashed black line shows yeast two-

hybrid interaction between Drosophila Blos1 and Kxd1 [33]. Solid gray lines show additional 

yeast two-hybrid interactions observed between the human homologs of the Drosophila BLOC-1 

proteins [22]. The dashed purple wedge shows the interaction between Drosophila Vab2 and the 

Blos2·Snapin·Dysbindin subassembly of BLOC-1, as determined by affinity capture and mass 

spectroscopy [36]. The yeast homologs of Kxd1 and Vab2 (Kxd1p and Vab2p) were associated 

by both yeast two-hybrid and MS affinity capture [32], and hence, the Drosophila homologs of 

these proteins are shown adjacent to each other – however this interaction has not been directly 

shown for the Drosophila proteins. 
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CHAPTER 2 
 

 

 

Deletion of Vab2 in Drosophila melanogaster by P element imprecise 

excision 
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ABSTRACT 

 
The Saccharomyces cerevisiae VAB2 gene was predicted and shown to encode one of the 

subunits of the heterohexameric yeast BLOC-1 complex. On the other hand, no Vab2-like protein 

has been reported to be a constituent of metazoan BLOC-1. Our laboratory identified CG11802 as 

the Drosophila homolog of the Saccharomyces cerevisiae VAB2 gene using a PSI-BLAST 

(Position-Specific Iterated - Basic Local Alignment Search Tool) sequence homology search. To 

determine the function of Vab2 in metazoans, I targeted Vab2 for deletion in Drosophila 

melanogaster by P element imprecise excision. I obtained Bloomingtom Stock Center line 21873 

which harbors a P element insertion in the 5’ untranslated region (UTR) of Vab2 

(p{EPg}CG11802HP10420). After mobilizing P{EPg}CG11802HP10420 I identified and isolated two 

deletion alleles of Drosophila Vab2. The first of these alleles, Vab2114 is a short 121 b.p. deletion 

that removes the upstream and downstream promoter elements of Vab2. The second is a large 

deletion that removes most Vab2 sequences including the majority of the 5’ UTR, the entire open 

reading frame (ORF), and the 3’ UTR, as well as the 3’ intergenic space downstream of Vab2 and 

a short portion of the 3’ UTR of the adjacent gene, CG1847, which approaches the Vab2 locus 

from the opposite direction. The sequences deleted in the Vab2114 and Vab2115 alleles are those 

that were upstream and downstream, respectively, of the original insertion site of 

P{EPg}CG11802HP10420 and are the products of directional imprecise excision events. Neither 

Vab2114 nor Vab2115 exhibited obvious phenotypes as I isogenized the lines carrying these 

deletion with Canton S. Vab2115 expressed no Vab2 mRNA nor did it amplify Vab2 sequences 

from genomic DNA, indicating that Vab2115 was a true genetic null. In contrast, Vab2114 

expressed Vab2 mRNA, although at reduced levels in comparison to wildtype Canton S flies, 

indicating that Vab2114 was likely a hypomorphic allele of Vab2. 
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INTRODUCTION 

 
Saccharomyces cerevisiae was recently reported to encode and express a six-subunit 

protein complex that contains three proteins with limited structural homology to three of the 

proteins found in metazoan BLOC-1 – yeast Bls1p showing homology to metazoan BLOS1, 

Snn1p showing homology to snapin, and Cnl1p showing homology to DUF2365, a protein that 

has cappuccino-like structural features [1]. Based on the homology of these three proteins to this 

subset of metazoan BLOC-1 proteins, this six-subunit yeast protein complex was named 

BLOC-1. However, yeast BLOC-1 lacks homologs of the other five metazoan BLOC-1 protein 

subunits, and it instead contains three additional proteins that are apparently not homologous to 

metazoan BLOC-1 proteins.!The three yeast BLOC-1 proteins that have not been found in the 

canonical metazoan BLOC-1 are Vab2p, Kxd1p and Bli1p. 

By performing PSI-BLAST iterative homology searches, Esteban Dell’Angelica 

determined that CG11802 was the Drosophila melanogaster homolog of Saccharomyces 

cerevisiae VAB2. Given that the canonical metazoan BLOC-1 differs so significantly in 

composition from yeast BLOC-1, this raised the question of what Vab2 might be doing in higher 

eukaryotes. We hypothesized that, if Vab2 encodes a component or regulator of BLOC-1 in 

metazoans, mutations of Drosophila Vab2 would phenocopy previously described mutations of 

Drosophila blos1, which is a gene encoding a canonical BLOC-1 subunit [2]. To test this 

hypothesis, I set out to delete Drosophila Vab2 . 

P element imprecise excision is a common strategy of targeted mutagenesis that relies on 

the endogenous inaccurate repair of chromosomal double-stranded DNA breaks (DSBs) 

generated during P element transposition to delete genomic DNA sequences flanking the original 

P element insertion site. P element is a DNA transposon that uses a conservative, non-replicative, 

cut-and-paste method of transposition to excise itself from one location and reinsert in another 

[3]. During the process of P element mobilization, the P element recombinase, also known as 
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‘transposase’, makes staggered DSBs within the P element terminal inverted repeats (IRs). The 

DNA ends left on both the excised P element and at the original site of insertion have long single 

stranded 3’ overhangs.  On the excised P element these ends are protected by protein factors. The 

corresponding DSBs at the original site of P element insertion, the donor site, are left unprotected 

and become substrates for normal DSB repair mechanisms. At a frequency of around 1% 

substantial DNA resection of the donor site DNA ends occurs during or prior to DSB repair, and 

DNA sequences adjacent to original site of P element insertion are thus deleted before the donor 

site is repaired [4]. Drosophila geneticists have used such “imprecise excision” deletion events to 

create mutant alleles of genes proximal to a P element insertion in order to determine gene 

function. I chose to use an imprecise excision approach to target Vab2 for deletion in Drosophila.    

P{EPg} is a genetically engineered P element transposon that contains the artificial 

Scer\UAS DNA-binding site, for transactivation of adjacent genes by the Scer\Gal4 

transcriptional activator, and the w+mC mini-white gene that endows w- fly lines a visibly scorable 

red eye phenotype. P{EPg} is a non-autonomous transposable element in that it does not encode a 

transposase gene but can be mobilized in trans if transposase is supplied from a different location. 

Because the P{EPg} encoded w+mC gene marks flies harboring the P element with a visible red 

eye phenotype, loss of w+mC expression can be used to identify flies with a w- genetic background 

in which P{EPg} has been mobilized. In these regards, P{EPg} provides a viable starting point 

for gene deletion of adjacent sequences by P element imprecise excision. 

Finally, transposase activity is normally restricted to the Drosophila germline by an 

mRNA splicing event that removes the “2-3” intron between the third and fourth exons of the 

transposase mRNA. Removal of the 2-3 intron generates an mRNA message that produces the 

full-length and active transposase. In somatic cells the 2-3 intron is retained in the mRNA and 

produces a truncated protein that cannot catalyze P element mobilization and instead acts as a 

repressor of transposition. By removing the 2-3 intron from transposase Laski et al. created a 

version of transposase known as “Δ2-3” that produces a full-length and active transposase in both 
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somatic and germline cells [5]. The creation of this construct has been a useful for mobilizing P 

elements in a variety of situations, and a genetically stable source of Δ2-3 transposase is available 

in flies that carry the P{ry+ Δ2-3}99B insertion – a non-mobilizable P element that harbors the 

artificially constructed Δ2-3 transposase gene and is inserted on chromosome 3 at cytological 

position 99B [6].  
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MATERIAL AND METHODS 

 
Fly Stocks 

 

FlyBase (flybase.org) was used to identify commonly available fly lines of interest. Canton S, 

Δ2-3 transposase, TM2/TM6B and line 21873 fly stocks were obtained from Bloomington Stock 

Center. Line 21873 harbors a P{EPg} P element insertion in the 5’ UTR of Vab2. FM6 balancer 

flies were obtained from Ming Guo (Department of Neurology, UCLA). Flies were maintained 

and bred in a dedicated room maintained at 20-24°C on media prepared by the UCLA Drosophila 

Media Facility. 

 

PCR screening 

 

DNA was prepared from mobilized-P{EPg}CG11802HP10420 w- lines using either a mechanical 

extraction and salt precipitation protocol (earlier samples – 10 flies per sample) or using the 

Macherey-Nagel NucleoSpin Tissue XS spin column kit according to the manufacturer’s protocol 

(later samples – 5 flies per sample), except that columns were eluted with 20 µl of BE (Buffer 

Elution) per fly used. PCR screening reactions were carried out using the Qiagen Hot Start Master 

Mix kit according to the manufacturer’s protocol (early samples) or using the Bioland Scientific 2 

X Taq PCR Premix reagent according to the manufacturer’s protocol (later samples). Rabaptin-5 

was screened with primers CDS-004 (GTGCGTGTGTTGTGAAGTCT) and CDS-005 

(AACACCGCACCCTACTTCAG) to generate a 760 b.p. band. The Vab2-specific primers that 

were used to amplify across the P{EPg}CG11802HP10420 insertion site were CDS-108 (GGTGG 

CTGGCGTCCGTCGAAGATCTCGTG) and CDS-144 (GCTGACATCAAGCGTGCAGTGGA 

AACAGCTCGTTATCTGTAC). These primers generate a 371 b.p. band from wildtype Vab2. 

Later Vab2 screening primers were CDS-109 (CTCTGCTGGAGCATATGCGCCGGCTTGC 

TG), CDS-110 (CTCCGCTGCTCCTGGCTTAGCTGCAAAATGTGCTG), CDS-111 (CGGC 
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AGAACGACGACGACGGCCACCAAAACAC), CDS-146 (ACAGCCGCCACAGGCGACTG 

CTGTTG) and CDS-149 (CTCATCCTCCGCCTCGATTCACATTCAACGGTGTAG).  

 

DNA sequencing 

 

“Purified Template” full service Sanger sequencing services were contracted with Laragen Inc. 

and consisted of supplying Laragen with purified PCR DNA and primers. In addition to primers 

CDS-110, CDS-111 and CDS-149 described above, imprecise excision alleles were sequenced 

with CDS-108 (GGTGGCTGGCGTCCGTCGAAGATCTCGTG). 

 

mRNA detection 

 

mRNA expression was tested by purifying total RNA from 10 flies per sample, using the 

Machery-Nagel NucleoSpin RNA II kit according to the manufacturer’s guidelines. cDNA was 

subsequently generated from purified total RNA samples using the Clontech RNA to cDNA 

EcoDry Premix (Double Primed) kit according to the manufacturer’s guidelines. Vab2 cDNA was 

amplified using CDS-146 (ACAGCCGCCACAGGCGACTGCTGTTG) and CDS-147 (CGCCG 

TGAAACCGAAGCGACCACAGTCCAC). Rabaptin-5 cDNA was amplified using CDS-015b 

(GCTGGACGAGCTGAAGACACA CCTAATG) and CDS-029b (CTGCTTTTGCAGCAGATC 

CACCTGTTTC).     
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RESULTS 
 

The Drosophila Vab2 gene is located at cytological position 10F2 on the Drosophila 

X chromosome, and Bloomington line 21873 harbors a P{EPg} insertion in the 5’ UTR of Vab2 – 

P{EPg}CG11802HP10420. This line was obtained as a starting point from which to delete Vab2 by 

imprecise excision.  

 

‘Pre-Cantonization’ of Bloomington line 21873 

 

 Bloomington line 21873 was maintained in genetic isolation at the Bloomington Stock 

Center in order to preserve the integrity of the P{EPg}CG11802HP10420 insertion. While bred in 

isolation, line 28873 may have accumulated secondary mutations, and the original gene hopping 

events that were used to generate the P{EPg}CG11802HP10420 insertion were performed in a w- 

line of flies in order to visually follow P{EPg} transposition [7].  

One of the most sensitive phenotypes for loss of BLOC-1 in Drosophila is a reduction of 

eye pigment accumulation due to impaired biogenesis of pigment granules, the lysosome related 

organelles (LROs) in which Drosophila eye pigments are synthesized and stored [2], and, in the 

absence of a functional w gene, flies have white eyes due to the lack of the White ABC 

transporter that is required for the transfer of metabolic intermediates of both red and brown 

pigments into the pigment granules [8]. Because my aim was to determine if deletion of Vab2 

elicited BLOC-1-like phenotypes, I needed to transfer any Vab2 deletions that I obtained in line 

21873 into a wildtype w+ background. 

 I specifically wanted to quantitatively compare Vab2 eye phenotypes to those that had 

been determined for loss of blos1 – a canonical BLOC-1 mutation. The blos1 mutations had been 

transferred to a wildtype w+ background by serially outcrossing the w- flies in which the blos1 

deletions had been generated to wildtype Canton S flies [2]. I would need to similarly ‘Cantonize’ 
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any Vab2 deletions that I obtained by imprecise excision of P{EPg}CG11802HP10420. In addition 

to introducing the w gene, the purpose of these ‘Cantonization’ crosses was to bring the three 

autosomal chromosomes back to wildtype status and to provide recombination opportunities 

between the X chromosome carrying the P{EPg}CG11802HP10420 insertion and a wildtype X 

chromosome. However, because I was relying on the w- background of the 

P{EPg}CG11802HP10420-insertion flies to monitor the mobilization of P{EPg} during the 

subsequent imprecise excision steps, I did these crosses in two stages. The initial rounds of 

Cantonization were performed with a w- line of Canton S flies to address the general goal of 

isogenizing line 21873 flies with Canton S. 

 First, before introducing transposase to mobilize P{EPg}CG11802HP10420, I serially 

crossed the Vab2:P{EPg} flies five times to a line of w- Canton S flies that had previously been 

generated in the laboratory but were otherwise considered to have a wildtype Canton S 

background (crosses P1-P5, Fig. 2.1). At each stage, flies that inherited the 

P{EPg}CG11802HP10420 insertion were identified by retention of a red eye phenotype in a w- 

chromosomal background. Collectively these crosses were referred to as ‘pre-Cantonization’ 

crosses, and they were followed by the imprecise excision of P{EPg}CG11802HP10420. Additional 

‘Cantonization’ crosses, including introduction of a wildtype copy of the w+ gene were only 

performed later, after Vab2 deletions had been generated and identified. 

  

P element mobilization and Imprecise Excision 

 

To generate Vab2 imprecise excision events in the pre-Cantonized 

P{EPg}CG11802HP10420 line, I introduced the transposase gene, in trans, by crossing these flies to 

a line carrying the P{Δ2-3}99B transposon. P{Δ2-3}99B harbors the Δ2-3 transposase gene on a 

non-mobilizable P element inserted on the third chromosome. By first crossing the P{Δ2-3}99B 

line to an FM6 first chromosome balancer line, I was able to create female flies that carried the 
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FM6 first chromosome balancer and the Δ2-3 gene on the third chromosome. I bred these FM6/y, 

w ; Sb, Δ2-3/+ females to pre-Cantonized male flies carrying the P{EPg}CG11802HP10420 insertion 

(cross IE1, Fig. 2.1). A sub-set of the progeny from this cross were flies that carried both the 

mobilizable P{EPg} insertion in Vab2 and Δ2-3 transposase – i.e. P{EPg}CG11802HP10420/FM6 : 

Sb, Δ2-3/+ flies.  

Sb is at cytological position 89B of chromosome 3. Because I was assessing the 

inheritance of Δ2-3 based on the visible phenotype imparted by the Sb marker on the same 

chromosome, and this chromosome was coming from an unbalanced parent, I estimate that 

roughly 30% of the flies that I deemed to have inherited the Sb, Δ2-3 third chromosome were 

recombinants that did not inherit Δ2-3 but only the Sb marker. Among those that were properly 

identified to have inherited Δ2-3, it was anticipated that some of these flies would exhibit a 

mosaic red eye-color, if P{EPg} was efficiently mobilized by Δ2-3 transposase, due to the loss of 

w+mC carried by P{EPg} (and thus loss of pigmentation) in clonal groups of ommatidia derived 

from progenitor cells in which P{EPg}CG11802HP10420 had been mobilized. This, however, was 

not observed. All of the P{EPg}CG11802HP10420/FM6 : Sb, Δ2-3/+ flies that were observed had 

uniformly pigmented red eyes characteristic of w+mC expression. 

Nevertheless, a number of P{EPg}/FM6 ; Sb, Δ2-3/+ flies underwent P{EPg} 

mobilization in the germline and were able to transmit these mobilization events to their offspring 

– I crossed individual P{EPg}/FM6 ; Sb, Δ2-3/+ female flies to FM6 males (cross IE2, Fig. 2.1) 

and obtained a mix of w+mC and w- progeny flies. The w- progeny from this cross were deemed to 

be P{EPg}CG11802HP10420 excision flies, some of which potentially harbored imprecise excision 

deletions of Vab2. I individually crossed the w- ; Δ2-3- subset of these to FM6 balancer flies in 

order to establish putative excision lines for genetic characterization (cross IE3, Fig. 2.1). I 

elected to only establish lines from the w- flies that were also lacking the Sb phenotypic marker, a 

surrogate marker for the presence Δ2-3, to minimize potential genetic complexities that could 

arise from a residual P element being mobilized in trans in the developing animal.  
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Screening of putative Vab2 excision lines 

 

Among the 189 w- founders that were crossed to establish lines, most (171 founders) 

were successfully bred to the FM6 balancer line and then back-crossed to established 

homozygous w- lines (Table 2.1).  A minority of the founders did not successfully produce 

progeny when crossed to the FM6 balancer line, and others were not able to establish 

homozygous w- P element-mobilized lines.  The latter likely represented large deletions in the 

vicinity of Vab2 that included essential genes, but the exact nature of these genotypes was not 

determined. 

To determine the genetic structure of the Vab2 locus in the P element-mobilized w- lines 

that reached a state of homozygosity, I prepared DNA from each of these lines and screened them 

using 2 separate PCR reactions (Fig. 2.2). I used a Vab2-specific pair of primers that amplify 

across the site of P{EPg}CG11802HP10420 insertion to examine the structure of Vab2 in each line. 

CDS-108 hybridizes within Vab2 at the 5’ end of the Vab2 ORF, downstream of the AUG start 

codon, and 3’ of the P element insertion site. CDS-144 hybridizes in the intergenic region 

upstream of Vab2 and 5’ of the P element insertion site. Together they amplify a 371 b.p. band 

from wildtype Vab2. Imprecise excision deletions in Vab2 that extended in either direction from 

the original site of P{EPg} insertion were likely to disrupt amplification of this Vab2-specific 

band if they were of a size significant enough to affected Vab2 expression. The anticipated 

readout of the CDS-108/CDS-144 Vab2 screen for any such deletions was the lack of a Vab2 

PCR product. As a positive control I screened each sample in parallel using a pair of primers that 

amplified a 760 b.p. Rabaptin-5 (Rbpn-5) band. Rpbn-5 is an unrelated gene on chromosome 2 

that should not have been affected by any of the previous P element mobilization steps. This 

screen was included to determine the quality of each DNA preparation since I was specifically 

screening for samples that did not amplify Vab2 in the CDS-108/CDS-144 PCR reaction. 
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Vab2 precise excisions 

 

I anticipated observing two general classes of P{EPg} mobilization events among the w- 

homozygous lines that were screened: precise excisions and imprecise excisions.  I expected the 

majority of the w- lines to have arisen from P element precise excision that “restored” the original 

Vab2 5’ UTR structure. In reality, truly precise excisions that restore the original sequence 

structure at the site of insertion are rare. The vast majority of P element precise excision loci 

include an 8 b.p. duplication of the original P element insertion site and various lengths of the 

P element inverted repeats (IRs) that are left between the duplicated genomic target site. These 

residual IR sequences are remnants of the 17 b.p. 3’ single-stranded overhangs generated by 

transposase during P element mobilization. In addition, short insertions (typically 1-15 b.p.) of 

untemplated bases with low G+C content are frequently found between the residual IR sequences 

at these sites [3, 9]. Accordingly, in cases of P element precise excision I expected the 

CDS-108/CDS-144 Vab2 PCR screen to generate bands of roughly 379 b.p. (and up to    ~ 424 

b.p.). [371 b.p. wildtype Vab2 PCR product + 8 b.p. duplicated target site + up to an approximate 

30 b.p. derived from the IRs and 15 b.p. untemplated – c.f. last lane on right of Fig. 2.2 as an 

example of a Vab2 precise excision band of ~ 424 b.p.] Indeed, this is what was observed from 

the majority of the w- P element-mobilization lines (123 out of 168 lies screened – Table 2.1). 

 

Type 1 and Type 2 excisions  

 

In addition to recovering a number of precise excision lines I also isolated and established 

lines from flies harboring several other types of excision events (45 out of 168 – Table 2.1). Most 

of these anomalous excisions consisted of internally deleted P elements that remained integrated 

at the original insertion site but had lost, among other sequences, the dominant w+mC marker gene 
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that imparts a red eye phenotype. These internally deleted P elements fell into two classes, Type 1 

and Type 2 excisions, based on the P element sequences that were left behind. Both Type 1 and 

Type 2 excisions retained the 8 b.p. genomic sequence duplications that flank the original 

insertion site of P{EPg}, as well as the 5’ and 3’ P element IR sequences of 

P{EPg}CG11802HP10420, but they differed from each other based on the internal P element 

sequences that had been deleted.  

The parental P{EPg} transposon has two sets of direct repeats, DR1 and DR2 (Fig 2.3 – 

upper gene schematic). These exist outside of the terminal IRs but are still situated near the P 

element ends. These repeats are arranged in tandem and in the same order at both ends of the P 

element such that, if reading from 5’ to 3’ along the P{EPg} sequence, they appear in the order:  

    

5’ – IR, DR1, DR2… [internal P element sequences]… DR1, DR2, IR – 3’  

 

Sequencing analysis revealed that Type 1 deletions consisted of a residual P element 

insertion that appeared to have “recombined” between the two DR1 sequences (Fig 2.3 – middle 

gene schematic). This resulted in the retention of a single DR1 sequence flanked upstream by the 

5’ IR and downstream by the 3’ DR2 and IR sequences. The orientation of this internally deleted 

P{EPg} remained identical to the orientation of the original P{EPg}CG11802HP10420 insertion, and 

recombination between the two DR1 elements was deemed as the likely etiology of these 

insertions based on the retention of the large, 255 b.p., spacing between DR1 and DR2 at the 3’ 

end of P{EPg}. The remaining P element sequences in Type 1 excisions can be schematically 

represented as:  

 

Type 1:  [5’ – IR, (174 b.p.), DR1, (255 b.p.), DR2, IR – 3’] 
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This structure generated a 1099 b.p. Vab2 PCR product when screened with the CDS-108/CDS-

144 PCR reaction (Fig. 2.2, yellow arrow).  

In the case of Type 2 excision events, sequencing analysis showed that recombination 

had occurred between the two DR2 sequences in a similar manner to that which had occurred 

between DR1 sequences in Type 1 events (Fig 2.3 – lower gene schematic). Consequently the 

order of the remaining repeat sequences was identical to that observed in Type 1 excisions (5’ – 

IR, DR1, DR2, IR – 3’), but the spacing between the remaining repeat elements reflected the 2 

b.p spacing seen between DR1 and DR2 at the 5’ end of P{EPg}. Schematically, Type 2 P{EPg} 

events can be represented as:  

 

Type 2:  [5’ – IR, (174 b.p.), DR1, (2 b.p.), DR2, IR – 3’] 

 

This structure generated an 884 b.p. Vab2 PCR product when screened with the CDS-108/CDS-

144 PCR reaction (Fig. 2.2, orange arrow). 

Together, Type 1 and Type 2 excisions accounted for 40 of the 45 anomalous P element 

excisions events that were observed and characterized. It must be noted that although I loosely 

described Type 1 and Type 2 excisions as having apparently resulted from recombination that 

occurred between the DR1 or DR2 sequences, respectively, the precise mechanism of P element 

internal deletion in these structures was not demonstrated.  However the sequencing data from 

both of the representative Type 1 and Type 2 excision events that were examined (one of each) 

revealed that, regardless of the exact site or mechanism of apparent recombination and internal 

deletion, the nucleotide sequences of the remaining repeat elements and the intervening spacer 

sequences showed no signs of insertion, deletion or other modification from the parental 

P{EPg}CG11802HP10420 transposon. 
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Vab2 imprecise excisions 

 

 The remaining five homozygous w- putative P{EPg}-mobilization lines that I screened 

did not amplify Vab2 or amplified a mix of Vab2 bands in the CDS-108/CDS-144 screening 

reaction (four lines and one line, respectively – Table 2.1) Therefore I deemed these lines to be 

putative P element imprecise excisions. The line that amplified a mix of Vab2 bands was not 

followed up, but each of the lines that failed to amplify a Vab2 band (but did amplify a Rbpn-5 

control band) were characterized further to determine if any of them harbored a genetic deletion 

of Vab2. Because the CDS-108/CDS-144 screening reaction relies on primer hybridization 5’ and 

3’ proximal to the P{EPg} insertion site, the failure of the reaction to generate a Vab2-specific 

band can indicate that either sequences upstream or sequences downstream of the P{EPg} 

insertion locus have been deleted – or both. However, other explanations may also account for 

failure to amplify a Vab2 band such as the retention of a large fragment of the P element (that has 

otherwise lost the w+mC dominant marker) that the Taq DNA polymerase cannot extend through – 

for example, the Type 1 and Type 2 excisions, had the remaining P{EPg} sequences been longer. 

To distinguish between the various alternatives and the possibility that portions of Vab2 

had been deleted in these remaining four lines, I ran a series of additional PCR reactions on these 

samples to specifically identify Vab2 deletions. The strategy of these additional screens was to 

move both the upstream and downstream amplification primers further away from the P{EPg} 

insertion site in a stepwise manner to identify and capture Vab2 deletions as smaller-than-

expected PCR products. Because I anticipated amplifying longer PCR products than were 

generated in the primary screen of Vab2, rather than performing these PCR reactions with Taq 

DNA polymerase I utilized PrimeSTAR® Max high-fidelity polymerase; a thermo-stable DNA 

polymerase that is routinely capable of amplifying 6 kb products under standard cycling 

conditions [10]. 
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To move the 5’ Vab2 primer further upstream of the P{EPg}CG11802HP10420 insertion site 

I designed primers in CG15739, gene upstream of Vab2. The intergenic sequence between Vab2 

and CG15739 is A+T rich and is unamenable to PCR primer design. Since CG15739 is 

transcribed in the opposite direction from Vab2 the upstream primers that I designed were located 

in the first and second exons of CG15739 (CDS-111 and CDS-110, respectively). Similarly, to 

move the 3’ Vab2 primer further downstream of the P element insertion site I designed primers at 

the terminus of the Vab2 ORF and in the 3’ UTR of CG1847 (CDS-146 and CDS-149, 

respectively).  CG1847 is the gene immediately downstream of Vab2 and, like CG15739, it is 

transcribed in the opposite direction from Vab2. In this case the 3’ UTR of CG1847 is proximal to 

the 3’ UTR of Vab2.  

At the same time that this approach was designed to identify Vab2 deletions of interest, it 

also allowed me to circumstantially identify deletions that extended into the neighboring genes 

and were therefore larger than desired for subsequent characterization of Vab2. In fact, two of the 

four putative imprecise excisions, although viable in a heterozygous state, failed to amplify a 

Vab2 PCR product even with the most distant combination of primers. This indicated that both of 

these lines harbored Vab2 deletions that extended into one or both of the adjacent genes.  

Of the two remaining anomalous P{EPg} excision lines, DNA from line 3115 failed to 

amplify a PCR product with the closer pair of distanced Vab2 PCR primers (CDS-111/CDS-146) 

but amplified a smaller-than-expected PCR product with the two most distant Vab2 PCR primers 

(CDS-110/CDS-149). This PCR product was approximately 1500 b.p. long and roughly 1670 b.p. 

smaller than the 3195 b.p. product that was amplified from a wildtype Vab2 template.  

The last of these lines that failed to amplify a Vab2 PCR product in the initial PCR screen 

was line 3114. These flies produced long Vab2 PCR bands that did not appear to be significantly 

different than those amplified from a wildtype Vab2 template when screened with the distanced 

Vab2 PCR primers (CDS-111/CDS-146 producing a 1853 b.p. band and CDS-110/CDS-149 

producing a 3195 b.p. band from wildtype Vab2). However, I reasoned that line 3114 failed the 
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initial Vab2 screen (the CDS-108/CDS-144) because at least one binding site for one of the initial 

screening primers was not present in this line. To locate the genetic lesion carried by this line, I 

screened with several additional combinations of primers pairs, moving the annealing sites closer 

to the P element insertion site and within the Vab2 coding region (detailed below). This generated 

Vab2 PCR products from line 3114 DNA that were distinguishably smaller than those generated 

from wildtype templates and revealed that line 3114 harbored a small deletion of roughly 120 b.p. 

that extended in the opposite orientation of that found in line 3115. 

 

Vab2 deletion alleles 

 

To determine the molecular structure of the Vab2 allele in line 3115, I submitted the Vab2 

PrimeSTAR® PCR product from this line for bidirectional sequencing. The sequencing results 

indicated that line 3115 harbored a large, 1670 b.p. deletion of Vab2 that extended in a 3’ 

direction from the original P{EPg}CG11802HP10420 insertion site, and encompassed a portion of 

the Vab2 5’ UTR, the entire Vab2 ORF, the entire Vab2 3’ UTR, the 130 b.p. intergenic region 

downstream of Vab2 and the last 92-95 b.p. of the 3’ UTR of the neighboring gene, CG1847: a 

putative aryl hydrocarbon receptor-interacting protein (Fig. 2.4). Although the 3115 deletion 

extended into the mRNA sequences of both of the annotated transcripts for CG1847, only the last 

95 b.p. was deleted from the longest of the CG1847 transcripts (CG1847-PB, isoform A) out of a 

total of 734 b.p. in the 3’ UTR of this transcript. Thus, the Vab2 allele harbored by line 3115, 

Vab2115, represented a bona fide molecular null of Vab2 and. at the same time, was unlikely to 

have profound effects on the expression of the neighboring genes. 

The last remaining Vab2 allele to be characterized was that harbored by line 3114.  Like 

line 3115, this line failed to amplify a Vab2 PCR product in the initial CDS-108/ CDS-144 screen.  

In the subsequent screening reactions, when both of the PCR primers were moved more distal to 

the original P element insertion site, it was difficult to observe a difference between the band 
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sizes generated from line 3114 and those generated from wildtype Canton S flies. Nevertheless 

line 3114 appeared to generate a shorter band in the CDS-111/CDS-146 PCR reaction – PCR 

primers hybridizing to exon 1 of the upstream CG15739 gene (CDS-111) and to the 3’ end of the 

Vab2 ORF (CDS-146). To confirm this observation I moved the downstream primer closer to the 

original P{EPg} insertion site by designing a 3’ primer that hybridized to the middle of the Vab2 

ORF (CDS-109). This primer along with the CG15739 exon 1 primer (CDS-111) produced a 

shorter PCR product from both wildtpe and 3114 flies and confirmed that line 3114 carried a 

deletion of Vab2 that affected hybridization of at least one of the initial screening primers more 

proximal to the original P element insertion site. 

 To determine the molecular structure of the Vab2 allele carried by line 3114, I submitted 

both the CDS-111/CDS-146 and the CDS-111/CDS-109 PCR products for bidirectional 

sequencing. Unlike the 3115 sequencing reactions in which the Vab2 deletion was approachable 

from both the 5’ and 3’ directions, both of the 3114 sequencing reactions that approached from 

the 5’ side were unable to extend through the poly-A tracts of the intergenic region upstream of 

Vab2. However the same two PCR templates yielded high-quality identical sequencing results 

from the 3’ approach. Specifically, line 3114 carried a Vab2 allele that was missing the 5’ UTR 

upstream of the original P{EPg}CG11802HP10420 insertion site and an additional 91 b.p. of the 

upstream intergenic region.  The total size of the 3114 Vab2 deletion was 121 b.p. Because the 

original P{EPg} insertion site overlapped with the 6 b.p. downstream promoter element (DPE), 

the deletion of Vab2 sequences 5’ of the P{EPg} insertion site in Vab2114 deleted part of the Vab2 

DPE as well as the annotated Vab2 transcriptional start site (Fig. 2.5).  
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In addition, the loss of the upstream intergenic region also deletes -20 and -30 consensus TATA 

promoter elements that may constitute part of the Vab2 core promoter sequences: 

 
          -30       -20                  +1 
            |         |                   | 
cagctcgttatctgtactttaataccgaaaaacgcactagcgCATTTCAGCTGGCAGCTGGGAAA 
 
      +30 
       | 
TTTTTAGGTCCTGAAT 
        P{EPg} 
 
These findings implied that Vab2114 was missing key regulatory gene expression sequences. 

 By identifying the precise boundaries of the Vab2155 and Vab2114 deletions, I confirmed 

that each of these alleles was a bona fide genomic deletion of Vab2 (Fig. 2.6). I then used this 

information to design PCR screens to identify individuals or groups of individuals that carried the 

respective deletions for the continued Cantonization of these lines. In both cases these screens 

consisted of one PCR reaction that only amplified a product from the wildtype Vab2 allele and a 

second reaction that amplified a deletion-specific PCR product. (Three PCR reactions total: wt + 

Vab2155-specific and wt + Vab2114-specific.) 

 

Cantonization of lines 3115 and 3114 

 

 Vab2115 and Vab2114 were both isolated from w- flies harboring p{EPg}CG11802HP10420 

that had been pre-Cantonized by serial outcrossing to a w- line of Canton S prior to P element 

mobilization.  This w- background allowed for the loss of the w+mC construct carried by P{EPg} to 

be followed visually and was the basis by which the 3115 and 3114 lines were first selected for 

further characterization. However, since one of the predominant phenotypes of a blos1 deletion is 

a visible reduction in the accumulation of red and brown eye pigments (pteridines and 

ommochromes, respectively) [2], both of the Vab2 deletion alleles needed to be introduced into a 

wildtype, w+ background in order to determine if loss of Vab2 acted in a manner phenotypically 
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similar to loss of blos1. To accomplish this I crossed Vab2115 and Vab2114 male flies to wildtype 

w+ Canton S virgin females (cross C1-C5 – Fig. 2.1). All of the F1 females that arose from this 

mating would carry a Vab2 deletion allele over a wildtype, w+, X chromosome. These 

heterozygous females were then crossed to male Canton S flies to complete one round of 

Cantonization (cross C1’-C5’ – Fig. 2.1). Each round of Cantonization, therefore, consisted of the 

primary cross (C) and the secondary cross (C’).  Although the two-cross Cantonization strategy 

only provided for chromosomal recombination through the heterozygous female parent of the C’ 

cross, each cross to Canton S allowed the introduction of wildtype somatic chromosomes.  

The first round of Cantonization (C1 and C1’) had the additional specific goal of 

obtaining male Vab2, w+ recombinants (Vab2115, w+ or Vab2114, w+ – depending on the starting 

allele). Although Vab2 and w are both on the X chromosome (Vab2 at cytological position 10F2 

and w at cytological position 3B6), the genetic distance between the two genes suggested a 

recombination rate of approximately 30% between these two genes. Indeed, the first round of 

Cantonization generated 33.3% w+, Vab2115 recombinants (7 out of 21 w+ males) and 33.3% w+, 

Vab2114 recombinants (5 out of 15 w+ males). Notably none of the w+ male progeny from cross 

C1’ showed an eye color phenotype even though 33.3% were ultimately determined to have been 

hemizygous for either Vab2115 or Vab2114. Rather, to identify the individual w+ males that were 

carrying a Vab2-deletion  allele, all of the w+ males that arose from cross C1’ were screened by 

PCR (as described above under Vab2 deletion alleles) after they had produced progeny in the 

respective C2 Cantonization crosses. Because these males represented a segregation point for the 

Vab2 allele being followed and Vab2 status was only determined after successful breeding, I 

established multiple C2-C5 crosses for each round with each replicate cross involving an 

individual male.  

 In the rounds subsequent to C1/C1’, half of the male progeny that arose from the C’ 

Cantonization crosses were expected to have inherited the Vab2-deletion allele that was being 

Cantonized.  In a manner analogous to that used to identify the initial Vab2, w+ recombinant 
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males, all of the males that arose out of crosses C2’-C5’ were screened with the two-reaction 

PCR screen specific to the Vab2 allele that they might have inherited. As anticipated, half of the 

males coming from the C’ crosses inherited a Vab2-deletion from their heterozygous female 

mother.  

 In total, five rounds of two-step serial Cantonization were performed in order to further 

isogenize the Vab2115 and Vab2114 lines with Canton S and with their blos1 counterpart.  Not 

including the isogenization that was accomplished by pre-Cantonization, this should have reduced 

the genetic content from the 3115 line or from the 3114 line, respectively, in the final Cantonized 

Vab2 lines to less than 0.001% for the somatic chromosomes and less than 0.05% for the X 

chromosome. Furthermore, I maintained each Cantonization lineage separately though out the 

serial Cantonization process, such that in the end I had accumulated 10 independently Cantonized 

Vab2115 lines and 10 independently Cantonized Vab2114 lines. 

 

Vab2115 and Vab2114 Homogenization 

!

 The C5’ Cantonization step (c.f. above) for each of the Vab2-deletion alleles generated 

animals in which the Vab2 alleles were distributed in a mixed heterozygous population.  Half of 

the males coming out of cross C5’ were hemizygous for a Vab2-deletion allele and half of the 

female progeny arising from these crosses were heterozygous for the respective Vab2-deletion 

allele while the other half were homozygous for a wildtype X chromosome. I had already 

determined that, in a hemizygous state, loss of Vab2 did not have an obvious eye color 

deficiency. To determine if deletion of Vab2 affected eye pigmentation or had other appreciable 

phenotypes in a homozygous state, I backcrossed the C5’ progeny to their peers in a pairwise 

manner (single male, single female) in order to obtain homozygous Vab2-deletion flies. These 

crosses were called HC crosses (Homozygosity Crosses).  
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In order to further isogenize the Vab2115 and Vab2114 lines with Canton S, HC crosses 

were performed with C5’ progeny from parallel Cantonization lineages. Since each Cantonization 

lineage had been independently generated and maintained through 10 outcrosses to Canton S, 

other than loci in linkage disequilibrium with Vab2, no two lineages were likely to have carried 

the same residual non-Canton S genetic backgrounds. 

 Notably, Vab2 homozygous females were obtained after the HC backcross, but as was 

seen of the hemizygous males in the earlier Cantonization crosses, none of the Vab2 homozygous 

females showed an eye color deficit, and they were indistinguishable from the Vab2-heterozygous 

and homozygous wildtype females that were generated from the same crosses. Because each of 

the HC crosses was set up with a single male and a single female, and because it was not possible 

to visually assess the Vab2 genotype of these animals prior to breeding, only 1 out of 4 of the HC 

crosses was expected to have included both a Vab2 hemizygous male and a Vab2 heterozygous 

female and, therefore, to be capable of generating Vab2 homozygous females.  The parental 

genotypes for the HC crosses were determined by recovering the parents after they had 

successfully produced offspring and determining their genotypes individually by PCR. 

In order to obtain stable homozygous Vab2-deletion lines, Vab2 homozygous females 

needed to be crossed with Vab2 hemizygous males. This was accomplished by crossing 

individual F1 males that were obtained from PCR verified Vab2-deletion HC crosses to 

individual F1 females collected from similar Vab2-deletion verified HC crosses (Vab2-deletion 

verified HC cross, meaning that both of the parents of a given HC cross were found to harbor one 

Vab2 mutant chromosome). As with the HC crosses, I did not cross immediate siblings, but 

crossed individual HC progeny flies to individuals from parallel HC crosses. These crosses were 

called FC crosses (Final Crosses).  

As was the case for HC crosses, the genotype of the single female and single male that 

were used to set up each FC cross was not determinable ahead of time. Instead I determined the 

genotype of each FC parental fly by PCR after the pair had successfully bred. From the FC 



 36 

crosses I identified and established three sublines harboring Vab2114:  FC14, FC16 and FC17; and 

three sublines homozygous for Vab2115; FC33.2, FC36.2 and FC38.1. 

 

mRNA expression of Vab2-deletion alleles 

 

To determine if either Vab2115 or Vab2114 expressed Vab2 mRNA, I purified total RNA 

from representative FC sublines lines, using the Macherey-Nagel NucleoSpin® RNA II kit, and 

reverse-transcribed a portion of each RNA preparation using the Clontech RNA to cDNA 

EcoDry™ Premix (Double Primed) kit. This approach created cDNA samples that were double-

primed using poly-dT and random hexamer primers. The resulting cDNA preparations were used 

as PCR templates to amplify a 587 b.p. product from the 3’ end of the Vab2 ORF. Amplification 

of this product from any given sample indicated that a putative full length Vab2 mRNA was being 

produced by that fly line. As a positive control for Vab2 mRNA expression, total RNA was also 

prepared from Canton S flies. As expected, Canton S cDNAs amplified the 3’ Vab2 ORF in a 

robust manner, whereas cDNA preparations from the Vab2115 line (FC38.1) failed to amplify a 

Vab2 PCR product (Fig 2.7A). Rather unexpectedly, samples prepared from the Vab2114 fly lines 

(FC16 and FC14) also amplified the Vab2 PCR product. 

Failure to amplify the Vab2 PCR product from any of the cDNA samples could have 

indicated a lack of Vab2 mRNA expression in the line being tested or have been due could be due 

to template quality issues. Although I anticipated that a Vab2 PCR product  would not be 

amplified from the Vab2115 line, since this allele lacks the entire Vab2 ORF, to assess the quality 

of each of the cDNA preparations I amplified a segment of the Rbpn-5 gene as a second positive 

control. This remained an important positive control since limited amplification of Vab2 was 

observed from each of the Vab2114 lines, which could have arisen due to poor RNA or cDNA 

preparations from both of those lines. However, all of the cDNA samples amplified the Rbpn-5 

PCR product in an equally robust manner indicating that the limited amplification of the 3’ Vab2 
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ORF product from the Vab2114 samples reflected a biological reduction in Vab2 mRNA in these 

lines, but not a total lack of Vab2 expression from the Vab2114 allele.   

One final consideration when interpreting these results was that amplification of the Vab2 

PCR product could have occurred from genomic DNA contamination that was carried over in any 

of the RNA preparations. Indeed, the Macherey-Nagel RNA kit relies on an on-the-column 

RNase-free DNase digestion step to remove DNA from a general nucleic acid preparation. The 

Rbpn-5 positive control target crossed an exon-exon junction, such that a 637 b.p. PCR product 

was expected if the Rbpn-5 band was generated from a cDNA template, whereas a 692 b.p. band 

was expected if the Rbpn-5 PCR band arose from contaminating genomic DNA. Unlike Rbpn-5, 

the Vab2 mRNA is encoded as a single exon. Therefore, to control for genomic DNA 

contamination, purified RNA that was not reverse-transcribed was tested as a PCR template. Each 

of the RNA samples tested, except for the RNA purified from Vab2115, amplified trace amounts of 

the Vab2 3’ ORF PCR product. Nevertheless, the cDNA samples from each of these line 

amplified significantly stronger Vab2 PCR products and both of the Vab2114 lines amplified a less 

abundant Vab2 cDNA PCR product than did Canton S. 

Lastly, to semi-quantitatively assess the abundance of Vab2 mRNA in each of the lines, I 

set up a series of four identical PCR reactions for each of the cDNA samples and utilized a 

stringent PCR amplification protocol to amplify Vab2 transcript. I then removed one of the 

replicate PCR reactions for each cDNA sample after 20, 25, 30 or 40 amplification cycles and 

resolved the PCR products on an agarose gel (Fig 2.7.B). This revealed that Vab2 mRNA was, 

indeed, less abundantly expressed in the Vab2114 lines than in wildtype Canton S, and therefore 

suggested that Vab2114 represented a hypomorphic allele of Vab2 rather than a true genetic null.  
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DISCUSSION 

 
Identification of a Drosophila Vab2 homolog 

 

 The description of protein complex in yeast that contained three homologs of metazoan 

BLOC-1 by Hayes et al. was a groundbreaking discovery [1]. Prior to this report, no yeast 

homologs of BLOC-1 protein subunits had been identified [11]. In order to identify these yeast 

homologs, Hayes et al. had to employ structural homology search algorithms in addition to 

traditional sequence/position based homology searches, but the validity of their findings were 

bolstered by several previously published reports indicating that the proteins that they had 

identified as BLOC-1 homologs interacted in a protein complex. In this sense, rather than having 

identified three independent homologs of BLOC-1 subunits with no known association with each 

other, Hayes et al. had identified a yeast protein complex that roughly paralleled the association 

of the metazoan BLOC-1 homologs to which they had been linked. 

  Among the three non-BLOC-1 subunit homologs that were identified as components of 

yeast BLOC-1, Kxd1p homologs had been previously identified in metazoans and shown to 

interact with Blos1 in worms and Drosophila [1]. Curiously, another of the non-canonical yeast 

BLOC-1 subunits, Vab2p, was not recognized by Hayes et al. to have an identifiable homolog in 

metazoans. However, by performing PSI-BLAST homology searches, Esteban Dell’Angelica 

determined that yeast Vab2p is homologous to human LOH12CR1 and Drosophila CG11802.  

This opened up the possibility of directly testing the association of Vab2 with metazoan BLOC-1 

by targeting Vab2 for deletion in Drosophila.  
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Use of P element imprecise excision to delete Drosophila Vab2 

 

 A classical approach to determining gene function in Drosophila is to use a reverse 

genetics approach, whereby one targets the specific gene-of-interest for mutation or deletion.  In 

this regard, the P element transposon has proved to be an invaluable tool because of the 

abundance of gene insertions [7, 12-14] and because of the development of a stable and 

ubiquitously expressed P element transposase gene [5, 6]. Using these resources I identified a 

readily available line of flies harboring a P element insertion in the 5’ UTR of Drosophila Vab2, 

P{EPg}CG11802HP10420 [7]. I efficiently mobilized this P element by introducing Δ2-3 

transposase in trans [5, 6], and through so doing, I obtained two independent genomic deletions 

of Vab2. The alleles were notable in that both genomic deletions extended unidirectionally from 

the original site of P element insertion and removed different genetic elements of the Vab2 gene. 

 

Vab2114 – a promoter deletion of Vab2 

 

 The Vab2114 deletion allele removed 121 b.p. 5’ of the P{EPg}CG11802HP10420 insertion 

site. The P{EPg}CG11802HP10420 insertion sequence in Vab2 is between positions +30 to +38 of 

the annotated Vab2 transcript – Vab2 nucleotides +30 to +38 are duplicated 5’ and 3’ of the 

P{EPg}CG11802HP10420 insertion [7]. Although the Vab2 promoter elements have not been 

functionally defined, I was able to identify consensus -20 and -30 TATA promoter elements 

upstream of the annotated transcriptional start site, as well as consensus 6 b.p. DPE (downstream 

promoter element) sequences in the Vab2 5’ UTR sequences [15-17]. All of these genetic 

elements were removed in the Vab2114 deletion allele as a result of P{EPg}CG11802HP10420 

imprecise excision. 

 Although the putative upstream and downstream promoter elements of the Vab2114 

deletion allele had been eliminated, the entirety of the Vab2 protein coding sequences, including 
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the translational initiation site, were intact in the Vab2114 allele. This raised the possibility that 

Vab2114 was not entirely transcriptionally silent, and that some amount Vab2 mRNA and protein 

could still be expressed from this allele. Of particular concern was that the gene upstream of 

Vab2, CG15739, did not have recognizable TATA promoter elements or DPE sequences, raising 

the likelihood that CG15739 is transcribed from a Drosophila bidirectional promoter [18, 19]. If 

this was the case, Vab2 coding sequences could have been expressed from the Vab2114 allele 

based on transcriptional activity originating from the CG15739 promoter elements.  

Indeed, when I tested for the presence of Vab2 mRNA sequences in lines of flies that 

were homozygous for Vab2114, I found that both 5’ and 3’ Vab2 mRNA sequences were amplified 

from reverse-transcribed total RNA preparations from these flies, and, although the same PCR 

products could be generated from the non-reverse transcribed total RNA preparations, indicating 

the presence of non-digested genomic DNA in the RNA samples, this amplification was 

dramatically less efficient meaning that Vab2 mRNA sequences were present in these lines. 

While these findings did not point to the transcriptional origin of the Vab2 mRNAs, they did 

define Vab2114 as a hypomorphic allele of Vab2 rather than a true genetic null. !

 

Vab2115 – an open reading frame deletion of Vab2 

 

 The second deletion of Vab2 that I identified and isolated was Vab2115.  In contrast to 

Vab2114, the genetic deletion in this allele proceeded in a 3’ direction from the original 

P{EPg}CG11802HP10420 insertion site and extended from the 5’ UTR of Vab2 through to the 3’ 

UTR of the downstream gene, CG1847. This meant that the whole of the Vab2 coding sequence 

was deleted from this allele making it a de facto genetic null. Unlike Vab2114, no Vab2 coding 

sequences could be amplified from either genomic DNA preparations, total RNA preparations or 

reverse-transcribed cDNA samples generated from homozygous Vab2115 lines of flies. 
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 The imprecise excision event responsible for creating the Vab2115 allele also removed 

DNA sequences encoding the tail ends of the 3’ UTRs of the CG1847 mRNA transcripts. 

CG1847 is annotated to produce two mRNA transcripts. The longer transcript was missing the 

last 95 nt of the 3’ UTR while the shorter CG1847 transcript was missing the last 92 nt of the 3’ 

UTR. However, both of the CG1847 transcripts are rather long, 735 and 732 nt, respectively, and 

although 3’ UTRs are know to be important for mRNA stability and sub-cellular localization, 

many RNAs that are localized through sequence elements in their 3’ UTRs contain multiple and 

redundant localization ‘zipcodes’ [20]. Thus the genetic effects of deleting the terminal sequences 

of the CG1847 3’ UTRs are likely to be mild, but nevertheless one must remain cognizant of 

these issues when characterizing the function of Vab2 by determining the phenotypes of Vab2115 

flies. 

 

Two alleles to study Vab2 function 

 

 While the Vab2115 allele represents a bona fide genetic null of Vab2 and an almost ideal 

deletion for determining the role of Vab2 and its relationship to canonical metazoan BLOC-1, the 

Vab2114 allele remains of interest for future investigation of Vab2 function. Although beyond the 

scope of the studies described here (c.f. Chapter 4 – Phenotypic characterization of Vab2, Kxd1 

and Bos3 gene deletion mutants), the reduced Vab2 mRNA accumulation of the Vab2114 allele 

presents an opportunity to characterize the gene dosage requirements for Vab2 function and for 

any protein interactions in which it engages. In combination with the Vab2115 allele (a Vab2 

deficiency), a second allele of Vab2114, or a wildtype copy of Vab2, the Vab2114 allele presents a 

tool for controllably reducing the natural expression levels of Vab2 in an endogenous setting.  In 

this sense, both Vab2114 and Vab2115 represent gene deletions for determining the function of 

Vab2 in metazoans. 
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Table 2.1. Results of Vab2 imprecise excision. A total of 189 w- ; Δ2-3- founders were obtained 

and characterized from P{EPg}HP10420 ; Δ2-3+ females that were crossed to FM6 males (upper 

box).  Most of the females giving rise to w- ; Δ2-3- founders showed no evidence of mosaicism 

and had uniformly red pigmented eyes. w- ; Δ2-3- founders were individually crossed to FM6 

balancer stocks to generate 177 lines with putative P element excision events. 168 of the resulting 

lines were screened by PCR (center box). 123 lines showed molecular evidence of precise (or 

nearly precise) P element excision. 45 lines showed evidence of anomalous P element 

mobilization. These lines 45 lines were characterized further by additional PCR screens and (in 

some cases) by direct sequencing. This revealed that the majority of the anomalous P element 

mobilization events were instances of incomplete removal of P element sequences with no 

accompanying deletion of Vab2 sequences (Type 1 and Type 2 events). Two lines had large 

deletions that extended into both genes adjacent to Vab2, and two of the lines (3114 and 3115) had 

Vab2 deletions. 
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Figure 2.1.  Schematic of pre-Cantonization, imprecise excision and Cantonization 
crosses. 
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Figure 2.1. Schematic of pre-Cantonization, imprecise excision and Cantonization crosses. 

A schematic of the pre-Cantonization crosses (P1-P5), the imprecise excision crosses (IE1-3), and 

the subsequent Cantonization crosses (C1-C5’). The first two lines (P1 and P2-P5) show pre-

Cantonization crosses. Crosses P2-P5 utilize a heterozygous w-, P{EPg}CG11802HP10420/ w- 

female from the preceding cross as one of the parents. Δ2-3 transposase is introduced to the pre-

Cantonized P{EPg} line in cross 1 of the imprecise excision steps (IE1). Cross 2 of the imprecise 

excision crosses shows the female in which mobilization of P{EPg}CG11802HP10420 took place 

(IE2). In cross 3, a w- F1 female arising from P element mobilization is shown mated to an FM6 

balancer male (IE3). The red dotted arrow between cross IE2 and cross IE3 indicates that the w- 

chromosome in cross IE3 is the same P{EPg}-insertion X chromosome in cross IE2 that has lost 

expression of the w+mC gene construct carried by P{EPg}, presumably due to P element 

mobilization. The line under cross IE3 illustrates a sample of the assortment of P element 

mobilization events that were observed and collected (founders / fly lines). Crosses C1-C5 and 

C1’-C5’ are paired crosses, each constituting one cross of a two-step X chromosome 

Cantonization strategy (C1-C5 and C1’-C5’, respectively). 
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Figure 2.2. PCR screening of Vab2 P element excision lines.  Representative PCR screening 

reactions resolved by agarose gel electrophoresis. A total of 168 homozygous lines that were 

established from individual w- founders isolated following Δ2-3 mediated mobilization of 

P{EPg}HP10420CG11802 were screened by PCR for loss of Vab2 DNA sequences.  Two sets of 

primers were used to screen each DNA sample. Control primers amplifying a 760 b.p. Rabaptin-5 

band (DNA Ctrl) were used to determine the quality of each DNA sample. A Vab2-specific pair 

of primers (CDS-108/CDS-144 – dark blue arrows under gene schematic), flanking the Vab2 

upstream promoter elements (green line), the Vab2 transcriptional start site, and the first 24 

codons of the Vab2 open reading frame, was used to identify lines carrying deletions of Vab2 that 

resulted from P element imprecise excision. In several instances the Vab2-specific band was seen 

shifted from the 371 b.p. wildtype size (white arrow) to 1099 b.p. (yellow arrow) or 844 b.p 

(orange arrow), indicative of Type 1 and Type 2 excision events, respectively. In rare instances 

the DNA sample was able to amplify the Rapabtin-5 control band but did not generate a Vab2-

specific PCR product (blue boxed lanes). All samples that generated this banding pattern were 

characterized further. The two blue boxed lanes shown here correspond to Vab2 excision lines 
3114 and 3115; a Vab2 promoter deletion line and a Vab2 ORF deletion line, respectively. 
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Figure 2.3. Type 1 and Type 2 imprecise excision alleles.  Two types of common imprecise 

excision alleles were identified among flies lines established from w- founders in which 

P{EPg}HP10420CG11802 had been mobilized: Type 1 and Type 2. Both allele types lacked the 

w+mC gene construct carried by P{EPg}HP10420CG11802 but otherwise exhibited incomplete 

removal of all P element sequences. The upper gene schematic shows the arrangement of repeat 

elements within P{EPg}HP10420CG11802.  The ends of the P element are defined by 31 b.p. 

inverted repeats (IR) that are inserted into an 8 b.p. Vab2 target sequence (not illustrated) that was 

duplicated during the original insertion event. Nested within the termini domains of the P{EPg} 

transposon are two sets of longer direct repeats (DR1 and DR2 – 133 b.p. and 98 b.p., 

respectively).  Type 1 alleles (middle schematic) are characterized by genetic recombination at an 

unspecified location within the 5’ and 3’ DR1 sequences to leave a single intact copy of DR1 

with all of the intervening P element sequences removed. Type 2 alleles (lower schematic) exhibit 

a similar recombination event between the DR2 repeats resulting in a single remaining DR2 

element while deleting the intervening sequences. 
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Figure 2.4. Sequencing electrophoregram of Vab2115 allele. A schematic of the Vab2115 allele is 

shown above a section of the electrophoregram generated by sequencing DNA isolated from flies 

homozygous for Vab2115. CDS-149 (red arrowhead) extends a sequencing product in the 

orientation opposite of Vab2 transcription (discontinuous dashed line above Vab2 gene 

schematic). Regions of Vab2 missing from Vab2115 are shown whited-out on the gene schematic. 

The electrophoregram shows the junction between intact CG1847 3’ UTR bases and the 

remaining intact Vab2 5’ UTR bases.  Above each color-coded electrophoregram peak is the 

corresponding base called by the sequencing software. CG1847 3’ UTR bases are underlined with 

a yellow arrow as are the remaining Vab2 5’ UTR bases. The salmon underlined nucleotides are 

the 8 bases (TTCAGGAC) duplicated by P{EPg}HP10420 insertion.  The red underlined 

nucleotides (GGACCT) are the Vab2 downstream promoter element bases. The intervening 15 

bases underlined in green are terminal nucleotides from one of the P{EPg}HP10420 inverted 

repeats as found adjacent to the duplicated Vab2 bases in the parental Bloomington line. The 4 

bases underlined in gray are of an unspecified origin.  
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Figure 2.5. Sequencing electrophoregram of Vab2114 allele. A schematic of the Vab2114 allele is 

shown above a section of the electrophoregram generated by sequencing the Vab2 locus from 

DNA isolated from flies homozygous for the Vab2114 allele. CDS-108 (red arrowhead) extends a 

sequencing product in the orientation opposite of Vab2 transcription (discontinuous dashed line 

above Vab2 gene schematic). Regions of Vab2 missing from Vab2114 are shown whited out on the 

gene schematic. The portion of the electrophoregram shown represents the junction between 

intact Vab2 5’ UTR bases and the proximal intact upstream intergenic bases present in the 

Vab2114 allele.  Above each color-coded electrophoregram peak is the corresponding base called 

by the sequencing software. Vab2 5’ UTR sequences are underlined with a yellow arrow. The 

salmon underlined nucleotides are the 8 bases (TTCAGGAC) duplicated by P{EPg}HP10420 

insertion.  The red underlined nucleotides (GGAC) are the remaining bases of the partially 

deleted downstream promoter element. The remaining adjacent intergenic bases are underlined in 

black. 
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Figure 2.6. Drosophila Vab2 gene and Vab2 P element deletion alleles. CG11802 (Vab2) is 

located on the minus strand of the Drosophila X chromosome at cytological position 10F2. It is 

shown here 5’ to 3’. The light blue region corresponds to the Vab2 open reading frame (ORF). 

Yellow segments represent untranslated regions (UTRs) of Vab2 and of the neighboring genes: 

CG15739 (5’ of Vab2) and CG1847 (3’ of Vab2). CG15739 and CG1847 are transcribed 

oppositely of Vab2. Bloomington line 21873 harbors a P element insertion in the 5’ UTR of 

Vab2, P{EPg}CG11802HP10420. The small green box shows predicted Vab2 upstream promoter 

elements in the intergenic region. The two lower black lines illustrate deletion mutants of Vab2 

generated by imprecise excision of P{EPg}CG11802HP10420. The dotted red regions represent the 

deleted sequences of each allele. The Vab2114 allele is missing 121 b.p., that include predicted 

Vab2 upstream promoter elements, the Vab2 transcriptional start site and a portion of the Vab2 5’ 

UTR and downstream promoter element. The Vab2115 allele is missing 1670 b.p., including a 

portion of the Vab2 5’ UTR, the entire Vab2 ORF, the Vab2 3’ UTR, the downstream intergenic 

region, and 95 b.p. of the 734 b.p. 3’ UTR of CG1847. 
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Figure 2.7. Vab2 mRNA expression from Vab2114 and Vab2115 alleles. (A) Total RNA was 

purified from Canton S (CS), Vab2115•FC38.1 (115), Vab2114•FC16 (114-a) and Vab2114•FC14 (114-b) 

flies. cDNA was generated from each RNA sample by reverse-transcription using poly-dT and 

random hexamer primers.  The presence of Vab2 mRNA in each fly line was determined by PCR 

amplification of a Vab2 transcript target from the corresponding cDNA sample (center four 

lanes). To control for Vab2 amplification from contaminating genomic DNA, Vab2 screening was 

also carried out using the un-reverse-transcribed RNA samples as templates (first four lanes). The 

Vab2 ORF is missing in the Vab2115 allele. Accordingly, Vab2 PCR products were not generated 

when using Vab2115 RNA or cDNA templates. As a positive control, Rbpn-5 was PCR amplified 

from each cDNA sample (right four lanes), and the major PCR product for each reaction was the 

size expected of a spliced Rbpn-5 transcript. Vab2114•FC16 (114-a) also amplified a less intense 

genomic-sized Rbpn-5 PCR band, and a more intense Vab2 band than the other samples using the 

RNA-only template; both observations are consistent with a greater amount of genomic DNA in 

this specific preparation of Vab2114•FC16 RNA.  (B) Semi-quantitative Vab2 mRNA screen. Vab2 

transcript was detected in Canton S, Vab2114•FC16 and Vab2114•FC14 cDNA samples using a high-

stringency PCR amplification protocol. Quadruplicate PCR reactions were set-up for each cDNA 
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sample, and reactions were extended for 20, 25, 30 or 40 cycles. The 587 b.p. Vab2 product was 

readily observed at later cycles from Canton S cDNA, and it was detected, but less abundant, in 

cDNA preparations from both Vab2114 lines.  Results from two independently prepared sets of 

RNA/cDNA samples are shown: Set i (upper panel) and Set ii (lower panel). 
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CHAPTER 3 
 

 

 

Deletion of the Drosophila Kxd1 and Blos3 genes by CRISPR-mediated 

genomic editing  
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ABSTRACT 

 
The Saccharomyces cerevisiae KXD1 gene encodes one of the protein subunits of the 

heterohexameric yeast BLOC-1, which differs in composition and subunits from the canonical 

metazoan BLOC-1. KXD1 is not one of the eight proteins that constitute BLOC-1 described in 

mammals and insects. To determine if loss of Kxd1 in Drosophila phenocopied the loss of 

canonical BLOC-1 subunits, even in a mild manner as is reported for loss of Kxd1 in mice, I used 

a CRISPR genomic editing approach to delete Kxd1 in flies. Following the process described in 

the literature, I targeted Kxd1 in a line of flies that harbored a PBac insertion in the 5’ UTR of 

Kxd1. Deletion of w+mC, a dominant marker carried by PBac, was observed with high frequency, 

but deletion of Kxd1 remained elusive due to an unforeseen Kxd1 gene duplication in this line. 

Since I observed that the limiting factor for deletion of Kxd1 was the genetic background in 

which Kxd1 was targeted, I used the same approach and reagents to delete Kxd1 in wildtype 

Canton S flies. This avoided the extensive backcrossing that was anticipated for a deletion of 

Kxd1 in the PBac insertion background. In a similar manner, I used CRISPR reagents to delete 

Blos3 in Canton S flies and obtained three independent Blos3 deletion alleles. Biochemically, 

BLOS3 is a member of the metazoan BLOC-1 protein complex. However, loss of BLOS3 in mice 

(Bloc1s3 – reduced pigmentation) elicits a noticeably mild BLOC-1 phenotype.  By deleting 

Blos3 in Drosophila, I aimed to determine if the loss of Blos3 elicits mild BLOC-1 phenotypes as 

an intrinsic characteristic of BLOS3 function rather than as a species-specific effect. If so, Blos3 

would also provide a direct genetic comparison for the deletion of Kxd1. 
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INTRODUCTION 
 

The CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats / CRISPR 

associated protein 9) system is a remarkably flexible set of tools to carryout targeted genomic 

editing across a wide spectrum of organisms and cell types. Fundamentally, the system consists of 

the bacterial Cas9 RNA-guided endonuclease and the targeting CRISPR RNAs – the target 

specific crRNA and the crRNA-maturation trans-activating RNA (tracrRNA) [1]. The utility of 

the CRISPR/Cas9 system, however, has been due to the reagents and protocols developed and 

described by a variety of groups [2-4].  The seminal work describing the use of CRISPR reagents 

to perform genomic editing in Drosophila was published in a 2013 Genetics article by Gratz et al. 

[5]. According to this study, a desirable procedure for gene deletion/genomic editing in 

Drosophila includes taking advantage of the vast transposon insertions resources that mark 

almost every genetic locus in Drosophila and are available through the commonly accessible 

collections.   

Although transposon insertions have traditionally been used as starting points for reverse 

genetics studies involving transposon-mediated gene deletion, in the context of CRISPR 

technologies individual transposon insertions can serve as visible markers for recognizing gene 

deletion after CRISPR-mediated gene targeting. As with traditional transposon-mediated gene 

deletion, the loss of a transposon-carried dominant marker (often w+mC) serves as an indicator of 

the loss of the surrounding genomic locus. In this manner, individual animals in which the gene 

of interest has been deleted can be visually identified and mated before being molecularly 

screened for loss of the gene of interest and/or for a targeted gene-replacement event. 

I set out to delete Drosophila Kxd1 to determine if loss of Kxd1 phenocopied the loss of 

the BLOC-1 subunit gene, blos1. In mice, loss of Kxd1 was reported to elicit BLOC-1 phenotypes 

[6], and the product of KXD1 in yeast is a subunit of yeast BLOC-1 [7, 8]. However, unlike loss 

of canonical BLOC-1 subunit genes, Kxd1 was reported to cause only mild and partial BLOC-1 
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phenotypes [6]. These observations seeded the interest in targeting Kxd1 for characterization in 

Drosophila, a model organism where BLOC-1 phenotypic differences would be directly 

comparable. However, when deletion of Kxd1 was first considered, it was noted that there were 

no available P element insertions in Kxd1, making deletion by imprecise excision not an option. 

Nevertheless, a line carrying a piggyBac insertion in the 5’ UTR of Kxd1 could be obtained and 

would serve to monitor CRISPR-mediated deletion of Kxd1. 

At the same time as I was considering using CRISPRs to delete Kxd1 I realized that a 

similar approach could be used to target Blos3 for deletion in Drosophila.  Like Kxd1, Blos3 was 

anticipated to have mild BLOC-1 phenotypes based on the well established phenotypes of the 

‘reduced pigmentation’ mouse that harbors a mutation in the gene encoding BLOS3 (Bloc1s3) [9, 

10]. However, it had never been clear if the ‘reduced-pigmentation’ phenotype in mice is due to 

an intrinsic property of the BLOS3 protein, or if the attenuated phenotype of Bloc1s3 mutation is 

due to a species-specific characteristic. By targeting Blos3 for deletion in Drosophila along side 

Kxd1 I could validate the role of BLOS3 in BLOC-1 function and would possibly be generating 

an internal control for assessing the anticipated attenuated BLOC-1 phenotype of Kxd1.  
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MATERIAL AND METHODS 

 
Fly Stocks 

 

Flies were maintained and bred in a dedicated room maintained at 20-24°C on media prepared by 

the UCLA Drosophila Media Facility. Canton S and w+ ; TM3/TM6 fly stocks were obtained 

from Bloomington Stock Center. FlyBase (http://flybase.org) was used to identify available fly 

lines of interest. Harvard line 21873 harbors a P{EPg} P element insertion in the 5’ UTR of 

Vab2 [11] and was obtained from Exelixis at Harvard Medical School.  

 

CRISPR reagents 

 

CRISPR reagents, pHsp70-Cas9 and pU6-BbsI-chiRNA, were described by Gratz et al. [5] and 

were obtained from Addgene (http://www.addgene.org). 

 

chiRNA targets were identified and designed using the UCSC Genome Browser 

(http://genome.ucsc.edu) with the “SpCas9_Dm-targets” custom track and using the FlyCRISPR 

online CRISPR Optimal Target Finder tool [12, 13]. 

 

The Kxd1 chiRNA targets were a 5’ target in exon 2 of CG10638 (GCATATCTGTACAGG 

AAˇTGA AGG – PAM underlined, ˇ site of DNA cleavage), and 3’ target near the end of Kxd1 

exon 3 (GTGCAGTCGGAGGAATCˇ ATT GGG – 3’ “NGG” PAM sequence underlined,  

ˇ represents site of DNA cleavage). 

 

The Blos3 chiRNA targets were a 5’ target at the start of the Blos3 ORF (GTATTTAATAAA 

CTGAAˇTGA TGG – PAM sequence underlined, ˇ site of DNA cleavage, blue italics Blos3 
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initiation codon. There are two in-frame ATG codons at the start of the Blos3 ORF. The second 

ATG, highlighted in blue, is the annotated translational start site.), and a 3’ target in Blos3 exon 3 

(GCTGCGAGTGAAAGCGGˇTAA GGG – PAM sequence underlined, ˇ site of DNA cleavage). 

 

Injection services were contracted from Rainbow Transgenic Flies. 

 

PCR screening 

 

DNA was prepared from samples screened by PCR using the Macherey-Nagel NucleoSpin Tissue 

XS spin column kit according to the manufacturer’s protocol, except that columns were eluted 

with 20 µl of BE (Buffer Elution) per fly used. PCR screening reactions were carried out using 

Bioland Scientific 2 X Taq PCR Premix reagent according to the manufacturer’s protocol. 

 

Putative Kxd1 CRISPR-deletion flies were screened with primers CDS-179 (ACCATCTTGGG 

TTCGTGGTATATGTCCCACAG), CDS-180 (AGGCTTAACCTGTATCCTCGGATGTGCA 

GTC) and CDS-181 (GCTCAGCTACGATGGTCGCGTCATAATCTC) to identify Kxd1 NHEJ 

deletions. Primers CDS-175 (GTGTTCTCCCTTATTATAAACAAATAAATTCTAGGCTACA 

ATGAGCCACTTG) and CDS-176 (ATCGAGGGACTAAAGCTAATTAGGCTTAACCTGTA 

TCCTC) were used to screen for the presence of Kxd1 or emGFP gene replacement sequences, 

and primers CDS-177 (ACTTCCAAGGG CGAGGAGCTGTTCAC) and CDS-178 (GTACAG 

CTCGTCCATGCCGAGAGTGAT C) were used to specifically detect emGFP coding DNA. 

 

The 5’ Kxd1 CRISPR target sites were differentially PCR amplified using CDS-179 (ACCATCT 

TGGGTTCGTGGTATATGTCCCACAG) as the 5’ primer and either CDS-170L (GTTAATTA 

TGTTATCTGTAGTTAAAGAAGTCTCGCTGTGAG), CDS-183S (CGCCTTAAGCTGCAG 
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TAGGAAGACGAATAGGTG) or CDS-185 (ACATCCGCAAGGCCCAAGTGGCTCATTG 

TAG) as the 3’ primer.  

 

Deletion of Blos3 was assessed using primers CDS-199 (TGGCACTGACATCAAACGAATGT 

TCGAGACA) and CDS-200 (GAGGACGAAACTATACCCCAGTCACCTGA G) to amplify 

Blos3 wildtype or Blos3 CRISPR-deletion alleles. 

 

DNA sequencing 

 

Sequencing services were contracted through Laragen Inc. (Culver City, CA) or through the 

UCLA GenoSeq core facility. “Purified Template” full service Sanger sequencing was ordered 

from Laragen Inc., and “Full Service” Sanger sequencing service was ordered from GenoSeq. In 

both cases, purified DNA and primers were provided. 

 

Kxd1 PCR products were sequences with primers CDS-179 and CDS-170L. Blos3 PCR products 

were sequenced with primers CDS-199 and CDS-200. (c.f. above for primer nucleotide 

sequences).
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RESULTS 

 
CRISPR/Cas9 Kxd1 gene deletion strategy 

 

The Drosophila Kxd1 gene is on the third chromosome at cytological position 69C4. I 

had previously used P element imprecise excision to delete the Drosophila Vab2 gene, however 

the FlyBase reference resource indicated that the only available transposon insertion proximal to 

Kxd1 was the insertion of a PBac{WH} construct in the 5’ UTR of CG10681 (Kxd1) [14]. 

PBac{WH} is a piggyBac-based construct that contains the w+mC dominant marker [11]. Due to 

the low frequency of piggyBac imprecise excision, piggyBac insertions are not considered useful 

starting points for gene deletion by imprecise excision – piggyBac was initially thought to always 

excise in a precise manner [15-17]. However the w+mC marker carried by PBac{WH} did fulfill 

the criteria outlined by Gratz et al. of serving as a visible indicator of targeted locus retention or 

deletion when using a CRISPR-based method of gene deletion. To this end, Harvard line f00719, 

which harbors a PBac{WH} insertion in Kxd1, was used as the genetic background in which to 

target Kxd1 for CRISPR/Cas9-mediated deletion. 

 

Selection of Kxd1 CRISPR target sites 

 

I used the UCSC Genome Browser with the “SpCas9_Dm-targets” custom track to 

identify and evaluate possible CRISPR target sites flanking Kxd1. This custom track identifies 

unique genome-wide 20 b.p. sequences that are followed by a 3 b.p. Cas9 3’ “NGG” protospacer 

adjacent motif (PAM). The sequences identified by the SpCas9_Dm-targets track should 

represent CRISPR targets sites that are unique throughout the Drosophila genome. Rather than 

expressing separate crRNAs and tracrRNAs, the Drosophila CRISPR reagents described by Gratz 

et al. make use of a DNA plasmid, pU6-chiRNA, to express a single chimeric RNA (chiRNA) 
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that directs Cas9 endonuclease activity to the specific genomic sequence matching the chiRNA. 

The use of two such pU6-chiRNA plasmids can express chiRNAs that direct Cas9 DNA cleavage 

to locations upstream and downstream of a genomic target. A significant consideration is that the 

Gratz et al. pU6-chiRNA plasmid uses the Drosophila snRNA:U6:96Ab promoter to drive 

transcription of the cloned target DNA to be expressed as a chiRNA. One caveat of the 

snRNA:U6:96Ab promoter is that Pol III transcription of this promoter initiates with a G 

nucleotide. Since chiRNA generation from this plasmid initiates directly with the 5’ base of the 

20 b.p. sequence that is being targeted, this limits the 20 b.p. target sequences that can be selected 

for chiRNA production to those targets that start on their 5’ end with a G nucleotide. Otherwise 

one introduces a 5’ mis-match that reduces Cas9 targeting efficiency. With these limitations in 

mind I was able to identify a 3’ Kxd1 CRIPSR target that directed Cas9 double-stranded DNA 

(dsDNA) cleavage activity to a site 33 b.p. from the end of the Kxd1 ORF.  

The PBac{WH} insertion in Kxd1 is between nucleotides 83 and 84 of the Kxd1 

transcript within the Kxd1 5’ UTR.  Although a suitable 20 b.p. 5’ CRISPR target site exists 

within exon 2 of Kxd1, 8 nt into the Kxd1 ORF, this is 196 b.p. downstream from the PBac 

insertion. Using this target site would leave the PBac{WH} insertion intact after CRISPR gene 

deletion and, procedurally, would not incorporate the loss of PBac{WH}CG10681f00719 as a 

marker of Kxd1 deletion. Upstream of PBac{WH}, the next suitable CRISPR target site is located 

in the second exon of the upstream adjacent gene, CG10638.  

CG10638 encodes a pair of putative alditol-oxidoreductases and is transcribed in the 

opposite orientation of Kxd1. Using the 3’ Kxd1 CRISPR target site and the 5’ CG10638 CRISPR 

target site would effectively eliminate the Kxd1 gene, but would also eliminate critical portions of 

CG10638 at the same time (Fig. 3.1).  On the other hand using these CRISPR target sites also 

removes PBac{WH}CG10681f00719 which thus acts as a visible marker of Kxd1 deletion, in 

accordance with the general strategies outlined by Gratz et al. 
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Template for gene replacement by homologous recombination 

 

Because the desired end product was a deletion of Kxd1 that did not delete adjacent gene 

sequences, I also incorporated the co-injection of a template for DNA break repair by 

homologous recombination (HR) as described by Gratz et al. who used a single-stranded 

oligodeoxynucleotide (ssODN) as an HR donor. Their goal was to replace the CRISPR-deleted 

yellow gene with a relatively short 50 nt Φ-C31 phage attP site. Introducing a short gene 

replacement allowed the use of a synthetic oligonucleotide as an HR template. In the case of 

Kxd1, my goal was to restore the 5’ CG10638 sequences that would be deleted using the 5’ and 3’ 

Kxd1·chiRNAs that I had selected. Gene replacement templates (i.e. HR donors) should 

incorporate stretches of homology to the genomic sequences flanking both ends of a DSBs to 

allow the donor to base pair with flanking genomic sequences by strand invasion or Holliday 

junction formation [18]. The sequences between the regions of homology can serve as a template 

for gene replacement by strand exchange or synthesis dependent strand annealing. In the case of 

an ssODN donor, 60 b.p. of homology were found to be sufficient to direct gene replacement [5]. 

However, currently, commercially available ssODNs are limited to 200 nt [19]. These lengths do 

not approach the lengths needed to replace the deleted CG10638, intergenic and Kxd1 sequences. 

Beumer et al. found that, like ssODNs, dsDNA templates are effective gene replacement 

donors but work better with 1 kb stretches of homology, and closed circular DNAs are more 

efficient than linear dsDNA [18]. To engineer a suitable HR donor to restore the deleted 

CG10638 sequences and to replace Kxd1 with emGFP, I constructed a plasmid template. For 

homologous flanking sequences I cloned 984 b.p. of genomic DNA upstream of the 5’ CRISPR 

cut site and 1336 b.p. of genomic DNA downstream of the 3’ CRISPR cut site into a 

pBluescriptSK(+) vector backbone. Between these I inserted the deleted CG10638 and CG10638-

Kxd1 intergenic sequence, Kxd1 exon 1 (encoding most of the Kxd1 5’ UTR) and intron1, and the 

first 19 b.p. of Kxd1 exon 2 (which included the first four codons of Kxd1). This was joined in-
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frame to an FRT-flanked emGFP coding sequence to create a Kxd1 gene replacement. The last 12 

codons of Kxd1 (11 of which are downstream of the 3’ CRISPR cut site) finished the ORF which 

ended with the natural Kxd1 stop codon followed by the Kxd1 3’ UTR.  The deduced translation 

product was an emGFP protein flanked N-terminally by the first 4 a.a. of Kxd1 and an FRT 

translation product (GSSYSLESIGTS), and C-terminally by a similar FRT translation product 

(RSSYSLESIGTS) and the last 12 a.a. of  Kxd1.  

 

The donor plasmid can be schematized as follows: 

 

     pBS-KpnI-[984 b.p. 5’]-CG10638-intg-Kxd1-FRT-emGFP-FRT-[1336 b.p. 3’]-SacI-pBS  

 

(The bracketed segments are homologous genomic DNA. CG10638 shows the deleted CG10638 

sequences, intg is the CG10638-Kxd1intergenic region. Kxd1 is exon 1, intron 1 and the first 19 

b.p. of exon 2 of Kxd1, FRT represent the 34 b.p. FLP-recombinase target sites. emGFP is the 

emGFP ORF, KpnI and SacI are restriction enzyme sites, and pBS is the pBluescriptSK(+) 

vector backbone.) 

 The gene replacement vector also modified the nucleotide sequences of the 5’ and 3’ 

CRISPR target sites so that these sites no longer matched the chiRNAs that directed Cas9 

endonucleolytic activity to these locations. Since both of the Kxd1·CRISPR target sites fall within 

coding sequences, this was accomplished by making silent b.p. mutations taking into account 

codon usage frequencies. DSB repair and gene replacement directed by this donor template would 

generate a CRISPR-resistant Kxd1 gene replacement allele (Fig 3.1 – lower schematic).  

Putative gene replacement animals might be identifiable by screening them for 

expression of emGFP. Similarly, expression of emGFP could, in later experiments, serve as a 

visual marker of sites of Kxd1 gene expression, and finally, Kxd1-linked expression of emGFP 

could be eliminated from these flies by expressing FLP recombinase in trans.  The FRT sites 
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flanking the emGFP ORF in this construct are oriented as direct repeats, such that introduction of 

FLP recombinase would cause looping out and removal of the emGFP sequences [20, 21] leaving 

only a vestigial 16 a.a. encoding remnant of Kxd1 (first 4 a.a. of Kxd1, 12 FRT encoded a.a., last 

12 a.a. of Kxd1).  

 

CRISPR injection of Drosophila embryos 

 

 CRISPR reagents were introduced into Drosophila by injecting 0-4 hour old embryos 

collected from Harvard f00719 flies. Injection services were contracted from Rainbow Transgenic 

Flies, Inc (Camarillo, CA). A total of 1218 embryos were injected with a cocktail of DNA 

including a pHSP70 plasmid directing the synthesis of an NLS-tagged Cas9 protein, two pU6-

chiRNA plasmids directing the expression of the 5’ and 3’ Kxd1 chiRNAs, and the 

pKxd1::emGFP gene replacement plasmid. Of the injected embryos, a total of 326 flies matured 

to adulthood (Table 3.1).  

A subset of these flies displayed a distinctive eye color phenotype suggesting that they 

had lost one copy of the w+mC dominant marker carried by the PBac{WH} transposon. Another 

subset of injected flies exhibited an eye color identical to that of the parental line, Harvard 

f00719, suggesting that these flies retained a homozygous PBac{W} insertion in the 5’UTR of 

Kxd1. To determine the genetic basis for the aberrant “heterozygous” eye color among some of 

the injected “founders”, I crossed these flies individually to w-  balancer flies in order to segregate 

the third chromosomes that carried the Kxd1 locus.  

The heterozygous founders gave rise to an equal number of white-eyed flies, and progeny 

that displayed a w+mC eye color identical to that of the heterozygous injected founders. In contrast, 

the subset of injected founders that displayed a parental eye color (i.e. identical to uninjected 

Harvard f00719 flies) gave rise entirely to F1 progeny that displayed the heterozygous eye color 

when crossed to w- balancer flies. This implied that the offspring were heterozygous for the w+mC 



 66 

marker after their parents were crossed to w- balancer flies that did not carry the w+mC dominant 

marker. The Mendelian inheritance pattern of the eye color indicated that aberrant eye color 

observed of some of the injected flies was indeed a consequence of being heterozygous for the 

PBac-associated w+mC marker, and mechanistically, loss of one copy of w+mC in these injected 

individuals was best explained by an early heterozygous deletion of the genomic locus delineated 

by the 5’ and 3’ Kxd1·CRISPR target sites, including PBac{WH} and Kxd1.  

 Besides the prevalent heterozygous eye color phenotype (Table 3.1), there was a high 

incidence of premature mortality among the CRISPR-injected flies that matured to adulthood 

(roughly 28% - Table 3.1). These flies died within a day of eclosure and prior to successfully 

breeding with the balancer flies to which they were mated. Another group of injected flies did not 

exhibit early mortality but never successfully bred. In fact, sterility was the second most 

commonly observed phenotype of the CRISPR-injected animals (The most frequently observed 

phenotype was heterozygous loss of w+mC). (Table 3.1). 

  

emGFP expression and PCR screening of PBacf00719 Kxd1·CRISPR-deletion flies 

 

 CRISPR-injected founders that showed the heterozygous eye color phenotype and their 

w- F1 progeny were screened for expression of emGFP under a dissecting fluorescent microscope. 

I reasoned that if an animal expressed emGFP, this would indicate that this individual harbored a 

Kxd1::emGFP gene replacement. Although some flies were initially set aside as putative emGFP-

expressing transgenics, a comparison of these animals to verified eGFP expressing control flies 

and to non-GFP parental Harvard f00719 flies and the w- balancer stock indicated that none of the 

injected flies, nor their F1 progeny, exhibited fluorescence above background. This did not rule 

out that these individuals were gene replacement carriers. I had not verified that emGFP 

expressed from the donor plasmid was functional, nor was it certain that emGFP expression 

levels from the native Kxd1 promoter elements were sufficient to be seen using the visual screen 
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that I employed. To definitively determine the genetic status of these animals, these animals were 

screened by PCR after they had been successfully mated to establish F1 lines. 

 

Screen for NHEJ repair of PBacf00719 Kxd1 

 

 Two F1 lines derived from each heterozygous (+/- eye color) injected founder were 

screened with four sets of primers.  Two of the primer pairs annealed to sequences outside of the 

5’ and 3’ Kxd1·CRISPR target sites. The third primer pair annealed within the Kxd1 ORF (at the 

beginning of exon 2, and at the end of the Kxd1 ORF in exon 3), and the fourth primer pair 

annealed within the emGFP coding sequence. The first two primer pairs (CDS-179/CDS-180 and 

CDS-179/CDS-181) were used to identify non-homologous end joining (NHEJ) DNA repair 

products of a CRISPR-mediated Kxd1 deletion. Briefly, these DNA structures could be expected 

to consist of end-to-end joining of the blunt DSBs made by Cas9 at each CRISPR-target site, with 

or without some degree of end processing (base pair resection) prior to end-joining and 

chromosomal repair. The two sets of screening primers were slightly further spaced from each 

other in order to decrease the chances of missing a NHEJ product that included substantial end-

resection prior to end-joining. At the same time, if an F1 line did not harbor a NHEJ deletion 

product, these PCR primers would generate products of different sizes depending on whether the 

amplified a product was generated from a wildtype copy of Kxd1 or from a Kxd1::emGFP gene 

replacement allele.  

 

Screen for emGFP gene replacement of PBacf00719 Kxd1 

  

  Because the DNA encoding Kxd1 and that encoding the Kxd1::emGFP gene replacement 

construct differed only slightly in overall length – 133 b.p. (i.e. 695 b.p. wildtype Kxd1 vs. 828 

b.p. Kxd1::emGFP fusion), and because the first two sets of PCR screening primers annealed 
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outside of the Kxd1·CRISPR cut sites, both pairs of primers generated large PCR products if they 

amplified wildtype Kxd1 or the Kxd::emGFP gene replacement. The exact size of the products 

that were generated by these PCR reactions was not always easily determined or unequivocal 

(1711 b.p., wildtype Kxd1 vs 1844 b.p., Kxd1::emGFP – primer pair-1 [CDS-179/CDS-180]; and 

1926 b.p,, wildtype Kxd1 vs 2059 b.p., Kxd1::emGFP – primer pair-2 [CDS-179/CDS-181]). To 

resolve this issue I also screened these F1 lines with PCR primers that annealed to sequences 

between the Kxd1·CRISPR cut sites. Primer pair-3 (CDS-175/CDS-176) annealed to Kxd1 

sequences in exon 2 and exon 3, and primer pair-4 (CDS-177/CDS-178) annealed to emGFP 

sequences that were introduced by HR with the gene replacement donor. Both pairs were used to 

generate smaller products that could unequivocally distinguish between a wildtype Kxd1 allele 

and a Kxd1::emGFP gene replacement allele.  

 

Results of PCR screen of PBacf00719 Kxd1 F1 lines 

 

 I opted to screen only two F1 lines from each heterozygous injected founder since  I was 

confident that each of the heterozygous founders harbored some form of a Kxd1 gene deletion.  I 

expected that the challenge of the molecular screen would be to identify a line of flies that carried 

a Kxd1 gene replacement that restored the upstream CG10638 sequences. In point of fact, none of 

the 146 F1 lines that I screened generated a NHEJ PCR product (120 w- F1 lines from 

heterozygous founders [+/- founders], 6 F1 lines from founders with an undetermined eye color 

[N.D. founders], and 20 F1 lines from founders with a parental eye color [+/+ founders]). Further, 

all of the lines that I screened generated a wildtype Kxd1 PCR product and not a Kxd1::emGFP 

PCR product from primer pair-3, and none of the lines generated an emGFP product from primer 

pair-4, indicating that none of the lines had incorporated emGFP as part of a gene replacement, 

but all of the lines harbored a wildtype Kxd1 allele.  
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Furthermore, a subset of these lines were characterized with three additional pairs of 

primers.  Two sets of these primers showed that, in addition to carrying a wildtype copy of Kxd1 

without a PBac insertion, these lines carried this copy of Kxd1 in the context of the annotated 5’ 

and 3’ genomic sequences: 1540 b.p. of annotated genomic sequence upstream and 1128 b.p. of 

annotated genomic sequence downstream. The third additional primer pair confirmed that these 

lines did not harbor an emGFP coding sequence inserted into Kxd1 by amplifying across the 

expected Kxd1/emGFP junction of the gene replacement allele using a forward primer in Kxd1 

exon1 and a reverse primer in the coding sequence of emGFP. 

 

PCR characterization of injected PBac·Kxd1 flies and parental Harvard f00719 flies – [Wildtype 

Kxd1] 

 

In addition to screening two of the F1 lines that were generated from each injected 

Pbac·Kxd1 founder, I collected some of the injected founders themselves and extracted their 

DNA after they had been bred to balancer flies. Both heterozygous eye color injected founders 

[+/- founders] and parental eye color injected founders [+/+ founders] were collected for DNA 

extraction. These flies were screened with the same four primer pairs that were used to screen the 

F1 lines. Representative screening results are shown in Figure 3.2. In agreement with the 

screening results of the F1 lines, all of the injected PBac·Kxd1 founders that were tested 

amplified a robust wildtype Kxd1 PCR band when screened with the primer pairs that annealed 

outside of the CRISPR cut sites (CDS-179/CDS-180 and CDS-179/CDS-181). This was observed 

for each of the +/- founders as well as for each of the +/+ injected founders that was screened.  As 

a negative control, DNA from the parental Harvard f00719 line of flies was extracted and 

screened with the same set of PCR primers. Like the injected founders, the parental Harvard 

f00719 line of flies also amplified a robust wildtype Kxd1 PCR product with these two pairs of 

PCR primers (Fig. 3.2 – gel, right hand side, upper blue arrow, blue “CG10638-Kxd1” bracket).   
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Notably, just as none of the F1 lines should have amplified a wildtype Kxd1 PCR product 

from any of these PCR screens, neither should any of the CRISPR-injected founder flies. Like the 

uninjected parental line, the CRISPR-injected individuals were homozygous for PBac insertions 

in Kxd1 before the introduction of the Kxd1·CRIPSR reagents. The Kxd1·CRISPR reagents 

injected into these flies directed DNA breaks 639  b.p. 5’ of the PBacf00719 insertion and 844 b.p. 

3’ of the PBac insertion. The entire Kxd1 gene spans 1135 b.p., 927 b.p. of which falls between 

the 5’ and 3’ Kxd1·CRISPR targets. The PBac{WH} transposon containing the w+mC construct is 

7234 b.p. in length and has no homologous sequences to either of the Kxd1·CRISPR targets. 

Therefore there is no CRISPR-mediated process that could explain removal of Pbac{WH} (and 

the associated w+mC construct) without concomitant removal of Kxd1, and wildtype Kxd1 PCR 

products could not have been amplified from the homozygous PBacf00719·Kxd1 allele that these 

animals harbored. Moreover, the observation that the parental Harvard f00719 flies also amplified 

a robust wildtype Kxd1 PCR band indicated that the template for this band existed in PBac·Kxd1 

flies prior to introduction of CRISPR reagents. Finally, the amplification of a wildtype Kxd1 band 

from all of the CRISPR-injected founders suggested that the template for this PCR product was 

likely unaffected by the Kxd1·CRISPR reagents despite their removal of w+mC in over 60% of the 

injected flies (Table 3.1). 

 

PCR characterization of injected PBac·Kxd1 flies and parental Harvard f00719 flies – [emGFP] 

 

When DNA from the CRISPR-reagent injected flies was tested with primer pair-4 

(CDS-177/ CDS178) that anneals within the emGFP coding sequence, each of the injected 

Pbacf00719 flies amplified a weak emGFP PCR product regardless of whether the flies displayed 

the parental red eye color or a heterozygous eye color (Fig. 3.2 – gel, left hand side, green arrow, 

green “emGFP” bracket,). This was in direct contrast to the lack of emGFP amplification from 

these sample samples when screened with primer pair-1 or -2, which would have indicated 
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emGFP incorporation into the CRISPR-cut Kxd1 locus by gene replacement. On the other hand, 

the uninjected Harvard f00719 flies did not amplify emGFP. Thus, generation of this PCR 

product correlated with injection status. Because none of the F1 progeny lines amplified emGFP 

(screening negative by multiple PCR assays), I interpreted these results to mean that donor 

template had persisted in the injected individuals in an episomal state but was not passed on in the 

germline.  This interpretation was somewhat remarkable as it implied that the screened 

individuals had maintained detectable quantities of episomal DNA throughout the larval stages, 

through metamorphosis and into adulthood despite having being injected as single-celled 

embryos. 

 

PCR characterization of injected PBac·Kxd1 flies and parental Harvard f00719 flies - [NHEJ] 

 

The last notable result from the PCR screening of the CRISPR-injected founders was that 

the majority of the screened heterozygous founders (four out of six), in addition to amplifying a 

robust wildtype Kxd1 PCR band, amplified a trace band corresponding in size to that expected of 

a NHEJ DNA repair product of Kxd1.  In addition, the putative NHEJ bands amplified by these 

samples were of distinct sizes for each of the samples but of heterologous sizes between samples. 

Two of the four injected founders amplified putative Kxd1 NHEJ DNA repair bands close in size 

to the expected NHEJ band of 443 b.p. (the calculated size of direct end joining of the 5’ and 3’ 

CRISPR-generated DSBs).  The remaining two injected founders amplified a NHEJ PCR bands 

that were both smaller than 443 b.p.: the larger of the two migrating at approximately 415 b.p. 

and the smaller of the two migrating at just under 400 b.p. ~ approximately 395 b.p. (Fig 3.2 – 

gel, right hand side, lower purple arrows, blue “CG10638-Kxd1” bracket).  

Smaller NHEJ products were expected in cases where the Cas9-cut DNA ends were 

resected before final end joining. This indicated that the Kxd1 locus had been deleted, as 

anticipated, in most of the injected founders but in a minority of the cell of these animals. 
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Alternatively, these PCR bands could have been generated from CRISPR-cut donor plasmid that 

persisted in these animals as episomal DNA and that was similarly repaired by cellular NHEJ 

repair pathways, despite the donor plasmid not having sequence-matched 3’ and 5’ 

Kxd1·CRISPR targets. This later explanation becomes quite unlikely when one considers the 

heterologous distinct sizes of the NHEJ bands that were amplified from these animals, unless one 

proposes that some of these bands were products of single DNA templates.  The injected HR 

donor plasmids are non-replicative in Drosophila cells, and although they may persist for 

extended periods of time in an injected individual, they do not have the capacity to propagate. 

Thus specific genetic editing events experienced by individual donor plasmids, such as CRISPR-

mediated cutting and specific degrees of DNA end resection, would not be present in more than a 

single copy per fly. 

 

Sequencing of Harvard f00719 Pbac·Kxd1 locus proximal DNA  

 

 To examine the precise genetic structure and sequence of the PBac·Kxd1 allele in the 

Harvard f00719 flies, given the observation that PCR bands consistent with the presence of a 

wildtype Kxd1 gene (non-PBac) were generated from these flies, I sought to generate PCR 

products for DNA sequencing from these flies that were specific to both the annotated PBac 

insertion in Kxd1 and to the observed wildtype, non-PBac, Kxd1 allele.  

Prior to injecting the Harvard f00719 flies with the Kxd1·CRISPR reagents, I had 

sequenced the DNA regions that were selected as targets in order to make sure that the target sites 

existed in the Harvard f00719 flies and that they matched the FlyBase reference sequence against 

which the CRISPR target sites were originally designed. Whereas the 3’ CRISPR target site and 

the surrounding DNA matched the FlyBase reference sequence perfectly, the results for the 5’ 

CRIPSR site were ambiguous. The 8th position of the 5’ CRISPR target site generated base peaks 

for two different nucleotides. Both a C and a T peak of equal intensity were recorded, and the 
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automatic base-calling algorithm called this position a Y (pyrimidine – Figure 3.3, center). When 

this was first observed it stood out as highly irregular that an establish line that had been 

maintained by inbreeding (Harvard F00719) would harbor two equally prevalent alleles without 

one of them having gone to fixation and the other disappearing from the population. Nevertheless, 

it was decided that even if half of the chromosomes were recalcitrant to CRISPR-mediated Kxd1 

deletion, the other half would be subject, and the resistant and subject chromosomes could be 

subsequently segregated and isolated to establish a Kxd1 deletion line. 

When I observed that all of the chromosomes segregating from the Kxd1·CRISPR-

injected animals retained a wildtype Kxd1 allele regardless of whether the PBac w+mC marker was 

retained, I hypothesized that the equivalent intensity C and T peaks found in position 8 of the 5’ 

CRISPR site represented evidence of a prior Kxd1 gene duplication event and that the duplicated 

alleles harbored a distinguishing single nucleotide polymorphism (SNP) within the target 

sequences of the 5’ chiRNA. This interpretation was bolstered by the observation that a wildtype 

Kxd1 allele was also present in the parental PBac line. To test this hypothesis I generated 5’ 

Kxd1·CRISPR target site PCR products for sequencing using three different sets of primers, each 

of which had different template specificities (Fig. 3.3).  

   The original set of primers that I used to amplify the 5’ Kxd1·CRIPSR target site for 

sequencing annealed 5’ and 3’ of the CRIPSR target site in CG10638 sequences. These primers 

amplified a product from Harvard f00719 flies that always showed an ambiguous Y (pyrimidine) 

base upon sequencing (or an R [purine] if sequenced from the other direction). No other 

ambiguous base calls or peaks were generated when sequencing this PCR product. The most 

parsimonious explanation of this result, after considering the characteristics of the flies that were 

generated by Kxd1·CRISPR injection, was that a PCR product was being amplified from two 

copies of Kxd1 in these flies and that the two copies of Kxd1 differed from each other with 

respect to the base identity at position 8 of the 5’ Kxd1·CRISPR target site.  
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To specifically amplify any 5’ Kxd1·CRISPR target sequences proximal to the annotated 

PBac{WH} insertion, I generated a PCR product by paring the previously used upstream primer 

that annealed in CG10638 sequences with a downstream primer that annealed within the terminal 

base pairs of  PBac{WH} (Fig 3.3 – upper right gene schematic, orange arrows). This generated a 

1610 b.p. PCR product consistent with the annotated location of PBac{WH} insertion in Kxd1.  

When sequenced, this 1610 b.p. product showed only a T in position 8 of the 5’ Kxd1·CRISPR 

target site (Fig. 3.3 – lower right electropherogram). Reciprocally, to specifically amplify 5’ 

Kxd1·CRISPR target sequences that were proximal to wildtype Kxd1 sequences, I used the same 

upstream CG10638 primer as used previously but shifted the downstream primer to a position in 

Kxd1 exon 1 downstream of the annotated PBac{WH} insertion (Fig 3.3 – upper left gene 

schematic, green arrows).  In this case the primers pair would generate a 1038 b.p. PCR product 

from a wildtype copy of Kxd1, but would not generate a PCR product from Kxd1 with 

PBac{WH}CG10681f00719 insertion because the intervening PBac sequences comprised an 

additional 7234 b.p. between the primers. Indeed, a 1038 b.p PCR product was observed, and 

when this PCR product was sequenced it only yielded a C base peak at position 8 of the 5’ 

Kxd1·CRIPSR target site (Fig. 3.3 – lower left electropherogram).  

Together, these results indicated that the parental Harvard f00719 line of flies, indeed, 

harbored two distinct copies of Kxd1 that were differentiable by sequence polymorphisms. One of 

the copies of Kxd1 contained the annotated PBac{WH} insertion and was proximal to a 5’ 

Kxd1·CRIPSR target that conformed to the FlyBase reference sequence. The second copy of 

Kxd1 did not harbor a PBac{WH} insertion (the “wildtype” copy of Kxd1) and was proximal to a 

5’ Kxd1·CRIPSR target that did not match the FlyBase reference sequence. The location of the 

SNP between these two copies of Kxd1, at the 8th nucleotide from the 3’ end of the CRISPR 

target site, 5 base pairs from the location of Cas9 DNA cleavage, meant that the 5’ Kxd1·CRISPR 

target site proximal to the wildtype copy of Kxd1 was unlikely to be efficiently targeted by the 5’ 

Kxd1·chiRNA.  
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Although CRISPR/chiRNA targets tolerate some sequence variability in terms of serving 

as Cas9 cleavage targets, the 12 nt closest to the PAM are the most critical determinants of Cas9 

targeting [22-24]. In this case the mis-match in the 5’ Kxd1·CRISPR target proximal to the 

wildtype copy of Kxd1 is 8 nt away from the PAM sequence. Therefore the 5’ target sequence 

proximal to the wildtype copy of Kxd1 in these flies is unlikely to serve as an efficient target for 

Cas9 cleavage. 

 

CRISPR-mediated loss of w+mC 

 

 Before proceeding further with a CRISPR-mediated attempt to delete Kxd1, I sought to 

understand what had occurred in the Harvard f00719 flies after injection of the Kxd1·CRISPR-

reagents. Figure 3.4 illustrates a Kxd1 gene duplication arrangement in which injection of 

Kxd1·CRISPR reagents would delete the PBac-associated w+mC marker and create a gene deletion 

product which, if repaired by NHEJ, would reconstitute a pseudo-wildtype copy of Kxd1 since 

DNA end resection prior to DSB repair would have likely introduced micro-deletions [25]. The 

loss of a handful of bases from NHEJ-associated end resection would not have been discernable 

within the context of a 2 kb diagnostic PCR product. Thus, the conditions proposed by the gene 

arrangement shown in Figure 3.4 are consistent with the phenotypic and molecular data obtained 

from characterizing the Kxd1·CRISPR-injected Harvard f00719 flies: Phenotypically the majority 

of the CRISPR-injected flies had lost a single copy of the w+mC dominant marker, but all of the 

flies amplified a wildtype copy of Kxd1 regardless of exposure to Kxd1·CRISPR-reagents.  

Importantly none of the CRISPR-injected Harvard f00719 flies underwent gene 

conversion by incorporating the emGFP::Kxd1 gene fusion. If the gene structure postulated in 

Figure 3.4 was reflective the actual situation, the DNA cuts made by the injected Kxd1·CRISPR 

reagents would not have generated a chromosomal substrate amenable to gene replacement. 

CRISPR-mediated cuts on this structure would be topologically equivalent to making a single 
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DSB in a wildtype copy of Kxd1 (Fig. 3.4 – lower gene schematic), and the HR donor plasmid 

that I co-injected did not have regions of homology to both sides of the 3’ CRISPR cut site. 

 Finally, it must be considered that alternative gene arrangements were possible for the 

duplication event discovered in the Harvard f00719 flies (Fig. 3.5). These alternative duplication 

arrangements would have generated distinct diagnostic PCR products when the injected Harvard 

f00719 flies and the F1 progeny from these flies were screened for Kxd1 deletion.  However, only 

the gene arrangement shown in Figure 3.4 was consistent with the PCR screening results. 

Notably, there were trace Kxd1 gene-deletion (NHEJ) PCR products generated from the majority 

of the injected founders that were screened. This trace amount of NHEJ is consistent with a 

diminished rate of CRISPR cutting at the divergent 5’ Kxd1 CRISPR-target site proximal to the 

wildtype copy of Kxd1 in the gene arrangement illustrated in Figure 3.4. Such CRISPR mis-

targeting events would generate substrates for the trace amounts of Kxd1 NHEJ products that 

were observed. 

 

CRISPR targeting of Kxd1 in wildtype Canton S flies 

 

 Although the Harvard line f00719 flies proved to be unsuitable for CRISPR-mediated 

deletion of Kxd1 with the reagents in hand, the genetic evidence of CRISPR-mediated w+mC loss 

indicated that the targeted locus was effectively deleted when the flanking target sites matched 

the injected chiRNA sequences. Furthermore, the rate of w+mC loss suggested that it was not 

necessary to identify putative gene deletion flies by the loss of a visible phenotypic marker (e.g. 

eye color), but that gene deletion events occurred frequently enough that they could be isolated 

without the use of a visual marker. I therefore opted to target Kxd1 in wildtype Canton S flies 

using the same Kxd1·CRISPR reagents. If I successfully deleted Kxd1 in a Canton S background I 

would also not need to Cantonize the resulting knockout animals. By eliminating several 

generations of outcrossing to Canton S this would shorten the time needed before the phenotypic 
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effects of Kxd1 deletion could be tested, and, if multiple independent deletions of Kxd1 were 

obtained, phenotypic consistency between the deletion alleles would serve to distinguish veritable 

Kxd1 deletion phenotypes from phenotypic changes that occurred due to second site mutations.   

 Before having Canton S flies injected with the cocktail of Kxd1·CRISPR DNAs, I 

generated PCR products of the 5’ and 3’ Kxd1·CRIPSR target sites in Canton S flies for DNA 

sequencing to verify that the target sequences existed without sequence changes in these flies. 

Both the 5’ and 3’ target sites matched the FlyBase reference sequence and were therefore exact 

matches to the Kxd1·chiRNAs that targeted these loci. Following the same approach that I had 

used to target Kxd1 in the Harvard f00719 flies, I mated all of the Kxd1·CRISPR-injected flies 

that matured to adulthood to w+ ; TM3/TM6 balancer flies to establish collections of F1 flies from 

each injected founder.  Instead of establishing individual F1 lines I pooled the F1 progeny from 

each founder and screened them collectively. My screening assumption was that if Kxd1 deletion 

rates approached the rate that was previously observed for CRISPR-deletion of PBac·Kxd1 allele 

in Harvard f00719 flies, a large percentage of CRISPR-injected Canton S flies could be expected 

to experience at least heterozygous deletion of Kxd1, and Kxd1 deletion would be likely to have 

occurred in a nearly completely heterozygous manner such that close to half of the resulting F1 

progeny would carry the segregated deletion allele or gene replacement.  

 

PCR screening of Kxd1·CRISPR-injected Canton S flies 

 

 For unrelated logistical reasons I was unable to screen all of the pooled collections of F1 

flies that had been established from the Kxd1·CRISPR-injected Canton S founders. Therefore I 

cannot report the rate or frequency of Kxd1 deletion that resulted from this round of CRISPR 

injection. Nevertheless I was able to screen roughly 80 of the F1 populations using a subset of the 

same primer pairs described above. In each case I screened pools of 5 representative animals to 

look for putative Kxd1 deletions and/or Kxd1 gene replacement. Two of the pools amplified a 
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Kxd1 NHEJ PCR product indicating that some of the animals in these populations were carrying a 

CRISPR-mediated Kxd1 deletion. To isolate the putative deletions, I established a collection of 

sublines by individually crossing all of the remaining individuals in these pools to w+ ; TM3/TM6 

balancer flies in order to segregate the putative deletion chromosomes. I subsequently purified 

DNA from each subline and screened the sublines by PCR. Four of the 14 sublines that were 

generated from pool 76i amplified a Kxd1 NHEJ deletion PCR band (Fig. 3.6). The remaining 

sublines only gave rise to PCR bands indicative of wildtype Kxd1. 

 

Kxd1 deletion allele in Canton S 

 

To determine the molecular structure of the Kxd1 deletion allele that was recovered from 

pool 76i of Canton S CRISPR-injected progeny, I established homozygous lines from the four 

Kxd176i sublines that amplified a NHEJ deletion product. After purifying DNA from Kxd176i 

subline 2, I submitted the NHEJ PCR product from this subline for bidirectional DNA 

sequencing. The results of this analysis indicated that Kxd176i-2 harbored a 1486 b.p. deletion that 

originated at the 5’ Kxd1·CRIPSR target cut site and extended through the 3’ Kxd1·CRIPSR 

target cut site. However, prior to DNA end joining the Kxd176i-2 substrate DNA was resected at 

both the 5’ and 3’ blunt-end DSBs (Fig 3.7): at least one base pair was removed from the 5’ 

CRISPR-generated DSB (5’ TTCA 3’-end – the underlined base pair having being resected), and 

at least two base pairs were removed from the 3’ CRISPR-generated DSB (end-5’ GATTC 3’ – 

the underlined two base pairs having been resected). This DNA end processing left the 

trinucleotide base pair, TTC, at the terminus of both DSBs and was apparently the substrate for 

microhomology end-pairing as only one copy of this terminal trinucleotide is present in the DNA 

junction between the resected 5’ and 3’ DSBs in this allele.  

Because I was unable to establish the individual sublines from pool 76i until more than 2 

months after the Canton S founders were injected with CRISPR reagents, and because at the time 
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of subline separation the pools consisted of limited numbers of remaining individuals due to the 

nutritional status of each vial, I established sublines from the remaining flies of pool 76 with the 

goal of isolating the Kxd1 deletion chromosomes that had been identified in the initial screening 

reactions. In other words, I was not attempting to segregate multiple putative deletion alleles but 

to rescue the deletion allele that had given rise to the screening NHEJ PCR product. I considered 

it unlikely that more than one deletion allele was present in this population given that the pool 

was screened a likely three generations away from the injected Canton S founder, and that it has 

most likely experienced a severe genetic bottleneck prior to the separation of the individual 

subline founders. However, formally, I did not determine if the individual sublines of Kxd176i 

(Kxd176i-2, Kxd176i-3, Kxd176i-13 and Kxd176i-14) represented the same or different Kxd1 deletion 

alleles.    

 

CRISPR-targeted deletion of Blos3 

 

 Because I observed a high rate of loss of the w+mC marker from Kxd1·CRISPR-injected 

Harvard f00719 flies, I opted to generate additional Drosophila BLOC-1 gene deletions by 

targeting BLOC-1 subunit genes in Canton S wildtype flies as undertaken for Kxd1. Among the 

BLOC-1 subunit genes characterized in mice, the gene encoding BLOS3 (Bloc1s3) is notable 

because it produces an attenuated BLOC-1 phenotype [9]. By making a Blos3 deletion in 

Drosophila, a phylogenetically-distant species from mice, I aimed to robustly test the hypothesis 

that Blos3 is a non-canonical BLOC-1 subunit gene and that loss of Blos3 elicits BLOC-1 

phenotypes of a less severe nature.  
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Selection of Blos3 CRISPR target sites 

 

 Using the UCSC Genome Browser with the SpCas9_Dm-targets custom track, I 

examined the genomic region around Drosophila Blos3 to identify putative CRISPR target 

sequences. Drosophila Blos3 is located on the third chromosome at cytological position 75E2, but 

Blos3 is small genetic target and is located in a genetically compact region of chromosome 3. The 

Blos3 gene spans a mere 645 b.p. and produces a 533 nt transcript composed of three exons. 

Blos3 is transcribed in the positive direction, but it is entirely overlapped with and located within 

the coding sequence of Rad9, which is transcribed in the negative direction of the same span of 

DNA (Fig. 3.8). RNAi driven inactivation of Rad9 causes partial lethality [26, 27] but an 

imprecise excision of Rad9 that did not disrupt Blos3 was reported to be viable (other than 

viability, no phenotypic description of Rad9 was reported in the techniques paper that described 

deletion of the upstream Rad9 coding sequences) [28]. In any case, my goal was to identify 

CRISPR target sites that would delete Blos3 without disrupting Rad9. 

 I was able to identify genome-wide unique CRISPR target sites that deleted the first half 

of the Blos3 ORF (the first 76 codons of 144 codons total) without deleting coding sequences of 

Rad9 (Fig 3.8 – gene schematic). The 5’ CRIPSR target site that I identified directs Cas9 DNA 

cleavage two base pairs before the ATG initiation codon of the Blos3 ORF. With regards to Rad9, 

this CRISPR target site cut 47 nt into Rad9 exon 6, which encodes most of the Rad9 3’ UTR.  

The Rad9 3’ UTR is 340 nt long. The first 31 nt of the Rad9 3’ UTR are encoded by Rad9 exon 5. 

The remaining 309 nt are encoded in exon 6. The 3’ Blos3 CRISPR target site cut within the 

Blos3 ORF in exon 3. With regards to Rad9, this CRISPR target site directed Cas9 activity one 

nucleotide into Rad9 intron 5 (between exon 5 and exon 6). This removed the downstream 

consensus 5’ intron splice site [29]. Together these target sites eliminate the majority of the Blos3 

ORF. Of the remaining 68 Blos3 codons (codons 77-144) another in-frame initiation codon does 

not occur until codon 98. 
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In terms of Rad9 expression, most of the 341 b.p. that fall between the 5’ and 3’ 

Blos3·CRISPR target sites are located within intron 5 of Rad9. Only 47 b.p. are within Rad9 exon 

6. Furthermore, because all of Rad9 intron 5 and the beginning of Rad9 exon 6 are removed, this 

also first eliminates the 5’ and 3’ consensus splicing signals of Rad9 intron 5. The remaining 

bases of Rad9 exon 5 and exon 6 are likely to be transcriptionally fused and transcribed as a 

single exon that is missing as few as 47 bases from the beginning of the Rad9 3’ UTR but that 

contains the remaining 293 nt of the Rad9 3’ UTR. In other words, although it is almost 

impossible to engineer a Blos3 deletion that does not also affect Rad9 without invoking a gene 

replacement strategy, the aforementioned Blos3·CRISPR target sites are predicted to virtually 

eliminate Blos3 while minimally affecting expression of Rad9. 

 

Blos3·CRISPR injection and PCR screening of Blos3 deletion flies 

 

 After having Canton S flies injected with Blos3·CRISPR DNAs, a total of 30 injected 

embryos matured to adulthood.  These injected founders were individually mated to w+ ; 

TM3/TM6 balancer flies to generate F1 progeny. Nine produced offspring within the same initial 

period. I separated out the injected founders and extracted DNA from these animals and from a 

pooled group of five F1 progeny from each founder. Using a pair of primers that annealed in the 

two adjacent genes (upstream primer, CDS-199, annealing in exon1 of CG6852; downstream 

primer, CDS-200, annealing in Rad9 exon 4) I screened each of the 18 DNA samples, in a 

pairwise fashion (injected founder and 5 pooled F1 progeny), for amplification of a Blos3 

wildtype or NHEJ PCR product (Fig. 3.8 – gel). Using this primer pair, wildtype Blos3 was 

expected to generate a 1125 b.p. band while the anticipated Blos3 NHEJ deletion allele was 

expected to generate a 784 b.p. band. Indeed, three of the paired DNA samples generated Blos3 

NHEJ amplification products from the pooled F1 progeny. Canton S·Blos3 lines 7, 8 and 13 

(CSB3-7, CSB3-8 and CSB3-13) each generated the 784 b.p. Blos3 deletion bands from the F1 
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progeny samples. Interestingly, among the DNAs isolated from the injected founders of these 

three groups, only CSB3-13 gave rise to a strong Blos3 deletion band.  Nevertheless, these results 

indicated that the Blos3·CRISPR reagents that I used deleted Blos3 in a genetically inheritable 

manner roughly a third of the time. 

 

Blos3 deletion alleles 

 

 To isolate the Blos3 deletion alleles that were identified in the screening assays described 

above, the remaining F1 progeny from the pooled F1 offspring of CSB3-7, CSB3-8, and CSB3-

13 were individually crossed to w+ ; TM3/TM6 balancer flies to establish sublines and segregate 

the wildtype and NHEJ Blos3 alleles in the population. When the resulting sublines were 

screened for deletion of Blos3, almost precisely half of them had inherited a Blos3 NHEJ 

chromosome. This indicated that the Blos3 deletions identified in the pooled screening assays 

probably originated from injected founders that were heterozygous for Blos3 deletion (despite the 

inconsistent amplification of a Blos3 deletion band from the DNAs extracted from these three 

animals) and that the inherited Blos3 deletions alleles were likely identical among the sublines of 

each group. The sublines that screened positive for a Blos3 deletion gene were backcrossed to 

eliminate the balancer chromosomes and to generate sublines that were homozygous for Blos3 

deletion. Homozygous Blos3 deletion of each subline was confirmed by PCR screening. 

  

Sequencing of Blos3 deletion alleles 

 

 To determine the exact DNA sequence of each of the Blos3 deletion alleles I generated 

PCR products from a homozygous subline of each of the three Blos3 alleles and submitted these 

for bidirectional sequencing. Each of the three deletion alleles, Blos37, Blos38 and Blos313, was 

molecularly distinct and showed evidence of NHEJ DNA repair that followed DSBs caused by 
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the injected CRISPR reagents (Fig. 3.9). The sequence differences between each allele all 

occurred at the location of DNA end joining and appeared to have resulted from different degrees 

of DNA end processing before final DNA end joining. For example, Blos37 appears to have been 

repaired by blunt end ligation after three base pairs had been resected from the 3’ Cas9 DNA cut 

site (end-3’ ACCGCTT 5’ – underlined bases resected). Blos38 appears to have been repaired 

following microhomology-driven end pairing. The exact extent of microhomology end pairing 

that took place prior to end joining is ambiguous: Two base pairs appear to have been resected 

from the 5’ Cas9 cut site DSB (5’ ACTGAA 3’-end – underlined bases resected), and – either 

three bases were resected from the 3’ Cas9 DNA cut site and the DNA ends were joined 

following single base end pairing (end-3’ ACCGCTT 5’ – underlined bases resected), – or the 3’ 

Cas9 DNA cut site was not resected and the DNA ends were joined following a four base stretch 

of microhomology-driven end pairing that included a one base pair mis-match 

(end-3’ ACCGCTT 5’ – italicized C mis-matched to T in resected 5’ Cas9 DNA end).  If the 

latter interpretation is true then the mis-matched C:T base pair was likely replicatively converted 

to the A:T base pair that is seen in the sequence data of the Blos38 deletion allele. Finally, Blos313 

appears to have been repaired by a NHEJ processes that involved one base pair of 

microhomology end pairing without prior end processing or base pair removal (5’ ACTGAA 3’-

end – annealed to – end-5’ ACCGCT 3’). A single A:T base pair is missing from the DNA 

junction between the 5’ and 3’ CRISPR cut sites of Blos313 indicative of single base end 

annealing prior to end joining. I did not formally determine whether the different sublines of each 

Blos3 deletion line harbor the identical deletion allele, but the Mendelian segregation patterns 

argue that each of the Blos3 lines is derived from a single event. 
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DISCUSSION 

 
 In this chapter I describe the targeting and deletion of the Drosophila Kxd1 and Blos3 

genes using a CRISPR/Cas9 strategy of genomic editing. In both cases, the anticipated deletion 

products were generated relatively quickly, and were obtained in a common isogenic Canton S 

background. This significantly simplified the post-genomic- editing handling of the deletion lines. 

For Blos3, multiple alleles of the gene deletion were obtained in parallel, further strengthening the 

interpretation of any phenotypic characterization that would be pursued with these alleles. 

Finally, although the CRISPR-mediated deletion of Kxd1 also deleted sequences of the adjacent 

upstream gene, the use of CRISPR reagents to target both Kxd1 and Blos3 resulted in precise 

genetic lesions not easily accomplished with other approaches. 

  

Deletion of Drosophila Kxd1 

 

 When I set out to delete Drosophila Kxd1 in order to characterize its function in relation 

to BLOC-1, a survey of available Drosophila transposon-insertion lines revealed that the P 

element insertion closest to Kxd1 was in the neighboring upstream gene, CG10638. The next 

closest P element insertion was in the 5’ UTR of the gene downstream of Kxd1, CG10646, which 

is transcribed in the opposite orientation of Kxd1 making this second P element insertion 

significantly further away than that in CG10638. However, in the previous year Gratz et al. had 

reported the construction and use of CRISPR reagents for heritable genomic editing in 

Drosophila. One of the considerations that they mention is the use a visible genetic marker to 

detect deletion of the targeted genetic element [5, 25]. Although there were no P element 

insertions in Kxd1, I did find an annotated piggyBac insertion in Kxd1 that was available from the 

Exelixis Collection at the Harvard Medical School [11]. The Kxd1 PBac insertion was a 
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PBac{WH} construct meaning that it carried a w+mC dominant marker that fulfilled the criteria of 

providing a visible marker of Kxd1 locus retention. 

 Using a combination of online resources (UCSC Genome Browser with the SpCas9_Dm-

targets custom track and the FlyCRISPR online CRISPR Optimal Target Finder tool) I was able 

to identify chiRNA target sites compatible with the Cas9 Drosophila CRISPR reagents described 

by Gratz et al. [5]. Notably, this necessitated selection of a CRISPR target that initiated with a G 

nucleotide at the 5’ end of the chiRNA target, opposite the end where the Cas9 DSBs are made 

[5, 25]. Although the 3’ Kxd1 CRISPR target site fell near the end of the Kxd1 ORF, the 5’ 

CRISPR target site was in the second exon of the adjacent upstream gene, CG10638. Although at 

this juncture use of a CRISPR-mediated gene deletion approach was ostensibly no longer at an 

advantage relative to attempting to delete Kxd1 by P element imprecise excision using the P 

element inserted in the 5’ UTR of CG10638 exon 1 – both strategies would delete portions of the 

upstream adjacent gene – using a CRISPR approach promised a defined Kxd1 deletion while 

attempting the same procedure by imprecise excision would generate a fundamentally more 

random spectrum of deletions and potentially involved a considerably larger amount of screening. 

Secondly, although the CRISPR-based approach similarly removed portions of CG10638, the 

precise genomic cuts that were would be generated had the distinct advantage of creating a 

substrate for genomic editing and gene replacement by homologous recombination [5, 18]. This 

meant that it was reasonable to attempt restoring the deleted CG10638 sequences upstream of 

Kxd1 without restoring deleted Kxd1 sequences, arriving at a precise genomic deletion of interest. 

 

Deletion of Kxd1 in Harvard line f00719 flies 

 

 Harvard line f00719 flies harbor a PBac{WH} insertion in the 5’ UTR of Kxd1 making 

this line seemingly ideal for monitoring the deletion of Kxd1 when using CRISPRs. As detailed in 

the Results section above, it was determined that these flies had experienced a gene duplication 
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event that resulted in f00719 flies having two copies of Kxd1. The annotated copy of Kxd1 had 

the PBac{WH}CG10681f00719 insertion, and the second copy of Kxd1 lacked a PBac insertion. 

Furthermore, while the PBac-inserted copy of Kxd1 was adjacent to a 5’ CRISPR target site that 

matched the annotated FlyBase genomic sequence (and hence the 5’ Kxd1 chiRNA), the second 

copy of Kxd1 that did not have PBac insertion was proximal to a 5’ CRISPR target site that 

differed from the 5’ Kxd1 chiRNA.  This made the target site 5’ of the second, wildtype, copy of 

Kxd1 unamenable to Cas9 DNA cleavage. 

 Targeting Kxd1 for deletion using the selected CRISPR target site resulted in the highly 

efficient elimination of w+mC – the visible dominant marker carried by PBac{WH} but did not 

result in genomic deletion of Kxd1. After becoming aware of the Kxd1 gene duplication in line 

f00719 and the sequence variation that characterized this gene duplication, these were the 

expected results of targeting Kxd1 in line f00719 flies using the chiRNA targets for which I had 

built reagents. Although these particular gene deletion efforts did not eliminate Kxd1, they did 

demonstrate the efficiency with which the CRISPR/Cas9 system honed in on and deleted the 

targeted genomic elements, and the success of these results encouraged me to consider directly 

targeting Kxd1 in a wildtype Canton S background. 

  

CRISPR-mediated deletion of Kxd1 in wildtype Canton S flies 

 

 Given the efficiency with which w+mC was eliminated from Harvard line f00719 flies, I 

used the same CRISPR reagents that I had built to eliminate Kxd1 in those flies to target Kxd1 for 

deletion directly in wildtype Canton S flies. By selecting Canton S flies as the genetic background 

in which to eliminate Kxd1, I lost the advantage of visually monitoring the efficiency with which 

Kxd1 was eliminated. Instead, unless loss of Kxd1 manifested a visually assessable 

haploinsufficiency phenotype, I would have to identify Kxd1 deletion mutants by molecular 

screening. Nevertheless, if the rate of deletion of Kxd1 in a Canton S background approached that 
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observed in the Harvard line f00719 flies, I reasoned that I could identify and rescue any putative 

deletion alleles by undirected screening.  The frequency of gene deletion (w+mC) was high enough 

in the previous Kxd1·CRIPSR experiments to anticipate encountering one or more Kxd1 deletion 

alleles in Canton S flies by even a low density molecular screen, i.e. PCR screen. I reasoned that I 

could accomplish this by segregating the third chromosomes of the CRISPR-injected Canton S 

flies and establishing F1 lines and then screen the resulting lines for the presence of a Kxd1 

deleted allele.  I further reasoned that this could even be accomplished without producing 

homozygous deletion lines, if I was looking for diagnostic PCR products that were kinetically 

favored over wildtype Kxd1 PCR products as the diagnostic PCR products that I was looking for 

were.  

This last point was of particular interest because it was not clear if deletion of Kxd1 in 

Drosophila would be homozygous viable. It was theoretically possible that Kxd1 was duplicated 

in Harvard line f00719 flies because piggyBac insertion had disrupted expression of Kxd1, and 

flies that had experienced a Kxd1 duplication were at a selective advantage. Notably, a second 

annotated line of PBac insertion in the 5’ UTR of Kxd1 (also an Exelixis pBac{WH} insertion 

line) was no longer available. 

 The purpose for targeting Kxd1 for deletion directly in Canton S was that my ultimate 

goal was to obtain a Kxd1 mutant in a wildtype genetic background that was isogenic with the 

previously characterized canonical BLOC-1 mutant, blos1 [30], to allow direct and quantitative 

comparison between the effects of these mutations.  It is notable that previous characterization of 

loss of Kxd1 in mice had not been performed in a directly comparable quantifiable manner, much 

confusing the interpretation of these results [6]. Directly deleting Kxd1 in a background isogenic 

to a previously generated mutation of BLOC-1 had the advantage of eliminating multiple 

downstream steps of outcrossing Kxd1 mutants generated in a genetically isolated line, such as 

Harvard line f00719, in order to bring it into a common genetic background. Avoiding these 

‘Cantonization’ steps also had the advantage of potentially avoiding molecular screening of the 
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progeny from each outcross if, as was seen of Vab2, a visible phenotype was not available to 

follow the gene deletion through the crosses. 

 Unfortunately, due to unrelated circumstances, I was not able to determine the efficiency 

with which Kxd1 was targeted and eliminated in Canton S flies, but by screening individuals from 

the sublines that did remain after I was able to return to following up on these injection 

experiments, I identified and isolated a NHEJ genomic deletion mutant of Kxd1. I found the Kxd1 

deletion allele harbored by these mutants in a heterozygous state, but I was able to segregate the 

allele and establish it homozygously.  No eye color phenotype was apparent when the deletion 

allele, Kxd176i, was brought to homozygosity. Nevertheless, Kxd176i had the anticipated DNA 

structure that eliminated the vast majority of the Kxd1 ORF along with critical portions of the 

neighboring upstream CG10638 gene indicating that the allele had been generated by DNA 

cleavage at the Cas9 target sites and had been repaired by NHEJ after limited DNA end resection 

to a stretch of three base microhomology (Fig. 3.7).  

As no other genomic Kxd1 sequences were detectable in the strain harboring this allele, 

this meant that Kxd176i was a bona fide genetic null of Kxd1, but it was also a likely genetic null 

of CG10638. Thus Kxd176i could be used to identify putative Kxd1 deletion phenotypes – it had 

already been used to show that deletion of Kxd1 was homozygous viable – but verification of 

these phenotypes would require additional steps such as genetic complementation using 

endogenously expressed ‘Kxd1 and CG10638’ constructs and ‘CG10638 only’ constructs. 

Alternatively, a second deletion allele of Kxd1 that did not also eliminate CG10638 sequences 

could be used to validate the Kxd1 deletion phenotypes observed of Kxd176i.         

 

CRISPR deletion of Blos3 

 

 With similar considerations in mind to those for deleting Kxd1 in Canton S flies, I set out 

to delete Blos3 in a Canton S background. Although Blos3 is situated in a complex genetic locus 



 89 

– it is entirely overlapped by Rad9 [26, 28] – I was able to identify CRISPR target sites that 

eliminated over half of the Blos3 coding region, including the Blos3 initiation codon, without 

affecting the open reading frame of Rad9.  Cas9 cutting at these CRISPR target sites did 

eliminate 47 b.p, of the Rad9 3’ UTR (prior to the removal of any additional bases by DNA end 

resection and NHEJ), but it otherwise did not delete Rad9 coding sequences. Therefore, in this 

case, I did not construct and co-inject a gene replacement template with the Blos3 CRISPR 

reagents. 

 I was able to immediately establish and screen F1 flies from the injected founders, and I 

identified multiple instances of heritable Blos3 deletion among the F1 flies from individual 

injected founders.  In each case the Blos3 deletion allele was inherited in Mendelian ratios 

indicating that the individual deletions had been created at an early, probably single cell, 

developmental stage in the injected founders and that the injected founders that harbored the 

individual Blos3 gene deletions were probably heterozygous.  

Since I had identified in this manner three Blos3 deletion alleles among the first nine 

injected flies that successfully mated, I deemed it unnecessary to screen additional flies. Each of 

the isolated alleles was created from a unique genomic editing event (a unique Blos3·CRISPR 

embryo injection) in a Canton S background, and each of the alleles was molecularly distinct. 

This greatly diminished the chances of later erroneously characterizing the effects of Blos3 

mutation due to a random second site mutation in one of the lines, and the creation of the deletion 

alleles in a Canton S background allowed for the immediate characterization of loss of Blos3 with 

a high degree so long as identical phenotypes were observed from each individual deletion line. 

 

CRISPR gene targeting and deletion efficiencies 

 

 The rate of success and ease of isolating Blos3 CRISPR-generated deletions was on par 

with the efficiency with which w+mC was seen to have been eliminated from the Harvard f00719 
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flies when they were injected with Kxd1 CRISPR reagents. This efficiency of gene deletion, 

along with the advantages of not having to isogenize deletion alleles generated in a non-related 

background, argued that CRISPR-mediated genomic editing in Drosophila was efficient enough 

to target gene deletion directly in the genetic background of interest. The lack of a visibly 

scorable marker, as has traditionally been a practical requirement for gene deletion strategies such 

as P element imprecise excision and as still recommended by Gratz et al. [25], is practically 

unnecessary and even burdensome. Instead, CRISPR-mediated gene deletion events that occur at 

the frequencies observed here can be identified by undirected screening, and there is no reason to 

not directly target genes in the background of interest. A visibly scorable marker becomes even 

less necessary, if one is targeting a gene on the X chromosome that is expected to elicit a visible 

phenotype when deleted. In these cases, one might identify gene deletion events directly in 

injected animals if, for instance, hemizygous males are generated by CRISPR-mediated gene 

deletion. 

 In this vein, it was notable that despite the high frequencies observed of CRISPR-

mediated gene deletion, I did not observe any instances of homozygous gene deletion.  Despite 

60% of the Kxd1·CRISPR-injected flies appearing to be heterozygous for w+mC and at least 30% 

of the Blos3·CRISPR-injected flies seeming to be heterozygous for Blos3, homozygous deletion 

flies were never observed or isolated. 

 I also never obtained reliable data about the efficiency of gene replacement using the 

Gratz et al. set of CRISPR reagents. Gene replacement is supposed to be relatively efficient using 

the proper approaches and the Gratz et al. complement of CRISPR tools [5, 13, 25]. However, 

gene replacement was unlikely to have occurred in the original CRISPR-injection experiments 

that I performed targeting Kxd1 in Harvard f00719 flies due to lack of homology between the 

Kxd1::emGFP gene replacement vector and the Cas9 DNA cuts that likely occurred in the 

Harvard f00719 flies (c.f. Fig 3.4 and the CRISPR-mediated loss of w+mC  section of the Results). 

I was not able to adequately screen the later Kxd1·CRISPR injections of Canton S flies, and I did 
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not co-inject a gene replacement donor when I deleted Blos3 by CRISPR-mediated gene 

targeting. Therefore I did not have sufficient data to make conclusions about the efficiency of 

gene replacement in CRISPR-injected flies using long circular dsDNA donor templates, although 

these were recently reported by others to work efficiently [13]. 

 Lastly, the parameters of CRISPR reagents injection appear to matter significantly. After 

realizing that it was optimal to directly inject the Kxd1·CRIPSR reagents into Canton S flies in 

order to obtain a Kxd1 deletion, I revisited the design and selection of the Kxd1 CRISPR target 

sites. As mentioned in the Results section, in addition to the 5’ Kxd1 target site in CG10638 that 

was used to target Kxd1 in Harvard f00719 flies, and which, in combination with the selected 3’ 

Kxd1·CRISPR target site, effectively deleted w+mC and generated Kxd176i, a second 5’ 

Kxd1·CRIPSR target site existed in exon 1 of Kxd1 at the start of the Kxd1 ORF. I generated a 

chiRNA-encoding plasmid to produce this new 5’ CRISPR target site and had it injected into 

Canton S flies along with the original 3’ Kxd1·CRISPR chiRNA plasmid and pHsp70-Cas9 

(without co-injection of a gene replacement donor since CG10638 was left untouched by these 

CRISPR reagents and DNA deletion was entirely limited to Kxd1 sequences).  

The quantities of DNA that I had injected in this round of CRISPR DNA-injections were 

in excess of those normally used to generate CRISPR-mediated gene deletions. Despite injecting 

245 embryos, only 7 of these matured to adulthood and only 2 of those successfully bred to 

establish F1 lines (Both of these were Kxd1 wildtype). This indicated that the quantities of 

injected DNA were likely critical to successfully deleting a genomic target without causing 

excess mortality and sterility – problems that were endemic throughout these experiments.  

 Finally, the specific chiRNAs that are used likely have a profound effects on the 

efficiency of targeted gene deletion.  In addition to attempting to delete Kxd1 and Blos3 in Canton 

S flies, I targeted Muted, a canonical BLOC-1 subunit gene that, in mice, shows a typical BLOC-

1 phenotype [31, 32]. Although I validated that both the Muted CRISPR target site existed in 

Canton S flies, as annotated in FlyBase, as I had previously done for Kxd1 and Blos3, and despite 
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performing three rounds of CRIPSR injection into Canton S flies with these reagents, I never 

observed a targeted gene deletion of Muted even though I screened all of the injected founders 

that had bred F1 lines. Although viability and sterility were again issues with these rounds of 

CRISPR injection, I nevertheless PCR-characterized over 50 sample pairs (paired samples of 

injected-founders and 5 pooled F1 progeny) without observing any evidence of Muted gene 

deletion. This argued that at least one of the Muted chiRNAs had not efficiently targeted the 

intended cut site or that one of the cut sites was somehow resistant to Cas9 activity.  It was 

possible that some of the Muted·CRISPR-injected flies harbored NHEJ frame-shift mutations of 

Muted, but given the simplicity and ease of creating large gene deletions using the Gratz et al. 

Drosophila CRISPR reagents, the take-home lesson from targeting Kxd1, Blos3 and Muted was 

that specific chiRNAs may not efficiently target the intended locus but that the CRISPR approach 

of heritable genomic editing in Drosophila is a revolutionary break-through in terms of 

experimental design and execution.  
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Table 3.1 CRISPR deletion of Kxd1 in Harvard f00719 flies. A total of 326 CRISPR/Cas9-

injected embryos matured to adulthood. Injected embryos were homozygous for the PBac{WH} 

insertion in Kxd1. Each embryo was injected with a cocktail of DNA including the gene for the 

Cas9 endonuclease, genes directing the synthesis of two Kxd1-locus targeting chiRNAs, and a 

plasmid template for Kxd1 gene replacement. The genotype of each adult fly, with regard to loss 

or retention of PBac{WH}CG10681f00719, was determined based on eye color: heterozygous PBac 

(+/-) or homozygous PBac (+/+). The observed eye color differences were deemed to be a 

function of the intensity of w+mC expression carried by PBac{WH} and, thus, a reflection of PBac 

copy number. A minority of flies were of ambiguous eye color, and their genotypes could not be 

determined (N.D.). Flies were individually crossed to w- FM6 balancer flies, and each of the 

deduced genotypes bred true: +/- individuals produced equal numbers of w+ and w- progeny, +/+ 

individuals produced only w+ progeny. A large percentage of the animals did not produce 

offspring (% Sterile), while others died before mating successfully (% Died). 
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Figure 3.1. Strategy for CRISPR/Cas9-mediated deletion of Drosophila Kxd1. Gene 

schematics illustrating the Kxd1 genomic locus of Harvard line f00719 and the anticipated 

CRISPR deletion products.  The upper schematic illustrates the exon/intron structure of Kxd1 and 

the neighboring genes. The light blue exonic segments correspond to open reading frames 

(ORFs). Yellow segments represent untranslated regions (UTRs). Drosophila CG10681 (Kxd1) is 

located on the positive strand of third chromosome at cytological position 69C4. The neighboring 

genes are transcribed in the opposite direction. Kxd1 is separated from CG10638 by an intergenic 

region, but the 3’ UTR of Kxd1 overlaps with CG10646. Harvard line f00719 harbors a 

PBac{WH} insertion in the 5’ UTR of Kxd1. Bioinformatically-unique CRISPR/Cas9 target sites 

were identified upstream of Kxd1 in the second exon of  CG10638 (5’ target site), and near the 3’ 

end of the Kxd1 ORF (3’ target site). The Cas9 gene, chiRNAs specific to 5’ and 3’ target sites, 
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and a plasmid template for homologous recombination/repair were injected into embryos to 

generate a CRISPR/Cas9 deletion allele of Kxd1 and/or an emGFP gene-replacement product. 

The dotted red line in the middle schematic shows the anticipated non-homologous end-joining 

(NHEJ) deletion, which includes most of Kxd1, as well as portions of CG10638. The lower 

schematic shows the structure of the gene-replacement product, which restores the 5’ sequences 

of CG10638 and Kxd1, replaces the majority of the Kxd1 ORF with the coding sequence of 

emGFP (green box), and alters the genomic chiRNA target sites by making silent b.p. changes 

that render them recalcitrant to cutting. The w+mC dominant marker carried by PBac{WH} is 

removed in both the NHEJ deletion and in the emGFP gene-replacement product. 
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Figure 3.2. PCR Screening of PBacf00719 Kxd1·CRISPR-deletion lines. Representative PCR 

screening of PBac{WH}CG10861f00719 Kxd1·CRISPR-deletion flies.  PBac{WH} carries the 

w+mC dominant selectable marker. In the context of PBac{WH}-insertion in Kxd1 (Harvard line 

f00719, chromosomal w- background), w+mC imparts a gene dosage-dependent phenotype. 

Homozygous PBac{WH}CG10861f00719 animals are visually distinguishable from single copy 

PBac{WH}CG10861f00719 animals based on eye color. Lines of w- flies were established from 

CRISPR-injected founders that showed a heterozygous w+mC phenotype. These lines (F1 lines) 

were screened by PCR, using primers that amplified a 711 b.p. emGFP band (green arrows, lower 

gene schematic) as well as with a set of primers that amplified either a 1926 b.p. wildtype Kxd1 

band, a 443 b.p. (or smaller) Kxd1-deletion band, or a 2059 b.p. Kxd1::emGFP gene-replacement 

band (blue arrows, upper gene schematic). None of the w- F1 lines showed evidence of emGFP 

incorporation (gel, emGFP, F1 lines), and all of the w- F1 lines amplified only the 1926 b.p. band 

indicative of wildtype Kxd1 (gel, CG10638-Kxd1, F1 lines, and upper blue arrow, right hand side 

of gel). The same primer pairs were used to screen a selection of individual Kxd1·CRISPR-

injected flies, including six that showed a heterozygous w+mC eye color (Injected w +/-), and one 

that showed a homozygous w+mC eye color (Injected w +/+). Uninjected parental 

PBac{WH}CG10861f00719 flies were included as a control (Parental PBac). All of the flies that 

were injected with CRISPR reagents as embryos amplified the emGFP PCR band as adults, but 

the uninjected parental PBac line did not (green arrow, left hand side of gel). Confoundingly, the 

w+/- injected founders, primarily amplified the wildtype Kxd1 band (upper blue arrow, right hand 

side of gel).  This band was also observed from the w+/+ injected founder, from the uninjected 

Harvard f00719 flies, and from all of the w- F1 lines. This PCR product should not have been 

generated from any of these flies since the PBac transposon is 7234 b.p. in size, and 

Kxd1·CRISPR-mediated gene deletion should have generated either a Kxd1 deletion (NHEJ 

product) or an emGFP gene-replacement product but not a wildtype Kxd1 locus. Four of the six 

injected w+/- founders also amplified non-stoichiometric bands of 443 b.p. or smaller, indicative 

of CRISPR-mediated Kxd1 gene-deletion and NHEJ (four lower purple arrows, right hand side of 

gel). Neither the parental PBac line, the w+/+ injected founder, nor the F1 lines amplified Kxd1-

deletion/NHEJ bands. 
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Figure 3.3. Sequencing of Kxd1 5’ CRISPR target sites. Gene schematics and representative 

sequencing electropherograms. Sequencing analysis revealed that two 5’ Kxd1·CRISPR target 

sites exist in the Harvard f00719 line of flies that carry the PBac{WH}10681f00719 insertion in 

Kxd1. Both 20 b.p. 5’ Kxd1·CRISPR target sites are located in exon 2 of the adjacent CG10638 

gene but exists in distinct genomic contexts and have sequence variations. Three different primer 

pairs were used to PCR amplify these loci for Sanger sequencing. All three primer pairs utilized 

the same 5’ primer, CDS-179, but different 3’ primers. The 3’ primer CDS-170L anneals in exon 

1 of CG10638, such that CDS-179/CDS-170L (blue arrows) gave rise to a 294 b.p. PCR product 

from both genomic templates. The sequencing data from this PCR product (Non-selective Primer 

Pair) showed C and T peaks of equal intensity at position 8 of the 5’ CRISPR target site (lower 

red arrow). Automatic base-calling deemed this position a pyrimidine (Y – upper red arrow). 

CDS-183S anneals within the 5’ terminal bases of PBac{WH}. The CDS-179/CDS-183S primer 

pair (orange arrows) amplified a 1610 b.p. PCR product. Only the 5’ CRISPR target that was 

proximal to the PBac{WH} insertion in Kxd1 served as a template for this PCR product due to 

the PBac annealing target of CDS-183S. The sequencing electropherogram (PBac-selective 

Primer Pair) showed a T in position 8 of the 5’ CRISPR target site. This matched the FlyBase 

reference sequence and the 5’ Kxd1 chiRNA. The last 3’ primer, CDS-185, anneals in exon 1 of 

Kxd1, downstream of the PBac{WH} insertion site. (The PBac insertion site in the annotated 

copy of Kxd1 in is shown whited-out for spatial reference.) Primer pair CDS-179/CDS-185 (green 

arrows) amplified a 1038 b.p. PCR product. Only the 5’ CRISPR target adjacent to the wildtype 

copy of Kxd1 served as a template for this PCR product due to the intervening 7234 b.p. 

PBac{WH}10681f00719 insertion in the annotated copy of Kxd1. This PCR product was generated 

from the same templates that gave rise to the other PCR products, and sequencing of this product 

revealed a C in position 8 of the 5’ CRISPR target (Wildtype-selective Primer Pair). This 

indicated that all of the lines examined (all Harvard f00719 flies or lines established from these 

flies) contained a second copy of Kxd1 that did not harbor a PBac{WH} insertion and was 

proximal to a non-conforming 5’ CRISPR target site (left hand gene schematic). 
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Figure 3.4. Deletion of w+mC and reconstitution of Kxd1 in CRISPR-targeted Harvard f00719 

flies. PCR analysis and sequencing data revealed tandem duplication of Kxd1 in Harvard f00719 

flies. These flies were initially chosen as a genetic background for CRISPR-mediated deletion of 

Kxd1 because the w+mC construct carried by the PBac insertion in Kxd1 served as a visible marker 

of Kxd1 deletion or retention. A large number of Harvard f00719 flies displayed a heterozygous 

w+mC phenotype after CRISPR injection and subsequently segregated the w+mC and w- phenotypes 

to their F1 progeny in a Medelian manner. The upper schematic shows a tandem duplication of 

the Kxd1 locus consistent with the PCR and sequencing data: A wildtype copy of Kxd1, without a 

PBac insertion, is upstream and in the same orientation as the annotated copy of Kxd1 with a 

PBac insertion. Injection of CRISPR reagents directs Cas9 endonucleolytic activity to the 5’ and 

3’ CRISPR target sites flanking the PBac-Kxd1 allele but only to the 3’ target site proximal to the 

wildtype copy of Kxd1 (orange arrows). The 5’ site proximal to the wildtype Kxd1 allele differs 

by one nucleotide from the 5’ CRISPR chiRNA and therefore makes this site not a target (X). The 

resulting CRISPR cutting pattern is topologically equivalent to cutting at only the 3’ target site 

proximal to a single copy of Kxd1; chromosomal repair reconstitutes Kxd1 and eliminates the 

intervening PBac-Kxd1 allele harboring the w+mC marker (lower gene schematic). 
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Figure 3.5. Possible Kxd1 gene duplication arrangements. Four possible arrangements are 

shown for the Kxd1 gene duplication in Harvard f00719 flies. Two alleles of Kxd1 are present in 

these flies. The Kxd1 allele with the annotated PBac insertion is flanked by 5’ and 3’ CRISPR 

target sites (orange arrows). The second Kxd1 allele is wildtype, does not have a PBac insertion, 

and is proximal only to a 3’ CRISPR target site (orange arrow).  The 5’ site next to this allele 

does not match the FlyBase reference sequence or the 5’ CRISPR target sequence (black X). For 

each arrangement, the size of the PCR bands produced from the NHEJ repair product is shown 

(� indicates observed, � indicates not observed). (A) Head-to-tail tandem duplication: PBac-

Kxd1 upstream of wildtype Kxd1. CRISPR targeting of this arrangement deletes both copies of 

Kxd1. CRISPR deletion of this duplication arrangement is equivalent to CRISPR deletion of a 

non-duplicated Kxd1 gene. (B) Head-to-tail tandem duplication: wildtype Kxd1 upstream of 

PBac-Kxd1.  The NHEJ repair of this duplication arrangement produces a single restored copy of 

Kxd1 without a PBac insertion (c.f. Figure 3.4 – lower gene schematic) The PCR products 

expected from NHEJ of this arrangement were those observed from Harvard f00719 flies treated 
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with Kxd1·CRISPR reagents. (C) Head-to-head inverted duplication. The NHEJ repair product of 

this arrangement is loss of the PBac-Kxd1 allele and generation of a single Kxd1 allele in which 

the 3’ end of Kxd1 is replaced with the reverse-compliment of the CG10638 gene. Primer 

CDS-179 would serve as both a 5’ and a 3’ primer on this NHEJ product to generate a 1857 b.p. 

PCR band when using either primer pair CDS-179/CDS-180 or CDS-179/CDS-181. Primers 

CDS-180 and CDS-181 are whited-out next to this gene duplication arrangement since they 

would not be involved in generating the diagnostic PCR products anticipated from NHEJ repair 

of this gene arrangement.    (D) Tail-to-tail inverted duplication. The NHEJ repair product from 

this arrangement is deletion of both copies of Kxd1 and joining of the remaining Kxd1 3’ UTRs as 

an inverted repeat. By serving as both 5’ and 3’ primer downstream of the 3’ CRISPR cut site, 

either CDS-180 or CDS-181 would generate a short PCR product diagnostic of this arrangement. 

Primer CDS-179 is whited-out next to this gene duplication arrangement because it would not 

participate in PCR amplification of the NHEJ repair products of this gene arrangement. 
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Figure 3.6. PCR screening of Kxd1 CRISPR-deletion flies (wildtype Canton S background). 

Wildtype Canton S flies were injected with CRISPR reagents targeting Kxd1 and crossed to 

TM3/TM6B balancer flies to generate F1 progeny. F1 animals from individual founders were 

pooled and screened by PCR. One of the F1 pools (pool 76i) screened positive for a NHEJ Kxd1-

deletion allele. Individuals from this pool were backcrossed to TM3/TM6B balancer flies to 

establish sublines and segregate the Kxd1 alleles in the population. A PCR screen was used to 

identify sublines that inherited the Kxd176i deletion allele. Primers CDS-179/CDS-180 amplify a 

1711 b.p. product from wildtype Kxd1 and a 228 b.p. NHEJ product from a CRISPR-deleted 

Kxd1 locus. Four of the 14 heterozygous sublines from this group carried the Kxd176i deletion 

allele (lanes 2, 3, 13 and 14). DNA from these animals amplified a strong 228 b.p. NHEJ Kxd1-

deletion PCR product and a less intense 1711 b.p. wildtype Kxd1 band from the Kxd1 gene on 

TM6B. The wildtype Kxd1 PCR product is kinetically disfavored in these reactions because of its 

size in comparison to the much shorter NHEJ deletion band. 
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Figure 3.7. Sequencing electrophoregram of Kxd176i allele. A sequencing electrophoregram of 

the Kxd176i deletion allele is shown below a gene schematic of the Kxd1 genomic region. Total 

DNA was purified from Kxd176i homozygous flies and sequenced with primer CDS-179 (red 

arrow). CDS-179 anneals in exon 2 of CG10638 and extends a sequencing product in the 

direction of Kxd1 transcription (discontinuous dashed line above gene schematic). Genomic 

regions missing from Kxd176i are shown whited-out on the gene schematic and include portions of 

CG10638, the CG10638-Kxd1 intergenic region, and most of the Kxd1 gene – only the last 33 nt 

of the Kxd1 ORF and the 3’ UTR are intact. Automated base calls are shown above the 

electrophoregram peaks. CG10638 bases are underlined in blue-gray. Kxd1 bases are underlined 

in baby-blue. The 5’ and 3’ DNA ends were joined by a three base stretch of microhomology 

(TTC) common to both DNA ends. Black arrows indicate the location of the CRISPR cut sites. 

Gray arrows indicate the extent of DNA-end resection (resected bases not shown). 
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Figure 3.8. PCR screening of Blos3 CRISPR-deletion flies. Gene schematic showing the Blos3 

genomic region. Exons are boxed: yellow regions are UTRs, blue regions are ORFs. Intergenic 

sequences are solid lines. Gene spans are shown by arrows that indicate the direction of gene 

transcription: the span of Blos3 is black, the partial spans of Rad9 and CG6852 are gray. Blos3 is 

located on the positive strand of the third chromosome at cytological position 75E2 and is entirely 

overlapped by Rad9 from the opposite direction. Blos3 was targeted in wildtype Canton S flies by 

designing CRISPR chiRNAs that remove sequences encoding the N-terminal half of Blos3 

(amino acids 1-76 out of 144). The deleted sequences fall largely within Rad9 intron 5 such that 

Rad9 intron 5 is deleted and Rad9 exon 5 and exon 6 are transcriptionally joined. Flies that were 

injected with Blos3·CRISPR reagents were individually crossed to a TM3/TM6B balancer stock 

to generate F1 progeny and screened by PCR along with a pooled sample of their F1 offspring 

(gel – P, injected parental fly; F1, F1 progeny). The annealing location of the PCR screening 

primers is indicated (blue arrows). These primers generated a 1125 b.p. wildtype Blos3 PCR 

product and a 784 b.p. Blos3-deletion band. Canton S·Blos3 groups 7, 8 and 18 (CSB3-7, CSB3-8 

and CSB3-18) all amplified a robust Blos3-deletion band. F1 individuals from these groups were 

individually crossed to balancer flies and screened to identify sub-lines of each Blos3-deletion 

allele: Blos37, Blos38 and Blos318. 
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Figure 3.9. Blos3 CRISPR-deletion electropherograms. 
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Figure 3.9. Blos3 CRISPR-deletion electropherograms. DNA was purified from Blos37, Blos38 

and Blos318 homozygous flies and sequenced with primer CDS-199. CDS-199 anneals in exon 1 

of CG6852 and extends a sequencing product in the direction of Blos3 transcription. The portions 

of the respective electropherograms that show the junctional repair between the 5’ and 3’ 

CRISPR cut sites are shown for each sequencing reaction. Automatic base-calls are shown above 

the color-coded peaks of each electropherogram. Bases corresponding to Blos3 5’ UTR sequences 

are underlined in purple. Bases corresponding to Blos3 ORF sequences from exon 3 are 

underlined in baby-blue. Black arrows show the locations of the initial CRISPR cut sites. The 

locations of the final DNA end resections are shown with gray arrows. (Bases that were removed 

by DNA end resection are not shown.) Blos37 connects the Blos3 5’ UTR to the Blos3 3’ ORF 

bases, apparently without microhomology end annealing, after the removal of three bases from 

the 3’ DNA cut site. The Blos38 DNA junction shows evidence of either single-base 

microhomology or a stretch of four base imperfect microhomology (AC–G) that has been 

corrected to match the homologous bases of the Blos3 5’ UTR (ACTG). The DNA end junction 

in Blos318 was presumably made by end annealing involving single-base microhomology (A). 

Each of the Blos3 deletion alleles shows different extents of DNA end resection before end-

joining was accomplished. Blos37 exhibits resection of three bases from the 3’ DNA cut site and 

joining to the unresected 5’ DNA end. Blos38 shows resection of two bases from the 5’ DNA cut 

site and possibly resection of three bases from the 3’ DNA cut site – although the 3’ DNA cut site 

may have been joined without resection to the resected 5’ DNA cut site and have then undergone 

a process of  “gene conversion” to modify the terminal nucleotides to match those of the resected 

5’ DNA cut site. Blos318 displays evidence of precise DNA end joining without resection of DNA 

from either CRISPR cut site; although one base pair is lost from the full complement of bases, 

presumably due to microhomology end annealing during end-joining.!
! !
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CHAPTER 4 
 

 

 

Phenotypic characterization of Vab2, Kxd1 and Blos3 gene deletion 

mutants  
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ABSTRACT 

 
The loss of blos1 in Drosophila was previously shown to elicit phenotypes analogous to the loss 

of BLOC-1 subunit genes in mice and humans, namely phenotypes related to the defective 

biogenesis of lysosome related organelles (LROs) such as the Drosophila eye pigment granules. 

Loss of blos1 or of genes encoding subunits of other protein complexes involved in LRO 

biogenesis (e.g. pink, a BLOC-2 subunit gene) causes eye color defects. Vab2 and Kxd1 are not 

canonical genes of metazoan BLOC-1, but in yeast the homologs of these genes encode protein 

subunits of yeast BLOC-1. Saccharomyces cerevisiae has a lysosome-like organelle, the yeast 

vacuole, but does not have LROs per se. Thus yeast phenotypes from the loss of yeast BLOC-1 

genes cannot be directly paralleled to BLOC-1 phenotypes in mammals and flies. To determine if 

loss of Vab2 or Kxd1 elicited BLOC-1-like phenotypes in Drosophila, I tested the eye color 

phenotypes of these mutations independently and in combination with mutations of blos1 or pink. 

I also tested the effects of loss of Blos3 in Drosophila.!BLOS3 is a BLOC-1 subunit that, in mice, 

elicits milder BLOC-1-like phenotypes than those caused by mutation of other BLOC-1 subunit 

genes. I found that mutation or loss of Vab2 did not have discernable eye color phenotypes nor 

did it modify the effects of BLOC-1 or BLOC-2 gene deletions. On the other hand, loss of Kxd1 

caused an increased accumulation of red and brown eye pigments, and deletion of Blos3 showed 

eye pigment deficits about half as severe as those observed from deletion of blos1. These findings 

suggest that Vab2 does not influence BLOC-1 function in metazoans, whereas Kxd1 may 

negatively regulate LRO accumulation. Finally, these data argue that, as part of BLOC-1, Blos3 

may have a distinct role in regulating or guiding BLOC-1 function rather than a primary 

mechanistic or structural role, as other BLOC-1 subunits appear to have. 
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INTRODUCTION 

 
Yeast BLOC-1 is a hexameric protein complex composed of three proteins related to 

constituents of metazoan BLOC-1: Bls1p (a BLOS1 homolog), Snn1p (a Snapin homolog) and 

Cnlp (a DUF2365 homolog that has Cappuccino-like structural features) – and three additional 

proteins that are not homologs of metazoan BLOC-1 proteins: Vab2p (an LOH12CR1 homolog), 

Kxd1p (a KXD1 homolog) and Bli1p (with no metazoan homolog yet identified) [1 and this 

work]. Saccharomyces cerevisiae do not have lysosome related organelles (LROs), but they do 

have a lysosome-like organelle, the yeast vacuole [2], and, although the phenotypes for deletion 

of the yeast BLOC-1 proteins have been elegantly tested and demonstrated [3], these phenotypes 

did not closely parallel metazoan BLOC-1 phenotypes to indicate if the metazoan homologs of 

the yeast-specific BLOC-1 subunits (Vab2 and Kxd1) had any role in the function of canonical 

BLOC-1 as characterized in mammals and insects. 

Specifically, deletion of any of the six BLOC-1 subunits in yeast affects endocytic flux 

along the endolysosomal pathway [3]. Yeast that are mutant for BLOC-1 show a decreased 

sensitivity to the toxic amino acid analogs, canavanine and thialysine. These drug-resistant 

phenotypes correlate with a lack of plasma membrane (PM) residence of the amino acid 

permeases, Can1 and Lyp1, respectively. Instead of normally being endocytosed and recycled to 

the PM, the authors of this study observed that the Can1 and Lyp1 transporters were sorted to the 

yeast vacuole in BLOC-1 mutants. The authors presented further evidence that this regulation of 

the endolysosomal pathway by yeast BLOC-1 involved the BLOC-1-mediated recruitment of 

Msb3, a Vps21 GAP (GTP-ase activating protein), to the endosomes, where it negatively 

regulates cargo flow to the vacuole by deactivating GTP-bound Vps21, a yeast Rab5 homolog. 

Thus, loss of yeast BLOC-1 or Msb3 results in the persistence of activated Vps21 and a resultant 

increased flow to the vacuole. Accordingly, deletion of Msb3 and BLOC-1 are epistatic to each 

other, but over-expression of Msb3 bypasses the requirement for BLOC-1 as an Msb3 receptor at 
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the endosomal membrane. At the same time that yeast BLOC-1 regulates flow from the 

endosome to the vacuole, deletion of yeast BLOC-1 genes does not affect trafficking of GNS 

(GFP-Snc1-Nyv1 fusion), an artificial AP-3 reporter construct [3].  

In contrast, rather than functioning as yeast BLOC-1 does to primarily retard flow along 

the endolysosomal pathway, metazoan BLOC-1 is involved in directing the maturation of 

lysosome and LROs. Thus, BLOC-1 deficient mouse or human cells mislocalize the lysosomal 

markers and AP-3 cargo proteins, LAMP1 and LAMP3, to the plasma membrane [4, 5], and the 

mutation of BLOC-1 subunits in rodent melanocytes similarly results in mislocalization of Tryp1 

to the plasma membrane [6]. On an organellar scale, mutation of BLOC-1 in metazoans results in 

compromised biogenesis of LROs such as platelet dense granules or melanosomes [7] – definitive 

defects of Hermansky-Pudlak syndrome (HPS), which is characterized by oculocutaneous 

albinism and prolonged bleeding [8]. In Drosophila, this is paralleled in BLOC-1 mutants by 

defects in eye pigmentation caused by decreased numbers and density of pigment granules in the 

sheath cells of the compound eye [9], the class of LRO in which drosopterins and ommochromes 

are stored and synthesized [10, 11]. 

Among the spontaneous mouse models of HPS that were found to represent mutations in 

BLOC-1 subunits, namely sandy, pallid, muted, cappuccino and reduced pigmentation (rp), rp 

was the last to be identified and cloned [12, 13]. rp mice have an atypical BLOC-1 phenotype that 

is characterized by mild coat color hypopigmentation and prolonged bleeding [14,15]. On a 

genetic level, rp mice harbor a mutation in the gene encoding BLOS3 [12, 13].  BLOS3 is unique 

among the BLOC-1 subunits in that it is the only one of the metazoan BLOC-1 proteins that does 

not contain predicted coiled-coil domains [12, 13]. This raises the intriguing possibility that loss 

of BLOS3 has a unique function among the BLOC-1 subunits that gives rise to the attenuated 

phenotypes observed of rp mice.  

Using the Drosophila deletion lines of Vab2, Kxd1 and Blos3 that I described creating in 

previous chapters, the experiments that I describe in this chapter aim to address if loss of Vab2 or 
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Kxd1 produces BLOC-1-like phenotypes and if the phenotypes of Blos3 deletion in Drosophila 

indicate that the mouse rp phenotypes result from intrinsic characteristics of BLOS3, or if they 

reflect species-specific effects or artifacts of the specific genetic lesion harbored by rp mice.  
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MATERIAL AND METHODS 

 
Fly Stocks 

 

Flies were maintained and bred in a dedicated room maintained at 20-24°C on media prepared by 

the UCLA Drosophila Media Facility. The generation of Vab2, Kxd1 and Blos3 deletion lines was 

described in previous chapters of this dissertation. blos1ex65 flies were described previously [9]. 

Canton S wildtype, w- (w1118) and BLOC-2 (pp) flies were obtained from the Bloomington Stock 

Center.  

 

Eye Pigment Quantification 

 

Red and brown eye pigments (drosopterins and ommochromes, respectively) were quantified as 

previously described [16] with the following considerations: Males were collected within 24 

hours of eclosure, transferred to another vial and aged for precisely 48 hours, and then frozen at -

80°C in 1.5 ml centrifuge tubes until processed.  Flies were frozen in groups of 4 per tube in order 

to facilitate subsequent sample preparation. Heads were isolated by vortexing the frozen flies and 

then transferring the liberated heads to a fresh, pre-chilled tube. Isolated heads were crushed at 

room temperature in the appropriate solution (c.f. below) using a Kimble Chase® micropestle. 

 

Red pigments were extracted from the heads of four flies per sample, by crushing the heads in 

250 µl of 30% (v/v) ethanol acidified to pH 2 with HCl. Crushed heads were tumbled for 20 

hours at room temperature in a light-protected enclosure. The extracts were then cleared by 

centrifugation for 1 minute at 13,000 X g.  The clarified extracts were transferred to a new tube 

and quantified by determining their absorbance at 480 nm. 
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Brown pigments were extracted from the heads of 8 flies per sample, by crushing the heads in 

150 µl of 2N HCl, followed by adding 10 µl of 100 g/L sodium metabisulphite and 200 µl 

butanol and tumbling for 30 minutes at room temperature in a light-protected enclosure. Organic 

and aqueous phases were then separated by centrifugation at 4000 X g for 5 minutes, and the 

organic phase (upper) was transferred to a new tube, to which 150 µl of 0.66% (w/v) sodium 

metabisulphite was added. Samples were tumbled for an additional 30 minutes followed by 

centrifugation for 5 minutes at 4000 X g. The upper organic phase was collected and quantified 

by determining absorbance at 490 nm. 

 

For both red and brown pigment extractions, the absorbance measurements were normalized to 

average values obtained from samples of wildtype Canton S flies. Average background 

absorbance values were determined from extractions of w- (w1118) flies and subtracted from all 

readings before value normalization. 

 

Weight determination 

 

Fly weights were determined by weighing 2-3 day old adult male flies in groups of 4 in 1.5 ml 

centrifuge tubes that had been pre-weighed. Handling of tubes was done with gloves or forceps. 

Flies were weighed alive immediately after collection. Tubes were weighed at least twice when 

pre-weighed and twice after flies were added.    

 

 

Fly crosses for Vab2 double mutant lines 

 

To generate F1 generation flies that were heterozygous for Vab2 and either blos1 or pink, all of 

the parental line crosses were initiated with Vab2 virgin females (Vab2114 or Vab2115) and 
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blos1ex65 or pp males, because Vab2 is on the X chromosome. This was necessary to insure that all 

of the resulting F1 males were Vab2 hemizygotes. 

 

Because of the lack of a visibly scorable Vab2 phenotype, putative F2 generation double mutants 

were bred in pairs and individually PCR screened after successfully mating to determine the Vab2 

status of each F2 parent. A similar PCR screen was performed to confirm the blos1ex65 status of 

each F2 parent. Double mutant flies were maintained as lines after being generated.   
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RESULTS 

 
Deletion of Vab2 does not affect gross fly phenotypes such as weight 

 

To determine if deletion or mutation of Vab2 had gross phenotypic effects on Drosophila, 

I examined the ‘Cantonized’ Vab2114 and Vab2115 mutant flies for visually obvious phenotypes. 

No morphological differences or visually discernable pigmentation phenotypes distinguished 

these animals from wildtype Canton S flies. I also compared the weights of these flies to both 

wildtype Canton S and w- flies.  

To accurately compare the weights of animals, I collected male flies of each genotype 

within 24 hours of eclosure and aged them in separate vials for an additional 2 days.  This 

generated populations of 2-3 day old males that were used for further characterization. These flies 

were weighed in groups of four, and the average weight per individual fly was calculated 

accordingly. When the distribution and average weights were compared between genotypes, no 

significant difference was observed between Vab2114, Vab2115, blos1, w- and Canton S flies 

(Fig. 4.1).  

Although these observations did not elucidate the function of Vab2, the fact that there 

were no gross phenotypic differences between Vab2, blos1, w- and Canton S flies indicated that 

further characterization, such as differences in eye pigment accumulation between the genetic 

backgrounds, could be reasonably compared between these flies without correcting for 

differences in size or weight between groups of 2-3 day-old males. 

 

Visible eye phenotypes of Vab2 mutants 

 

The eye pigments of Drosophila are biosynthetically and chemically unrelated to 

mammalian melanins that are synthesized in melanosomes, but, like melanins, the synthesis and 
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storage of Drosophila eye pigments occurs in a class of LRO, i.e. pigment granules [11]. In 

Drosophila, mutation of the genes that encode subunits of AP-3, BLOC-1, BLOC-2 or BLOC-3 

all affect maturation of these LROs [17, 18, 16, 19, 20]. In particular, loss of blos1 causes an 

accumulation of only 30-40% wildtype levels of red and brown eye pigments (drosopterins and 

ommochromes, respectively) [9]. Despite these reduced levels of eye pigments, the eyes of 

Drosophila blos1 mutants are still visibly red; however, they do not appear as “brilliant” as the 

eyes of wildtype Canton S flies and they lack a pseudopupil. In contrast, the eyes of both Vab2114 

and Vab2115 mutants appeared indistinguishable from the eyes of wildtype Canton S flies: Vab2 

fly eyes were brilliant red and they generated a pseudopupil effect just as effectively as the eyes 

of Canton S flies.  

 

Red eye pigments of Vab2 mutants 

 

The visible eye color phenotype of blos1 mutant flies is apparent to the trained observer, 

but this lack of brilliance and of the pseudopupil effect is the result of a 60-70% reduction in the 

quantities of eye pigments of wildtype flies. This means that less severe reduction in pigment 

accumulation may not be visibly discernable, and this could have possibly been the case for flies 

with a loss or reduction of Vab2 expression. To determine if either of the Vab2 mutant alleles 

carried by the 3114 and 3115 lines caused a reduction of drosopterins, I extracted red pigments 

from isolated heads of Vab2114 and Vab2115 flies and compared the photometric absorbance of the 

extracted fractions at 480 nm (A480) to similar extractions performed on Canton S flies. To control 

for size, sex and developmental considerations, each sample was prepared from the heads of four, 

2-3 day-old, males flies. Background absorbance at 480 nm from compounds other than 

drosopterins was determined by preparing samples from w- flies that accumulate no red eye 

pigments. These background readings were subtracted from each sample prior to comparing 

values. blos1 flies were included as a positive control of reduced drosopterins. 
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In agreement with a lack of visible eye color defects, the Cantonized Vab2115 lines 

showed no significant change in the accumulation of drosopterins relative to Canton S (Fig 4.2 

A). The Vab2114 lines, however, showed a modest but statistically significant increase in red eye 

pigments of about 5%.  When these data were re-analyzed by Vab2 sublines (Vab2114•FC14, 

Vab2114•FC17, Vab2115•FC33.2 and Vab2115•FC36.2) only the Vab2114•FC14 showed a statistical difference 

in the quantities of drosopterins versus those of Canton S flies (Fig 4.2 B).  This indicated that 

mutation of Vab2 did not affect drosopterins pigment granule biogenesis in the manner that loss 

of blos1 does, and it argued that the statistically significant increase in red eye pigments in 

Vab2114•FC14 flies was not due to the Vab2114 deletion allele but due to some other event that 

occurred during partial Cantonization of that subline. 

 

Brown eye pigments of Vab2 mutants 

 

 The brown eye pigments of Drosophila (ommochromes) are synthesized by a distinct 

group of enzymes from those responsible for the synthesis of the red eye pigments [10], and it has 

been proposed that, although the accumulation of both of these pigments are affected by 

mutations in genes of the ‘granule group’, they are stored in distinct LROs and each type of LRO 

is differentially dependent on the assortment of complexes formed by the granule group proteins 

[20].  Thus, although Vab2 mutants showed no obvious eye color deficit either by visual 

examination or by quantification of red eye pigments, I sought to determine if Vab2 affected 

ommochrome accumulation by measuring brown pigments in Vab2 mutants versus wildtype 

Canton S flies. 

 The extraction protocol for brown pigments is different from that used to extract red eye 

pigments, but a similar sample collection protocol was used to control for size, sex and 

developmental considerations. Ommochromes were extracted from the heads of 2-3 day-old 

males and quantified by spectrophotometry at 490 nm. Because of the lower absolute absorbance 
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of brown pigments in comparison to red pigments, each brown pigment sample was composed of 

eight heads. Absorbance values were normalized to brown pigments extracted from Canton S 

flies after subtracting background A490 from similar extractions on groups of w- fly heads. 

Ommochromes were extracted from blos1 flies as a control showing reduced accumulation of 

brown pigments. 

  When measured collectively, neither the Vab2114 lines nor the Vab2115 lines displayed 

any significant difference in the accumulation of ommochromes versus Canton S flies (Fig 4.3 

A). However the distribution of values obtained from the Vab2114 samples was considerably 

broader than that of any of the other genotypes. When the collected A490 values were reexamined 

based on Vab2 subline (Vab2114•FC14, Vab2114•FC16, Vab2114•FC17, Vab2115•FC33.2 and Vab2115•FC36.2), 

each of the Vab2114 sublines showed a statistical difference in the quantity of ommochromes that 

was extracted from them in comparison to Canton S (Fig. 4.3 B).  This was most significant for 

Vab2114•FC14, the same Vab2114 subline that showed a statistically significant increase in the 

accumulation of drosopterins (Fig. 4.2 B). However, both of the Vab2115 sublines showed a lack 

of significant difference in amounts of ommochromes isolated from Canton S (Fig. 4.3 B). These 

findings indicated that loss of Vab2 did not phenocopy loss of blos1 with respect to causing 

defective pigment granule biogenesis. Furthermore, the differences in brown pigment levels 

isolated from each of the independently Cantonized Vab2114 sublines showed no trend indicative 

of a bona fide effect of Vab2 on brown pigment accumulation: Vab2114 sublines FC14 and FC17 

showed increased accumulation of ommochromes relative to Canton S, but FC16 showed 

decreased accumulation of ommochromes.  

 

Genetic interaction of Vab2 and blos1 – double mutant eclosure 

  

 Although neither of the Vab2 deletion alleles caused a change in red or brown pigment 

accumulation as independent mutations, it was possible that Vab2 mediated a compensatory 
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mechanism when BLOC-1 was defective or that Vab2 somehow affected the severity of the loss 

of blos1 through other genetic interactions. To determine if Vab2 modified the blos1 phenotype 

and to look for synthetic genetic interactions with blos1, I introduced the Vab2 mutations into a 

line of flies carrying the blos1ex65 deletion.  

Vab2 is on the Drosophila first chromosome (X chromosome) and blos1 is on the 

Drosophila second chromosome [9]. Accordingly, I was able to generate Vab2 ; blos1 double 

mutants by classical genetic crosses. I crossed females from two sublines of flies homozygous for 

Vab2114, FC14 and FC17, and two lines of flies homozygous for Vab2115, FC 33.2 and FC38.1, to 

male blos1ex65 homozygous flies. These crosses established F1 generations of ‘double 

heterozygotes’: females heterozygous for one of the Vab2 alleles and for blos1ex65 and males 

hemizygous for one of the Vab2 alleles and blos1ex65.  These ‘double heterozygotes’ were crossed 

to their siblings (F1 cross) in order to obtain double homozygotes. 

 The crosses described above were done without the use of balancers, and to obtain the 

desired double homozygous flies as lines (without floating wildtype Vab2 or blos1 alleles), I 

crossed individual F2 males to individual F2 females. With this breeding scheme, the desired 

lines would be obtained if both F2 parents were homozygous double mutants. By selecting 

animals with a visible blos1 phenotype, I could limit the crosses that I set-up to the subpopulation 

of F2 animals that were homozygous for blos1ex65. A caveat of this strategy was that if Vab2 

modified the blos1 phenotypes and made it no longer distinguishable, I risked not crossing Vab2 ; 

blos1 double homozygous parents and only crossing +/+ or Vab2/+ ; blos1 flies. To avoid this I 

compared the number of observed blos1 homozygous F2 progeny to the expected number of 

blos1 homozygous F2 progeny. The initial progeny counts indicated that blos1 homozygotes were 

eclosing at roughly half the frequency at which they were expected. However, when the 

observation window was extended from 2 days to 6, it was seen that blos1 homozygotes were 

eclosing at the ratios expected from the independent assortment of alleles (Table 4.1). This meant 

that loss of Vab2 was not modifying the blos1 phenotype in a manner that rendered it visually 
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distinguishable from single blos1 homozygotes nor was Vab2 causing synthetic lethality with 

blos1. Nevertheless, these data did hint that blos1 may have a late eclosure phenotype in 

combination with loss of Vab2. However, because I did not determine the genotype the blos1 

animals with regards to whether they eclosed late or on-schedule with their heterozygous siblings, 

I am unable to state whether late eclosure correlated to Vab2 status or it is a newly recognized and 

independent phenotype of blos1. 

 

Lack of modifying effects of Vab2 mutation on blos1 reduced red eye pigments 

 

 After obtaining the Vab2114 ; blos1ex65 and Vab2115 ; blos1ex65 double mutant lines, I 

compared the red pigment levels of these flies to those of wildtype Canton S flies and blos1 

single mutants to determine if Vab2 modified the blos1 red pigment phenotype.  As was done 

for the red pigment comparisons described in the previous section, I collected heads from 2-3 

day-old males of each genotypes and extracted drosopterins from groups of four heads per 

sample. Drosopterins were quantified spectroscopically by determining the A480 of each sample, 

and values were normalized to those obtained from Canton S flies after subtracting background 

A480 measurements from w- flies. 

 Neither Vab2114 nor Vab2115 changed the degree of red pigment reduction caused by loss 

of blos1: there was no statistical difference in red pigment accumulation between the blos1ex65 

single mutant line of flies and either Vab2114 ; blos1ex65 double mutants or Vab2115 ; blos1ex65 

double mutants (Fig 4.4). These findings were consistent with the observations shown in Table 

4.1 that indicate that neither allele of Vab2 affected the blos1 reduction of eye pigments in a 

visibly discernable manner.  Together, these data indicated that Vab2 did not act as a genetic 

modifier of blos1. 
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Lack of modifying effects of Vab2 mutation on BLOC-2 (pp) reduced red eye pigments 

 

 The pink gene (p) encodes the HPS5 subunit of Drosophila BLOC-2 [16, 19]. In both 

mice and Drosophila, the blos1 phenotype is epistatic to mutations in BLOC-2 (cocoa in mice, pp 

in Drosophila) [9, 4]. Performing a similar eye color epistasis test between Vab2 and pp in 

Drosophila was not possible because Vab2 alone did not elicit an eye color phenotype. 

Nevertheless, it remained possible that Vab2 might modify the pp eye pigmentation phenotype. 

To test for this possibility I introduced the Vab2 alleles into a line of flies homozygous for the pp 

allele. Because p is on the Drosophila third chromosome, Vab2 could be introduced by standard 

genetic crosses, and a strategy similar to the one used to generate Vab2 ; blos1 double mutant 

flies was followed (i.e. generating ‘double heterozygous’ F1 animals and performing F1 crosses 

to obtain double homozygotes that were identified by PCR screening). 

 pp homozygotes were obtained from the Vab2 ; pp heterozygous F1 crosses at the 

expected Mendelian frequencies. Once lines of Vab2114 ; pp and Vab2115 ; pp double homozygotes 

had been identified, I tested the effects of Vab2 on BLOC-2 by determining if loss or mutation of 

Vab2 affected the red eye pigment accumulation defects of pp. As described above, drosopterins 

were extracted from the heads of 2-3 day-old males flies and quantified by spectrophotometric 

absorbance at 480 nm. Four heads were used per sample. Absorbance values were normalized to 

those obtained from Canton S flies and background absorbance was determined from similarly 

extracted groups of w- fly heads. 

 Neither Vab2114 nor Vab2115 had a statistically significant effect on the reduced 

accumulation of drosopterins caused by mutation of p, i.e. both Vab2114 ; pp and Vab2115 ; pp flies 

showed reduced levels of drosopterins that were not statistically different from the reduced levels 

of red eye pigments extracted from pp single mutant flies – approximately 25% of Canton S (Fig 
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4.5). This indicated that Vab2 did not modify the reduction of red eye pigments caused by the pp 

mutation. 

 

Increased accumulation of red and brown eye pigments in Kxd1 mutants 

 

  The loss of Kxd1 in mice was reported to phenocopy the deficiency of canonical BLOC-

1 subunit genes in an attenuated manner [21]. However, Kxd1 mutant flies were visually 

indistinguishable from wildtype flies. To determine if Kxd1 mutant flies had BLOC-1-like eye 

color phenotypes that were not discernable by visual inspection, I extracted and quantified red 

and brown eye pigments from Kxd176i flies. Whereas blos1 deficient flies (blos1ex65 homozygotes) 

show a marked reduction of red eye pigments versus Canton S (only 31% wildtype levels of 

drosopterins, here), Kxd176i flies displayed an increased accumulation of red eye pigments in 

comparison to wildtype Canton S flies (14% more drosopterins than Canton S flies – Fig. 4.6 A).  

Similarly, when brown eye pigments were extracted and measured from Kxd176i flies, these were 

present in quantities roughly 18% greater than those found in wildtype Canton S flies (Fig 4.6 B). 

Because both pigment types were over-accumulated in Kxd1 deletion flies relative to Canton S, 

this indicated that, contrary to the findings reported by Yang et al. [12], in insects, Kxd1 appears 

to influence the accumulation of LROs (or LRO contents) in a manner opposite of that reported 

for Kxd1 in mammals.  

 

Red and brown eye pigments defects of Blos3 

 

 ‘Reduced pigmentation’ (rp) mice, which harbor a mutation in the gene encoding 

BLOS3, show a characteristically mild BLOC-1 phenotype [12.] BLOS3 is a bona fide subunit of 

metazoan BLOC-1 [12, 13], but the rp phenotype is enigmatic in that it is the only mutation of a 

BLOC-1 subunit-encoding gene that does not elicit an intense BLOC-1 phenotype in mice. In 
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lines of flies in which I had deleted Blos3, I observed an eye color phenotype that was 

significantly less severe than the ‘dull red eye without a pseudopupil’ phenotype caused by loss 

of blos1: Blos3 mutant flies had bright red eyes that exhibited a pseudopupil and were only 

slightly less brilliant than the eyes of wildtype flies. To determine if this phenotype represented a 

classical, but attenuated BLOC-1 phenotype, or if this phenotype represented a different 

phenomenon, I extracted red and brown eye pigments from Blos3 deletion flies and quantified 

them versus pigments extracted from wildtype Canton S flies. Red and brown eye pigments were 

extracted from blos1ex65 flies at the same time to serve as controls for the reduced accumulation of 

drosopterins and ommochromes. 

 Both of the alleles of Blos3 from which red eye pigments were extracted (Blos37 and 

Blos38) showed a reduced accumulation of drosopterins relative to Canton S (Fig. 4.6 A). 

However, whereas blos1 mutant flies accumulated about 31% of the red eye pigments found in 

Canton S fies, the two lines of Blos3 mutant flies accumulated roughly 62% of Canton S red 

pigment quantities.  A comparable finding was made when ommochromes were extracted from 

three lines carrying deletions alleles of Blos3 (Blos37, Blos38 and Blos318). All of the Blos3 

mutant lines showed reduced accumulation of ommochromes (62-64% wildtype) versus Canton S 

flies (Fig. 4.6 B).  In comparison, blos1ex65 flies accumulated only 37% of the brown eye 

pigments isolated from Canton S flies.  By both criteria, deletion of Blos3 in Drosophila 

phenocopied the mild BLOC-1 phenotypes of rp mice, indicating that BLOS3 behaves differently 

from the majority of the canonical BLOC-1 protein subunits: loss of BLOS3 does not abrogate 

BLOC-1 function in the same manner as loss of other BLOC-1 subunits does, rather, BLOS3 

seems to modulate BLOC-1 function. 
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DISCUSSION 

 

A lack of genetic interaction of Vab2 with BLOC-1 

 

 The findings described here demonstrate that Vab2 had no detectable effect on 

Drosophila eye pigment accumulation. This argues that Vab2, despite being a subunit of yeast 

BLOC-1 [1], is neither a component of metazoan BLOC-1 nor modifier of BLOC-1 function in 

higher eukaryotes. The eye pigments of Drosophila are stored in a class of LROs called pigment 

granules [11]. Loss of blos1 causes a profound reduction of both red and brown eye pigments, 

and blos1 mutant flies have fewer pigment granules in the sheath cells of the Drosophila 

compound eye and a reduced electron density of the pigment granules that remain [9]. In 

mammalian cells, BLOC-1 has been associated with membrane fractions of the tubular early 

endosome [4] indicating an early role for BLOC-1 in the biogenesis of LROs. Despite the 

independent enzymatic pathways of red and brown eye pigment synthesis, both compounds rely 

on pigment granules as a site of storage and biosynthesis [10]. This predicts that mutations of 

BLOC-1 would have a pleiotropic effect on pigment accumulation, as observed for blos1 in 

Drosophila. In contrast, mutation of Vab2 affected neither red nor brown eye pigment 

accumulation, both of which remained unchanged in a Vab2 deletion background. 

 Classical epistasis experiments aim to elucidate gene-gene interactions by comparing the 

phenotypes of recessive gene single mutants to double mutants. If the double mutant phenotypes 

resemble one of the single mutant phenotypes, then the genes likely act in a common linear 

pathway. If the double mutant phenotypes are novel or more severe than the single mutant 

phenotypes, then the genes likely act in parallel or additive pathways. I initially aimed to 

determine the epistatic relationship of Vab2 to blos1 to determine if they both altered LRO 

biogenesis by affecting BLOC-1 function. However, this was not possible because mutation of 

Vab2 alone did not have a discernable phenotype. 
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Nevertheless, if the association of Vab2p with yeast BLOC-1 was paralleled in higher 

eukaryotes, it remained possible that, in metazoans, Vab2 regulated BLOC-1 function in some 

other manner and that loss of Vab2 would modify the blos1 phenotype when the two mutations 

existed together. For example, BLOC-1 and AP-3 associate with the tubular early endosome and, 

at least in part, act in parallel in the biogenesis of LROs such as Drosophila pigment granules [9, 

4, 22]. If, then, Vab2 facilitated BLOC-1 recruitment to early endosomes and excluded other 

complexes responsible for LRO biogenesis, such as AP-3, it remained possible that BLOC-1-

mutant phenotypes would be less severe when Vab2 was also mutated. In this case, the additional 

absence of Vab2 might allow AP-3 to more easily compensate for loss of BLOC-1 by alleviating 

a Vab2 exclusion of AP-3. When I tested for such interactions by quantifying red eye pigments 

from blos1 single mutant flies and Vab2 ; blos1 double mutant flies, no difference in pigment 

accumulation was seen between these genotypes.  This indicated that Vab2 did not modify 

BLOC-1 function or activity and failed to substantiate the speculative Vab2-BLOC-1 protein-

protein interaction in metazoans. 

 Finally, when loss of blos1 is combined with a BLOC-2 mutation (pp) in Drosophila, the 

eye color phenotype is indistinguishable from the eye color defect of single pp mutant flies, which 

is more severe than loss of blos1 alone [9], and reciprocally, the coat color of BLOC-1/BLOC-2 

double mutant mice (pallid/cocoa) is indistinguishable from that of BLOC-1 single mutant mice 

(pallid), which is more severe than the BLOC-2 phenotype alone [4]. This demonstrated that 

BLOC-1 and BLOC-2 operate in a common pathway. To this end, the speculative interaction 

between Vab2 and BLOC-1 in metazoans inspired by the inclusion of Vab2p in yeast BLOC-1, 

might have involved, for example, a role for Vab2 in mediating BLOC-1/BLOC-2 interaction.  In 

this case, loss of Vab2 in a pp mutant background might elicit a more severe pp phenotype if 

BLOC-1 is no longer waiting to interact with BLOC-2 when Vab2 is present but instead BLOC-1 

interacts freely with AP-3 (or does not terminate interaction with AP-3 in order to interact with 

BLOC-2) and inhibits the independent role of AP-3 in LRO biogenesis. In any case, regardless of 
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speculative compound phenotypes, when I tested the effects of Vab2 mutation in combination 

with pp, no enhancement or amelioration of the BLOC-2 red eye pigment-accumulation defect 

was observed. This provided further evidence that Vab2, although associated with BLOC-1 in 

yeast, had no obvious functional interactions with metazoan BLOC-1. 

 

Loss of Kxd1 elicits phenotypes consistent with increased BLOC-1 activity 

   

 In addition to being a member of BLOC-1 in yeast [1], in Drosophila and mammals the 

KXD1 protein interacts with BLOS1 [21, 23]. It has been reported that mild LRO defects are 

characteristic of Kxd1 knock-out mice [23]. In contrast, visual assessment of the Drosophila Kxd1 

deletion flies that I generated (Kxd176i) showed no evidence of eye pigmentation defects. 

Strikingly, when I compared red and brown pigment levels of Kxd1 deletion flies to pigment 

quantities found in wildtype Canton S flies, I observed an equivalent and statistically significant 

increase of both types of pigments. Since the biosynthetic pathways of drosopterins and 

ommochromes are enzymatically distinct [10] the coordinated increase in red and brown 

pigments argued that the increase was due to changes in LRO biogenesis or turnover. 

Speculatively, these findings could indicate that Kxd1 exerts a negative regulatory effect on 

Drosophila BLOC-1 and that the absence of Kxd1 alleviates a repression of BLOC-1 function. 

This possibility was a particularly intriguing because, whereas the authors of the mouse Kxd1 

study interpreted their findings to indicate that loss of Kxd1 causes a mild HPS-like phenotype, 

they reported an increased number of melanosomes in the retinal pigment epithelium (RPE) and 

choroid of Kxd1−/− mice in comparison to their wildtype littermates [21]. Despite this, the 

authors also reported that overall eumelanin levels were decreased in the eyes of Kxd1 knock-out 

mice – however this comparison was made to a 129/J line of mice that was not syngeneic to the 

hybrid C57BL/6J-129/J Kxd1 knock-out mice.  
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KXD1 was found to associate with BLOS1 in both flies and mammals by yeast two-

hybrid studies [21, 23], and the KXD1-BLOS1 interaction was confirmed for the mouse proteins 

by co-immunoprecipitation [21]. Along with the association of Kxd1p with BLOC-1 in yeast [1, 

3], these results strongly implicate that the interaction of KXD1 with some BLOC-1 subunits is 

biologically consequential. Thus, I favor a model in which Kxd1 mutant flies accumulated greater 

quantities of eye pigments because loss of Kxd1 eliminated an inhibition of BLOC-1 (i.e. allowed 

increased pigment granule biogenesis) rather than loss of Kxd1 downregulating pigment granule 

turnover – a process not associated with BLOC-1 function. If this was the case the Kxd1 protein 

may normally interact with subunits of BLOC-1 and prevent them from assembling fully 

functional BLOC-1. Loss of Kxd1 would then allow the BLOC-1 subunits normally sequestered 

by Kxd1 to avoid being diverted to other processes.  

Although the mouse and Drosophila Kxd1 phenotypes initially appear contradictory, this 

is not necessarily the case. In Drosophila, loss of Kxd1 caused a stoichiometric increase in red 

and brown eye pigments (both pigments were over accumulated in proportional quantities). In 

mice, the loss of Kxd1 results in increased numbers of melanosomes in the choroid and RPE [21]. 

In both cases these findings point to an increase of BLOC-1 activity – or, stated otherwise, the 

elimination of a BLOC-1 inhibitory factor. Thus, loss of Kxd1 in Drosophila might precisely 

parallel loss of Kxd1 in mice. As was noted by Chelli, et al. when they observed reversal of 

dominance in the epistatic relationship between BLOC-1 and BLOC-2 in Drosophila versus that 

previously seen in mice [9], these findings illustrate the power and importance of using multiple 

model systems when trying to understand biological interactions and defining protein function.  

 

Blos3 is an atypical BLOC-1 gene and loss of Blos3 causes mild BLOC-1 phenotypes 

 

 I targeted the Blos3 gene for deletion in wildtype Canton S flies using CRISPR/Cas9 

reagents and isolated three independently generated deletion alleles. Each of these alleles showed 
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a marked decrease in the accumulation of red and brown eye pigments, and in each case both 

pigments were reduced in equivalent quantities. In this sense, loss of Blos3 phenocopied the loss 

of blos1. On the other hand, the decrease of both red and brown pigments in the eyes of Blos3 

deletion flies was roughly half as profound as the decrease observed in blos1ex65 mutant flies 

indicating that residual BLOC-1 activity persisted in Blos3 mutant flies. 

 In mice, loss of Bloc1s3 (Blos3) causes the abnormal BLOC-1 phenotypes exhibited by 

the ‘reduced pigmentation’ (rp) mouse [12, 13]. Strains of mice (Sandy, Pallid, Muted, 

Cappuccino) harboring the classical mutations of BLOC-1 genes exhibit the most pronounced 

coat color and eye pigmentation defects among the BLOC and AP-3 mouse models of HPS (i.e. 

BLOC-1, BLOC-2, BLOC-3, AP-3), [16, 12, 22]. In contrast, rp mice show coat color defects 

and other pigmentation defects that are significantly less severe than those of the other four 

mouse models of BLOC-1 deficiency. (For example, the eyes of rp mice were originally reported 

to have normal melanosomes [13].) Nevertheless, as with other BLOC-1 subunits, loss of Bloc1s3 

is associated with a reduced accumulation of the remaining BLOC-1 subunits, and reciprocally, 

the loss of Pallidin causes decreased accumulation of BLOS3 [12, 22]. Finally, BLOS3, like other 

BLOC-1 components, is an acidic α-helical protein but it is distinguished by having no predicted 

coiled-coil domains and by appearing to associate with BLOC-1 in a phosphorylation dependent 

manner [12, 13]. 

 When I targeted Blos3 for deletion in Drosophila it was unclear whether the mild BLOC-

1 phenotypes of Bloc1s3 mutant mice were indicative of an intrinsic function of the BLOS3 

protein or if these phenotypic differences were due to a species-specific effect. The identification 

of a BLOC1S3 mutation in humans as the causative mutation of HPS-8 did not clarify this 

question [24], and a report stating that immortalized rp melanocytes showed an equivalent lack of 

pigmentation to immortalized melanocytes derived from muted and pallid mice further confused 

the issue [6].  Here, I present the first report of quantitative evidence that, in comparison to other 

BLOC-1 mutations, loss of Blos3 elicits an attenuated phenotype. These findings support the 
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interpretation that, while being a member of BLOC-1, Blos3 is structurally and functionally 

unique among the BLOC-1 subunits.  It raises the interesting possibility that, rather than acting a 

core structural and functional component of BLOC-1, the primary role of Blos3 is to regulate 

BLOC-1 activity: BLOC-1 activity is not abolished when Blos3 is mutated, but it is significantly 

reduced. Under normal circumstances Blos3 may regulate BLOC-1 activity as a classical 

allosteric activator or by targeting BLOC-1 to the proper sites of action, and phosphorylation of 

Blos3 may play a role in these activities. One last point is that this confirmation that Blos3 

functions as a non-canonical subunit of BLOC-1 necessitates re-examining reports of the epistatic 

relationship between BLOC-1 and BLOC-2: Some groups have reported that mutation of BLOC-

2 augments a BLOC-1 phenotype when Bloc1s3 is the mutated BLOC-1 gene without accounting 

for the mild BLOC-1 phenotypes caused by loss of Bloc1s3 [13].  Others have noted that BLOC-

1 and BLOC-!2 are epistatic to each other when either blos1 or Bloc1s6 (the gene encoding 

Pallidin) are the BLOC-1 mutation [9, 4, 22]. 
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Table 4.1. Phenotypic blos1 flies observed from Vab2 ; blos1 heterozygote crosses. F1 ‘double 

heterozygous’ Vab2114 ; blos1ex65 and Vab2115 ; blos1ex65 flies were crossed to their siblings, 

respectively, to obtain double homozygous animals. The number of phenotypic blos1 animals was 

determined over a six day period. Based on an assumption of independent segregation, 25% of 

the F2 progeny from each cross were expected to be homozygous for blos1ex65 (Phenotype: blos1 

-/-).  The remainder of the animals (75%) were expected to be heterozygous or wildtype for blos1 

(Phenotype: blos1 +/?). These numbers were expected to differ from the expected ratios if Vab2 

suppressed or modified the blos1 phenotype. The number of observed phenotypic blos1 F2 

animals is shown under each F1 genotype by sex.  The phenotypic ratios of the F2 offspring did 

not differ significantly by sex for a given genetic background (i.e. Vab2114 vs. Vab2115). 
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Figure 4.1. Effects of BLOC-1 (blos1ex65) and Vab2 mutations on Drosophila weight. Adult 

male Canton S, blos1ex65, Vab2114, Vab2115, and w- flies were collected 2-3 days after eclosure and 

weighed. None of the groups showed statistically significant variance by ANOVA. 
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Figure 4.2. Red eye pigments of Drosophila Vab2 mutants. Red eye pigments (drosopterins) 

were extracted from groups of four, 2-3 day-old, male Canton S, blos1ex65, Vab2114, Vab2115, and 

w- flies, and quantified spectroscopically at 480 nm. Absorbance values were normalized to red 

pigment quantities observed in Canton S flies. w- flies were used to determine background 

absorbance. Statistical significance was determined by ANOVA followed by Dunnett’s Multiple 

Comparison Test versus Canton S. (A) Homozygous blos1 deletion flies showed a characteristic 

30-40% accumulation of red eye pigments relative to Canton S. In contrast, flies homozygous for 

the Vab2115 deletion allele displayed no significant difference in red eye pigments from wildtype 

Canton S flies, and flies harboring the Vab2114 promoter deletion allele showed an approximate 

5% increased accumulation of red eye pigments relative to Canton S. (B) When red pigment 

levels were examined by Vab2 subline, the statistically significant increased accumulation of 

drosopterins seen in Vab2114 flies was found to be solely due to red pigments in the Vab2114•FC14 

subline. (n.s. non-significant, * P ≤ 0.05, ***  P ≤ 0.001) 
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Figure 4.3. Brown eye pigments of Drosophila Vab2 mutants. Brown eye pigments 

(ommochromes) were extracted from groups of eight, 2-3 day-old, male Canton S, blos1ex65, 

Vab2114, Vab2115, and w- flies, and quantified spectroscopically at 490 nm. Absorbance values 

were normalized to brown pigment quantities observed in Canton S flies. w- flies were used to 

determine background absorbance. Statistical significance was determined by ANOVA followed 

by Dunnett’s Multiple Comparison Test versus Canton S. (A) Homozygous blos1 deletion flies 

showed a characteristic 30-40% accumulation of brown eye pigments relative to Canton S. 

Overall, neither Vab2114 nor Vab2115 flies displayed a significant difference in brown eye pigment 

accumulation from wildtype Canton S flies. (B) When brown pigments were quantified by Vab2 

sublines, each of the Vab2114 sublines (Vab2114•FC14, Vab2114•FC16 and Vab2114•FC17) showed a 

statistical difference in brown eye pigment accumulation from wildtype. Nevertheless, these 

differences averaged out when considered collectively (c.f. panel A). None of the Vab2115 

sublines showed a significant difference in the accumulation of ommochromes from Canton S. 

(n.s. non-significant ** P ≤ 0.005, *** P ≤ 0.001) 
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Figure 4.4. Lack of modifying effects of Vab2 mutations on blos1 eye pigment phenotype. 

Red eye pigments (drosopterins) were extracted from groups of four, 2-3 day-old, male flies and 

quantified spectroscopically at 480 nm to determine if mutation of Vab2 had any modifying effect 

on blos1. Samples were collected from Vab2114 ; blos1ex65 and Vab2115 ; blos1ex65 double mutant 

flies and compared to red eye pigment quantities extracted from blos1ex65 single mutant flies. 

Pigment values were normalized to quantities obtained from Canton S flies after subtracting 

background absorbance at 480 nm from a similar extraction from w- flies. Red pigments were also 

extracted from Vab2114 flies as a control. Statistical significance was determined by ANOVA 

followed by Bonferroni's Multiple Comparison Test. Neither Vab2114 nor Vab2115 modified red 

eye pigment accumulation in blos1ex65 mutant flies: the Vab2 ; blos1ex65 double mutants of both 

Vab2 alleles showed no statistical difference in the accumulation of drosopterins from single 

mutant blos1ex65 flies. (n.s. non-significant,  *** P ≤ 0.001) 
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Figure 4.5. Lack of modifying effects of Vab2 mutations on BLOC-2 (pp) eye pigment 

accumulation. Red eye pigments (drosopterins) were extracted from groups of four, 2-3 day-old, 

male flies and quantified spectroscopically at 480 nm to determine if loss of Vab2 modified the 

reduced accumulation of red eye pigments of pp mutant flies. Red pigments were extracted from 

pp single mutant flies and compared to red pigments extracted from Vab2114 ; pp and Vab2115 ; pp 

double mutant flies. Pigment values were normalized to quantities obtained from Canton S flies 

after subtracting background absorbance at 480 nm from w- flies. Statistical significance was 

determined by ANOVA followed by Bonferroni's Multiple Comparison Test. Neither Vab2114 nor 

Vab2115 modified red eye pigment levels in pp mutant flies: the Vab2114 ; pp  and Vab2115 ; pp 

double mutants flies showed no statistical difference in the accumulation of drosopterins from 

single mutant pp flies. (n.s. non-significant,  *** P ≤ 0.001) 
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Figure 4.6. Red and brown eye pigments of Blos3 and Kxd1 mutants. Eye pigments were 

extracted from groups of 2-3 day-old adult male flies and quantified by spectroscopic absorbance. 

Pigment values were normalized to quantities obtained from Canton S flies after subtracting 

background absorbance from w- flies. Statistical significance was determined by ANOVA 

followed by Dunnett’s Multiple Comparison Test. (A) Red eye pigments (drosopterins) were 

extracted from groups of 4 flies and measured at 480 nm. blos1ex65 mutants showed a 

characteristic reduction of red eye pigments (approximately 31% of Canton S). Two alleles of 

Blos3 showed a reduction of red eye pigments of roughly half of that seen of blos1ex65 mutants 

(i.e. approximately 62% of Canton S). In contrast, Kxd176i flies showed a 14% increase of red eye 

pigments in comparison to Canton S. (B) Brown pigments (ommochromes) were extracted from 

groups of 8 flies and measured at 490 nm. blos1ex65 flies had approximately 37% of the brown eye 

pigments found in Canton S. All three alleles of Blos3 showed an average of 63% of the brown 

pigments found in Canton S flies. Kxd176i mutants, on the other hand, had an average increase of 

18% more brown eye pigments than Canton S. (*** P ≤ 0.001) 
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Conclusions 
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 The work presented here describes the generation and characterization of a group of 

Drosophila gene deletions of putative and established non-canoncial BLOC-1 subunits: Vab2, 

Kxd1 and Blos3. Vab2 and Kxd1 are Drosophila homologs of yeast BLOC-1 subunits [this study 

and 1], and Blos3 is the Drosophila homolog of a validated BLOC-1 subunit that elicits an 

atypical BLOC-1 phenotype in mice [2-4]. The purpose of this work was to determine if 

metazoan homologs of yeast BLOC-1 subunits might also play a role in the function of canonical 

BLOC-1. Because deletion of the Drosophila blos1 gene had already been shown to elicit clear 

BLOC-1 phenotypes arising from the reduced accumulation of eye pigment granules (a class of 

lysosome related organelle [5]) and manifesting as reduced levels of red and brown eye pigments 

[2], targeting these genes for deletion in Drosophila provided an efficient means of quantitatively 

determining their effects in relation to a previously characterized canonical BLOC-1 gene. For 

Vab2 and Kxd1, this promised to allow the direct and quantitative assessment, not only of 

whether or not these genes phenocopied canonical BLOC-1 gene deletions, but also of the degree 

to which these genes influenced the normal functions of BLOC-1. In the case of Blos3, the 

identification of Blos3 as the genetic cause of the mouse ‘reduced pigmentation’ phenotype and 

the characterization of BLOS3 as a classical protein subunit of BLOC-1 (i.e BLOC3 

biochemically purifies as a component of BLOC-1, and the absence of full length BLOS3 

negatively affects the stability of other BLOC-1 subunits) had previously defined BLOS3 as a 

bona fide component of BLOC-1 [3, 4], but the attenuated coat, eye and skin color phenotypes of 

‘reduced pigmention’ mice brought into question whether BLOS3 was functioning in a distinct 

manner from other BLOC-1 subunits or if the ‘reduced pigmentation’ phenonotype of Blos3 was 

a species-specific effect. By deleting Blos3 in a phylogenetically distant species and in a 

background isogenic to that of the previously characterized blos1 mutation, I sought to answer 

quantitatively answer this question. 
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Deletion of Vab2 

 

 In Chapter 2, I described the deletion of the Drosophila CG11802 gene. One of the main 

reasons for performing these sets of experiments is that using PSI-BLAST (Position-Specific 

Iterated - Basic Local Alignment Search Tool) iterative protein homology searches [6], Esteban 

Dell’Angelica recognized that CG11802 was the Drosophila homolog of yeast VAB2. This 

discovery allowed us to consider deletion of two of the three non-canonical yeast BLOC-1 

homologs in metazoans and obtaining firm understanding of the relation of these genes to the 

canonically recognized BLOC-1 subunits. 

Since a line of flies was available that harbored a P element insertion in the 5’ UTR of 

Vab2, I decided to use this line as a starting point for deletion of Drosophila Vab2 by imprecise 

excision. Using standard P element imprecise excision strategies [7], I obtained and isolated two 

fly lines that harbored deletions of Vab2 genomic sequences: Vab2114 and Vab2115.  When 

characterized, it was determined that both alleles represented unidirectional deletions originating 

from P{EPg}CG11802HP10420 insertion site.  

Vab2114 showed deletion of sequences 5’ of the P element insertion site, removing 

consensus upstream and downstream promoter elements, and Vab2115 showed deletion of 

sequences downstream of the P element insertion site, removing the entirety of the Vab2 ORF. By 

characterizing the mRNAs found in flies homozygous for either of these alleles, it was revealed 

that Vab2114 produced reduced amounts of Vab2 mRNA making it a putative hypomorphic allele 

of Vab2, while Vab2115 was a complete genetic null. 

 Technically, the P element imprecise excision efforts for Vab2 proceeded in a ‘textbook’ 

manner [7].  Gene deletions were obtained at frequency of roughly 2.6% (1% representing 

deletions of interest), and the deletions that were obtained were unidirectional from the original 

site of P element insertion. As was also typical of textbook P element imprecise excision efforts, 

these deletions were made starting from a line of flies that was held in genetic isolation in order to 



 148 

preserve the integrity and identity of the P element inserted in Vab2. Because I needed to 

isogenize the Vab2 deletions that I isolated with wildtype Canton S flies and with the previously 

characterized blos1 mutants [2] in order to properly characterize effects of Vab2 deletion, this 

required several generation of outcrossing to Canton S flies.  

 Since Vab2 is located on the X chromosome, it was possible that deletion of Vab2 would 

cause a visible eye pigmentation phenotype, characteristic of BLOC-1 mutation, in hemizygous 

males.  Such a phenotype would have been useful for following the deletion alleles as they were 

outcrossed and brought into a Canton S background.  This was not observed and therefore the 

presence of the Vab2 allele had to be followed in an ex post facto manner by PCR screening flies 

after they had been successfully mated. However, in all other manners, P element imprecise 

excision of Vab2 was performed and realized as expected. 

 

Deletion of Kxd1 and Blos3 

 

  As described in Chapter 3, I deleted both Kxd1 and Blos3 using a CRISPR/Cas9-based 

approach [8]. Although my initial efforts relied on monitoring the status of Kxd1 by following the 

w+mC marker carried by a piggyBac insertion in the 5’ UTR of the gene [9], these efforts were 

frustrated by a duplication of Kxd1 in the line of flies that harbored the PBac insertion. 

Nevertheless, these initial attempts revealed that gene deletion using this CRISPR-mediated 

approach was efficient enough that genes could be targeted without the assistance of a visibly 

scorable marker of gene retention, and that deletion alleles could be identified by unguided 

molecular screening. I therefore again targeted Kxd1 using the same set of CRISPR/Cas9 reagents 

but did so directly in wildtype Canton S flies. This resulted in the generation and isolation of the 

anticipated Kxd1 deletion in the desired genomic background. 

 As observed of the Vab2 deletion alleles arrived at by imprecise excision, the Kxd1 

CRISPR deletion did not have a visible phenotype and was only recognizable by molecular 
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screening. However, since this allele was generated directly in a Canton S background, it did not 

require the same extensive backcrossing that each of the Vab2 imprecise excision deletions 

required. This significantly reduced the time and reagents needed before being able to proceed to 

phenotypic characterization of this deletion. 

 In the case of Blos3, I utilized the strategies that I developed while deleting Kxd1 and 

targeted Blos3 with CRISPR reagents directly in wildtype Canton S flies. This resulted in the 

precise deletion of Blos3 and the isolation of three independently generated Blos3 deletion alleles. 

Notably, whereas I first decided to use a CRISPR-based approach to delete Kxd1 because of the 

lack of P element insertions in Kxd1, there was an available P element insertion in the region 

upstream of Blos3.  However, Blos3 is in a complex genomic locus, and this P element, 

P{EP}Rad9G20120 [10], is actually located in the 3’ UTR of Rad9 and is positionally closer to the 

upstream CG6852 gene than to Blos3. Using a CRISPR-based approach allowed me to precisely 

delete a region of Blos3 while causing minimal deletion of the overlapping Rad9 gene (only a 

portion of the Rad9 3’ UTR was removed).  This would not have been possible by transposon-

mediated imprecise excision with any of the available transposon insertion in Rad9/Blos3. 

 

Generation of Drosophila gene deletions in Canton S flies 

 

I set out to make CRISPR-generated Kxd1 and Blos3 deletion flies using the tools and 

protocols first described by Gratz et al. [8]. This approach relies on the injection of plasmid DNA 

templates to express the Cas9 endonuclease and the chiRNA(s) that direct Cas9 activity to 

specific genomic locations. Subsequent to the Gratz et al. paper, other groups published 

additional approaches to generating CRISPR-mediated heritable gene deletions in Drosophila 

[11, 12]. Notable differences between these approaches include the injection of in vitro 

transcribed Cas9 mRNA and sgRNAs (single guide RNAs) rather than plasmid templates for 

these transcripts [13 14], or the use of transgenic promoters, both somatic and germline-specific, 
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to express either Cas9 or both Cas9 and the desired sgRNA molecules [15-17]. Other 

improvements consist of introducing alternative visual indications of gene deletion, such as 

incorporation of fluorescent markers [16, 18, 19], or developing approaches for high-throughput 

screening such as restriction fragment polymorphism screening [20, 21] or high resolution melt 

analysis [13, 17] for identifying effectively modified individuals. Emphasis has also been placed 

on gene modification strategies using ssODN approaches such as insertion of stop codons, FRT 

sequences or attP docking sites [18, 19, 22].  Finally, off-target effects have been addressed by 

using engineered Cas9 molecules that, rather than making double-stranded DNA breaks, perform 

single-stranded DNA nicking, in order to increase CRISPR specificity by requiring proximal 

Cas9 target sites in order for dsDNA breaks to be generated [22, 23]. 

 The approach that I described here utilized the first generation of Gratz et al. CRISPR 

reagents, but it improved upon the protocols and approaches described so far by eschewing the 

dependence on visible screening to identify putative gene deletion or gene replacement animals.  

Although my protocol was not aimed at adapting CRISPR reagents to high-throughput work, the 

approaches that I used did significantly improve upon the ease of using CRISPR reagents to 

carryout classical reverse genetics studies by targeting genes for deletion in the final genetic 

background of interest, rather than using genetically specialized starting lines such as transposon 

insertions in the genetic targets or specialized lines harboring transgenic sources of Cas9 or 

sgRNAs/chiRNAs. I found that it was neither necessary to use lines that visibly mark the targeted 

locus, nor was it required to use lines that transgenically express CRISPR/Cas9 components. 

Rather, my approach directly targeted specific genes in the final desired genetic background, and 

I found that the isolation of multiple alleles of a gene deletion adequately served to 

phenotypically distinguish gene-specific effects from off-target effects. 
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Phenotypic characterization of Vab2 and Kxd1 

 

 In Chapter 4, I described the phenotypic characterization of the Vab2 and Kxd1 gene 

deletion lines relative to wildtype Canton S flies and blos1 deletion flies. I found that deletion of 

Vab2 had no discernable effect on the accumulation of either red or brown eye pigments 

(drosopterins and ommochromes, respectively) in Drosophila. Since the accumulation of these 

pigments is dependent on biogenesis of pigment granules and deletion of BLOC-1 subunits 

causes a marked decrease in both pigments [2, 5], these results indicated that deletion of Vab2 

does not phenocopy loss of blos1. In addition, deletion of Vab2 did not modify either loss of 

BLOC-1 (blos1) or loss of BLOC-2 (pink), reinforcing the interpretation that Vab2 does not 

influence BLOC-1 or BLOC-2 function. 

 In contrast, deletion of Kxd1 resulted in the increased accumulation of red and brown eye 

pigments. Flies lacking Kxd1 accumulated 14% more red pigments and 18% more brown 

pigments than wildtype Canton S flies. Because the biosynthesis of red and brown eye pigments 

occurs via distinct and unrelated biosynthetic pathways but both pigments are synthesized and 

accumulate in pigment granules [2, 5, 24], the coordinated increase of red and brown pigments 

points toward a pigment granule effect. However, these results contrasted with the interpretation 

of the effects of Kxd1 deletion in mice [25]. The authors of that report concluded that loss of 

Kxd1 caused a mild BLOC-1-like phenotype. I observed that loss of Kxd1 had a phenotype that 

stood in contrast to those conclusions.  Instead of phenocopying loss of BLOC-1 in Drosophila 

and causing a reduction of eye pigment accumulation [2], deletion of Drosophila Kxd1 resulted in 

the increased accumulation of Drosophila eye pigments. Thus, rather than supporting the 

interpretation that Kxd1 positively regulates BLOC-1 function, as was concluded from the mouse 

study [25], the results obtained here argue that Kxd1 may have a negative regulatory effect on 

BLOC-1 – elimination of Kxd1 lifting a Kxd1-imposed repression of BLOC-1 activity. 
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Phenotypic characterization of Blos3 

 

 Chapter 4 also describes the phenotypic characterization of Blos3 mutant flies. Here I 

show that, as was found for mutation of Blos3 in mice [3, 4], deletion of Drosophila Blos3 causes 

attenuated BLOC-1 phenotypes. Unlike blos1, which causes a loss of 60-70% of wildtype 

quantities of red and brown eye pigments [2], deletion of Blos3 caused a loss of roughly half as 

much red and brown eye pigments (approximately 30-35% reduction in pigment accumulation 

relative to wildtype Canton S flies). These results are consistent with the interpretation that Blos3 

is unique among the BLOC-1 subunits, in that, when Blos3 is mutated, it does not elicit 

phenotypes as intense as mutation of other BLOC-1 subunit genes [3, 4]. In other words, Blos3 

acts in an intrinsically distinct manner in terms of its role in BLOC-1 function. 

 

Yeast BLOC-1 versus metazoan BLOC-1 and BORC 

 

 As I was completing these studies, a paper was published describing an octameric BLOC-

one related complex (BORC) in human cells that contains three of the canonical metazoan 

BLOC-1 subunits: BLOS1, BLOS2 and snapin, and two of the yeast-specific BLOC-1 subunits: 

LOH12CR1 (Vab2/myrlysin) and KXD1 [26]; however, the authors of this report did not realize 

that myrlysin is the metazoan homolog of yeast Vab2p. CRISPR-mediated deletion of the 

myrlysin gene in HeLa cells results in a lysosome positioning defect where lysosomes are no 

longer efficiently trafficked centrifugally toward the positive end of microtubules. The authors 

found that BORC normally recruits the Arl8 GTPase to lysosomal membranes and initiates a 

cascade of Kinesin-1 dependent lysosomal transport [26]. Furthermore, when HeLa cells are 

fractionated and lysosomal fractions are probed for the presence or absence of BLOC-1 subunits, 

the BLOC-1 subunits that are also associated with BORC are detected (BLOS1, BLOS2 and 
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Snapin) but those associated only with BLOC-1 are not found (pallidin, cappuccino, muted, 

dysbindin and BLOS3) [26]. 

 The findings presented in the report describing mammalian BORC [26], along with the 

results described here indicating that Vab2 and Kxd1 did not phenocopy BLOC-1 deficiency, 

make a compelling argument that Vab2 and Kxd1 are not components of Drosophila BLOC-1. In 

addition, these findings make it more likely that yeast BLOC-1 is an analog of metazoan BORC.  

Whereas yeast BLOC-1 contains two, possibly three, homologs of the eight canonical metazoan 

BLOC-1 subunits (Bls1p, Snn1p and Cnl1p), the authors of the original paper describing yeast 

BLOC-1 explicitly stated that Cnl1p is a DUF2365 homolog, and thus a cappuccino-like protein 

that coexists along side the bona fide cappuccino homolog in nematodes, humans and flies [1, 3]. 

In contrast, yeast BLOC-1 contains homologs of four of the eight metazoan BORC subunits 

(Bls1p, Snn1p, Vab2p and Kxd1p) [1, 26]. Yeast have a lysosome-like organelle, the vacuole, 

that shares much of the same metabolic processes and protein effectors with the classical 

metazoan lysosome [27], but they do not have organelles that have been characterized to be LRO-

like [28]. Defects in yeast BLOC-1 result in changes in protein flux to the yeast vacuole [28], and 

defects in metazoan BORC are associated with changes in protein recruitment to classical 

metazoan lysosomes that result in a collapse of peripheral lysosome positioning and pericentriolar 

accumulation [26].  

 

Possible roles for Vab2 and Kxd1 in BLOC-1 and BORC assembly 

 

 Although my findings do not directly support further conclusions for the role of Vab2 and 

Kxd1 in relation to metazoan BLOC-1 function, it is tempting to hypothesize how these proteins 

might interact with and regulate Drosophila BLOC-1. 

Among the constituents of yeast BLOC-1, only Vab2p shows distinct vacuolar 

localization when expression of other BLOC-1 subunits is disrupted [28].  The remaining yeast 
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BLOC-1 proteins exhibit a diffuse cytosolic localization when expression of any of the other 

BLOC-1 subunits is compromised. Furthermore, Vab2p was shown to strongly associate with 

Kxd1p [1]. 

In Drosophila, deletion of Vab2 had no effect on BLOC-1 function. In contrast, deletion 

of Kxd1 increased the accumulation of BLOC-1-dependent products, while deletion of Blos3 

caused a sub-stoichiometric reduction in BLOC-1-dependent products. BLOS3 is also unique 

among BLOC-1 subunits in that, in mice, the association of BLOS3 with BLOC-1 appears to 

occur in a phosphorylation dependent manner [4], but disruption of Blos3 negatively affects the 

cellular accumulation of other BLOC-1 subunits in a manner analogous to loss of other BLOC-1 

subunits [3, 4].  

The findings presented here would be consistent with a model in which Blos3 might 

compete with Kxd1 to recruit common BLOC-1 and BORC subunits to assemble into the 

respective complexes in metazoans, and Vab2, a predicted myristolated protein [26], might serve 

as the lysosomal membrane anchor for the assembling BORC complex once common BLOC-

1/BORC subunits have been sequestered by Kxd1 to form BORC.  In this manner, deletion of 

Vab2 would not directly affect BLOC-1 activity because Vab2 might only associate with other 

subunits in the context of a BORC or BORC-like protein complex.  In contrast, deletion of Kxd1 

would eliminate the factor that competes against Blos3 to recruit common BLOC-1/BORC 

subunits for complex assembly.  Accordingly, deletion of Kxd1, therefore, would allow shared 

subunits to more readily assemble into functional BLOC-1, which would allow the increased 

production and accumulation of BLOC-1-dependent products such as Drosophila eye pigments. 

If this model was correct and accurately described the relationship between Vab2, Kxd1, Blos3, 

BLOC-1 and BORC, one could predict that additional Blos3 phenotypes would include more 

efficient formation of BORC and increased BORC activity in a manner analogous to the way that 

deletion of Kxd1 resulted in increased accumulation of BLOC-1-dependent products. 
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As an avenue of further investigation, it would be interesting to determine the phenotypes 

of Blos3 and Kxd1 double mutants, and to determine the epistatic relationships between Blos3 and 

blos1 and between Kxd1 and blos1. If my model of Vab2, Kxd1 and Blos3 function is correct, I 

predict that Blos3 would show complete epistatsis to blos1 since loss of blos1 would eliminate all 

BLOC-1 activity whereas deletion of Blos3 appears to preserve a substantial amount of residual 

BLOC-1 activity for reasons not yet understood. For similar reasons I predict that loss of Kxd1 

would be entirely epistatic to loss of blos1 since Blos1 functions downstream of Kxd1. 

Lastly, although loss of Vab2 clearly failed to phenocopy deletion of blos1, it would be 

desirable to validate the phenotypes observed from the Kxd176i allele either by generating 

additional deletion alleles of Kxd1 using the alternative Kxd1-targeting CRISPR reagents 

described in Chapter 3 or by complimenting loss of Kxd1 with a CaSpeR genomic rescue 

construct [29]. 
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