
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
CRISPR- Mediated Deletions of the knirps Cis-Regulatory Module in Drosophila

Permalink
https://escholarship.org/uc/item/44s545pq

Author
Xu, Xiang-Ru (Shannon)

Publication Date
2015
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/44s545pq
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA, SAN DIEGO 

!
CRISPR- Mediated Deletions of the knirps Cis-Regulatory Module in Drosophila 

!
A Thesis submitted in partial satisfaction of the requirements  

for the degree Master of Science 

!
!

in 

!
!

Biology 

 !
by 

 !
Xiang-Ru (Shannon) Xu 

!
!
Committee in charge: 

 Professor Ethan Bier, Chair  
 Professor William McGinnis  
 Professor Steven Wasserman 

!
!

2015 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

Copyright 

Xiang-Ru (Shannon) Xu, 2015 

All Rights Reserved.  



!
!
!
!
!

The Thesis of Xiang-Ru (Shannon) Xu is approved and it is acceptable in  

quality and form for publication on microfilm and electronically: 

!
__________________________________________________________________ 

!
__________________________________________________________________ 

!
__________________________________________________________________ 

Chair 

!
University of California, San Diego 

2015 

!
!
!
!
!
!
!

!

              !  iii



DEDICATION 

I dedicate this thesis to my parents and all those who have supported me in my research 

for their love and encouragement . 

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

              !  iv



TABLE OF CONTENTS 

Signature Page…………………………………………………………………….     iii 

Dedication…………………………………………………………………………     iv 

Table of Contents………………………………………………………………….      v 

List of Figures……………………………………………………………………..     vi 

Abbreviations………………………………………………………………………   vii  

Acknowledgements………………………………………………………………..     ix 

Abstract of the Thesis………………………………………………………………    x 

I. Introductions………………………………………………………………………    01 

II. Materials and Methods……………………………………………………………    10 

III. Results…………………………………………………………………………….    13 

IV. Discussion…………………………………………………………………………   34 

References…………………………………………………………………………   41 

!
!
!
!
!

              !  v



LIST OF FIGURES 

Figure 1. Map of knirps enhancer and targeted deletions, Del1-Del4..…………..20 

Figure 2. Del1 Sequences and Phenotypes……………………………………….22  

Figure 3. Del2 Sequences and Phenotypes……………………………………….24 

Figure 4. Del3 Sequences and Phenotypes……………………………………….26 

Figure 5. Del4 Sequences and Phenotypes……………………………………….29 

Figure 6. Additional Deletion Sequences and Phenotypes……………………….31 

!
!
!

             !  vi



ABBREVIATIONS 

al  aristaless 

brk  brinker 

dpp  decapentaplegic 

en  engrailed 

Cas9  CRISPR associated 

chiRNA chimeric RNA (see also gRNA) 

CRISPR Clustered regularly interspaced palindromic repeats 

CRM  Cis-regulatory module 

crRNA  CRISPR RNA 

GRN  Gene regulatory network 

gRNA  guide RNA (see also chiRNA) 

HDR  Homology-directed Repair 

kni  knirps 

knrl  knirps related 

NHEJ  Non-homologous End Joining 

             !  vii



rho  rhomboid 

ri  radius incompletus 

salm  spalt major 

sd  scalloped 

ssODN  single stranded oligodeoxynucleotides 

tracrRNA trans-acting CRISPR RNA 

!
!
!
!
!
!
!

!

             !  viii



ACKNOWLEDGEMENTS 

 I would like to thank Professor Ethan Bier for giving me the opportunity to 

conduct my research in an engaging and supportive environment. His enthusiasm and  

care inspired me to start my research as an undergraduate in his class and his guidance as 

a PI was invaluable . 

 I would also like to express my gratitude towards Valentino Gantz for mentoring 

me all these years. His tutelage provided me with a foundation of techniques necessary 

not only for conducting my experiments, but also for becoming a productive member of 

the lab. He was always patient and willing to explain concepts or protocols I did not 

understand; his help over these years is greatly appreciated.  

 Next, I would like to thank my fellow members of the Bier lab for their support. 

Their guidance and input helped shape my approach to research and contributed to the 

success of my project. In particular, I would like to acknowledge Elisabeth Manao for 

helping me mount and prepare my Drosophila wings for imaging. 

 Finally, I also want to thank my family and friends who have been an 

immeasurable source of encouragement and support throughout my graduate career. 

Without them, none of this would be possible.  

!
!

              !  ix



!
!
!
!

ABSTRACT OF THE THESIS 

!
CRISPR-Mediated Deletions of the knirps Cis-Regulatory Module in Drosophila 

!
by 

!
Xiang-Ru (Shannon) Xu 

Master of Science in Biology 

!
University of California, San Diego, 2015 

Professor Ethan Bier, Chair 

!
 Wing-vein patterning in Drosophila is a well-understood developmental system 

that serves as a paradigm for studying the link between gene expression and tissue 

morphology. Deciphering the transcriptional information contained within cis-regulatory 

modules (CRMs) is integral to understanding such a relationship. I focused my work on 

an enhancer element within the knirps locus which had been previously identified as an 

essential component responsible for the development of the L2 wing vein. Previous 

studies also characterized regulatory alleles of knirps, named radius incompletus, which  

             !x



consisted of deletions and substitutions within the enhancer that greatly reduce or 

eliminate knirps expression and produce a variety of loss-of-vein phenotypes. The aim of 

my project is to perform an in vivo sequential analysis of the function of the knirps 

enhancer. Using the CRISPR/Cas9 genome editing system, I was able to generate 

sequential deletions of conserved regions within the knirps locus and observe their direct 

output in the wing. From the mutants recovered, I was able to reproduce phenotypes 

typical of classic ri alleles of differing severity and compared the vein deletion patterns to 

the sequences of their altered enhancers. The mutants generated from this study provide 

insight on the functionality of enhancers, allowing for an in-depth analysis of the 

module’s transcriptional activity as a unit in the context of its native genome.  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INTRODUCTION  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Development of the Drosophila Wing 

 The Drosophila wing is an excellent model for studying the relationship between 

gene expression and morphogenesis since it is a well-understood developmental system 

and provides a direct morphological readout with invariant structural features, such as 

veins and sensory organs. Wing veins are fluid-conducting channels that provide the 

structural support necessary for flight and supply nutrients to sensory organs that 

coordinate wing beat motions (Bier, 2000). The number and positioning of veins are 

highly selected characteristics that vary among dipterans, holding evolutionary 

significance pertinent to the divergence of insect species and their modes of flight (Bier, 

2000).  

 Wing vein patterning in Drosophila is first detected in larval wing imaginal discs, 

where various genes are expressed and refined into distinct stripes that determine the 

anterior-posterior axis of the wing. The imaginal disc begins as a single layer of cells that 

eventually buds out (eversion), folding along the future margin of the wing to form a 

bilayer of cells that will become the adult wing blade. During metamorphosis, vein 

induction occurs along borders formed by domains of different cells and their specific 

molecules. These domains gradually emerge due to a mechanism termed “for-export-

only-signaling”, in which cells release signal molecules that affect only their neighbors 

and activate specific genes (Bier, 2000). 
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Gene Regulatory Networks and Cis-Regulatory Modules 

 Drosophila wing venation is determined by an intricate gene regulatory network 

(GRN), characterized by a hierarchy of gene components that act cooperatively to 

determine positioning of the five major longitudinal veins (L1-L5) and to sculpt the 

overall final structure of the wing. GRNs are composed of circuits in which 

transcriptionally active DNA sequences, called cis-regulatory modules (CRMs), interact 

with proximal promoters to activate or repress gene transcription. During different stages 

of development, GRNs change in component composition and regulatory relationships 

until terminal structures are fully specified. GRNs dictate the anatomy of animals through 

the activation and repression of genes, utilizing expression patterning to specify where 

and when organs will form (Michelson, 2002). Evolutionary changes to the body plans of 

diverged species arise due to differences in their gene expression, which can be traced 

back to changes within their GRNs (Davidson et al., 2006). The many variations in the 

positioning and number of veins among dipteran species indicate evolutionary 

adaptations that may have stemmed from GRN modifications. Thus, it would benefit the 

field of developmental biology to further analyze the components of GRNs and their 

functional outputs in the formation of animal body plans, including the induction of wing 

veins among insects. 

 GRNs have a hierarchical structure defined by different classes of subcircuits and 

genes. The first and most conserved class of genes, known as “kernels”, are in the highest 

position of the network and determine the broad domains of the animal developmental  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plan, such as where specific organs will form (Davidson et al., 2006). Disrupting a single 

regulatory gene within a kernel can eliminate its function altogether, resulting in major 

effects on downstream circuits and the absence of body parts. “Plug-ins” are the next 

class of genes which regulate various developmental mechanisms across species, 

including signal transduction systems (Davidson et al., 2006). Both of these circuits 

provide a series of signals that influence the next tier of the network, called 

differentiation gene batteries. These are genes that code for the proteins necessary to 

trigger differentiation into different cell types as the final output of the network 

(Davidson et al., 2006). 

 Cis-regulatory modules (CRMs) are cis-acting sequences of DNA that function as 

a unit, including enhancers, silencers, and insulators. They act as switches for GRN 

circuits by integrating information derived from kernels and plug-ins, as well as 

determining the transcriptional outputs of the final gene batteries. Since CRMs directly 

regulate gene expression patterning, the functional evolution and conservation of 

regulatory networks in diverged species can be attributed in part to the conservation of 

their CRMs as well. Dissecting the function of CRMs is key to understanding the 

transcriptional logic controlling activation and repression of genes that regulate 

developmental processes in all animals. 

!
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knirps and the Induction of  the L2 Wing Vein 

 knirps (kni) is a well-studied gap gene in Drosophila involved in segmentation 

during embryogenesis (Perl et al., 2013). In the wing, kni and its neighboring homolog, 

knirps-related (knrl) are responsible for inducing the formation of the second wing vein 

(L2) (Lunde et al., 1998). This process begins during the third-instar larval stage, when 

genes that establish the anterior-posterior axis of the fly embryo are also activated in the 

wing discs. decapentaplegic (dpp) encodes a morphogen that diffuses and affects cells in 

a concentration-dependent manner and is expressed within the central organizer that 

marks the equator of the wing disc (Bier, 2000). Dpp diffuses and activates the spalt 

major (salm) gene, forming a domain both anterior and posterior of the central organizer. 

Cells that express salm utilize the aforementioned “for-export-only-signaling”, where 

they cannot respond to their own signals while their anterior neighbors that receive the 

exported signals are activated to express kni. It was observed that kni, in turn, inhibits 

salm and various other genes while positively activating its own expression and the 

expression of vein promoting genes, such as rhomboid (rho) (Lunde et al., 1998). This 

interaction between salm and kni ensures the proper positioning of the L2 vein while kni 

and knrl stimulate vein formation by subsequently activating vein genes and inhibiting 

other genes that direct alternative intervein cell fates, such as blistered. 

!
!
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Identifying the kni CRM 

 Previous experiments performed by Lunde et al., facilitated the study of knirps 

expression in the L2 primordium of Drosophila. These studies identified genomic lesions 

associated with radius incompletus (ri) regulatory alleles of kni, which included deletions 

and point mutations within the locus that greatly reduced or eliminated kni expression in 

the wing (Lunde et al., 1998). Subsequent studies identified a 4.8 kb EcoRI (E) fragment 

upstream of the kni coding region containing activation and repression domains that was 

sufficient to direct expression of reporter genes in the L2 primordium (Lunde et al., 

2003). kniri[1] mutants contained a 252 bp deletion within the E fragment that disrupted 

the formation of the L2 vein. The truncated vein phenotype could then be rescued by 

transgenic expression of the E fragment driving kni, knrl, or their downstream target rho 

(Lunde et al., 2003). Furthermore, a single point mutation (C to A) within the region 

deleted in kniri[1] mutants was found to be responsible for the kniri[53j] mutation, indicating 

the importance of a single nucleotide residue in this position.  

 In an effort to define the limits of the minimal kni CRM, smaller derivatives of the 

E fragment were generated and used to drive expression of lacZ in larval wing discs. The 

1.4 kb EcoRI-XhoI (EX) fragment expression was nearly identical to that of the full 4.8 

kb E fragment, while the 0.69 kb EcoRI-HincII (EC) fragment exhibited increased 

expression in anterior and posterior domains of the imaginal disc. Thus, the sequence 

between the EC and EX fragment could contain regulatory elements that are responsible 

for repressing and refining kni expression into neat stripes (Lunde et al., 2003). These  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experiments with CRM-reporter gene fusions provide important information regarding 

the nature and organization of CRM submodules but do not provide a clear link to gene 

function in the context of the endogenous kni locus. In order to fully understand the 

relationship between the kni gene sequence and its functional output, we require a method 

to precisely manipulate the enhancer and observe its effect on the development of the 

final L2 vein structure in the adult wing. 

Type II CRISPR/Cas9 System 

 The CRISPR/Cas9 system has recently garnered attention as an incredibly 

efficient method for site-specific genome editing, which could provide the means to 

execute experiments conducive to decoding CRM functionality. The type II CRISPR 

(clustered randomly interspaced palindromic repeats) and Cas9 (CRISPR associated) 

endonuclease system evolved in bacteria as a defensive measure against viruses to cleave 

invading foreign DNA (Jinek et al., 2012). Trans-acting CRISPR RNA (tracrRNA) recruit 

the CRISPR RNA (crRNA) into the Cas9 complex. The complex is then directed to the 

genomic target site by complementary binding of the crRNA, where the endonuclease 

will cleave the foreign DNA. 

 In order to simplify the system into a readily applicable genome engineering tool, 

Jinek et al. combined the crRNA and tracrRNA into one guide RNA (gRNA), (also 

known  as “chimeric RNA” or “chiRNA”), that would direct the Cas9 endonuclease to 

create double-stranded breaks at specific locations within the genome. The gRNA,  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consists of 20 nucleotides of the target gene sequence that is followed by an -NGG site, 

known as the protospacer adjacent motif (PAM) (Bassett et al., 2013). With the binding 

of the gRNA to the target gene, the Cas9 endonuclease will generate a double-stranded 

break 3 bases upstream from the PAM site (Gratz et al., 2013). Following the cleavage 

event, random insertions and deletions can be generated at that location in the genome 

through the error-prone nonhomologous end joining (NHEJ) DNA repair mechanism. 

However, specific mutations can be generated much more precisely and efficiently with 

the addition of single-stranded oligodeoxynucletiodes (ssODN) highjacking the cell 

homology-directed repair (HDR) mechanism that plays a key role in maintaining genome 

integrity during DNA replication (Gratz et al., 2013). 

Using CRISPR to Generate CRM Mutations in the Endogenous kni Locus 

 Studies conducted by Valentino Gantz in the lab confirmed the validity of  the use 

of the CRISPR/Cas9 system to generate mutations in the endogenous kni enhancer of 

Drosophila. A single cut was induced just 5’ of the kniri[1] deletion within the E fragment, 

which resulted in error-prone repair of the double stranded break by NHEJ. A range of 

mutants, named “EVs”, were successfully recovered with varying ri phenotypes and 

genomic lesions (Gantz, 2014 unpublished data). Further analyses examined the 

effectiveness of an oligo donor as a repair template to produce specific deletions. Two 

breaks were generated at sites, named A and B respectively, designed to delete a 2 kb 

region containing the EX fragment. The gRNAs for the A and B sites were coinjected 

along with a ssODN that contained 60 nucleotides of homology flanking each side of the  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target deletion. The AB adult flies that were missing the entire kni enhancer element 

resulted in a very strong ri phenotype, completely lacking the L2 vein (Gantz, 2014 

unpublished data). These mutants were subsequently kept as a stock, which I have 

utilized in my analyses. 

 The knirps CRM is an ideal candidate for such a native genomic mutational 

analysis due to its essential role in the development of the wing in Drosophila 

melanogaster, providing a means to interpret its function directly. The identification of 

the kni enhancer fragments, in addition to the advent of CRISPR technology provide the 

necessary tools for my project. I intend to further analyze the knirps CRM, specifically 

sub-sequences within the EX fragment, to determine whether subsections of the CRM 

have different functionality. By utilizing the CRISPR/Cas9 system, I would be able to 

precisely manipulate the kni enhancer of Drosophila in vivo, generating sequential 

deletions and analyzing the phenotype and the transcriptional activity of the resulting 

lesion in its native chromosomal context. 
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gRNA Restriction Cloning and Injection  

 Cloning and injection mixes were prepared according to protocols described by 

Gratz et al. Oligos were designed with 20 nucleotides of the target genome sequence with 

additional 5’ overhangs that are complementary to BbsI restriction sites (sense: 5’ CTTC-

GN19 3’) (antisense: 5’ AAAC-N19C 3’). The oligos were then annealed in T4 ligation 

buffer and cloned into the pU6-BbsI-chiRNA plasmid (Addgene plasmid # 45946). 

Following successful cloning, the gRNA plasmids were transformed into One Shot® 

TOP10 competent cells (Invitrogen # C4040) and purified using the Qiagen Plasmid Midi 

kit (#12191). The gRNA plasmids were coinjected with a respective 120 nucleotide  

ssODN that contained 60 bases homologous to the sequence flanking either side of the 

targeted deletion. Injection mixes were assembled with two gRNA plasmids (final 

concentration: 250 ng/µL each) and the donor oligo (final concentration: 100 ng/µL) in a 

volume of 50 µL. The mixes were sent to Best Gene Inc. for injection into their Vasa-

Cas9(X) stock of flies. 

Genomic DNA Preparation 

 Injected flies were singly crossed to the AB stock within the lab. Then, 

approximately 20 larvae were collected from each vial and genomic was DNA prepared. 

The larvae were rinsed in deionized water and homogenized with a motorized pestle in 

homogenizing buffer prepared according to protocols by Steller et al. (1986). Genomic 

DNA from single adult flies were prepared according to protocols by Gloor et al. (1993).  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PCR Screening of Del Mutants 

 Some crosses were screened by phenotype while others were screened by PCR 

using primers that would anneal to the sequence flanking the target deletion. Other 

primers used to screen for additional deletion events were designed with sequences lying 

outside of the deletion sequence but inside of the kni enhancer (AB fragment) in order to 

amplify the chromosome containing the newly generated deletions. PCR reactions were 

assembled with Phusion High-fidelity polymerase from NEB (#M0530S) and the 

genomic DNA previously prepared from collected larvae. PCR products were purified 

using the QIAquick PCR purification kit (#28104) before sequencing. 

Wing Dissection and Mounting 

 Drosophila wings were dissected in 95% ethanol and mounted in 100% Canada 

balsam.  

!
!
!
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 To determine which CRISPR sites to target, I first analyzed and compared the 

sequence of the knirps enhancer within different species of dipterans, identifying 

conserved regions that could be possible transcription factor binding sites using the 

BLAST-like Alignment Tool (BLAT) from UC-Santa Cruz. I then divided those regions 

into four segments (Del1-Del4) within the locus according to plausible CRISPR target 

sites that contained the necessary 5’ PAM site and preserved the contiguous conserved 

sequences of the enhancer (Figure 1A). The CRISPR targets were evaluated using the 

FlyCRISPR “Optimal Target Finder” tool to identify the sites with the lowest chances of 

generating off target effects.  

 Previous experiments within the lab, validated the CRISPR system as a method 

for generating deletions. The removal of the kni enhancer element within AB homozygous 

flies resulted in the complete loss of the L2 wing vein (Figure 1B). These AB mutants 

were subsequently maintained as a stock and used to screen for my sequential deletions, 

named Del1-Del4 according to their respective injected gRNA targets. Following 

injections by Best Gene Inc., emerging F0 Del candidate flies were singly crossed to the 

AB stock and named for their isolates (i.e. Del1.01 mutants were derived from a Del1 

gRNA plasmid mix and isolate number 1).  In some cases, mutants were identified by 

their L2 vein-loss phenotypes (e.g. Del3 mutants) while for others I resorted to a PCR -

based screening method in which DNA was prepared from 20 larvae collected from each 

cross and then analyzed using primers flanking the expected deletion sequences. From 

vials with positive PCR products, I then set up individual pair matings with a a TM6, Tb/  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TM3, ri1, Sb balancer line to identify flies carrying the deletion and to generate 

homozygous stocks. I was able to successfully recover mutants from all 4 targeted 

deletions, with a variety of phenotypes. 

 The first of my targeted deletions, named Del1, is a 532 bp region spanning from 

cut site “A” to cut site “D” (Figure 1A). The Del1 mutants were all derived from a single 

injected Drosophila embryo and did not produce any observable phenotype when crossed 

to AB flies. I was able to detect and recover four different mutants from the Del1 gRNA 

injections using the PCR-based approach described above. Each of these mutants when 

homozygous, resulted in ectopic vein formation posterior to, or branching from L5 

(Figure 2B-D). However, this phenotype was not fully penetrant, occurring once in about 

30 flies. Del1.10 mutants were confirmed by DNA sequencing to contain a clean deletion 

of the targeted 532 bases while Del1.12 contained a deletion of 550 bases. Del1.16 

harbored a deletion of 559 bases in combination with a single G to T base substitution 

(Figure 2.A). Del1.01 flies contained an insertion of 60 nucleotides homologous to the 

latter half of the single stranded repair template that was coinjected with the gRNA. The 

Del1.01 homozygous mutants exhibited branching from the posterior cross-vein as well 

as very slight branching or perturbation from the distal region of L2 (Figure 2E). These 

mild extra vein phenotypes observed at a low frequency in all four mutants sharing 

deletion of the core 252 bp region suggest that this region of the CRM normally provides 

a modest input for negative regulators repressing kni expression posterior to the L5 

primordium (or to the posterior sal borders).  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 Del2 consisted of a 403 bp region from site “D” to “E” (Figure 1A) that includes 

part of the region deleted in the kniri[1] mutant (Figure 1A). Del 2.18 was the most 

accurate deletion, missing just seven more bases than the target sequence. When over AB, 

Del 2.18 produced a very strong ri phenotype, comparable to the AB homozygous 

mutants (Figure 3B). However, a weaker ri phenotype is observed in homozygous 

Del2.18 mutants, which recovered formation of the distal tip of the L2 vein (Figure 3C). 

Del 2.01 was a deletion of nine more bases with a small 6 bp insertion (TATGCT) and 

exhibited a weak ri phenotype when over AB that is completely recovered when 

homozygous (Figure 3 D, E). Del2.10 mutants contained a deletion of 421 bases with a 

stronger loss of vein phenotype when crossed to AB but is slightly recovered when 

homozygous. (Figure 3F, G). The great difference in phenotype between the Del2 

mutants in trans to the AB deletion versus when homozygous was very surprising. A 

potential explanation for this unexpected result is provided below and in the discussion. 

 Del3 is a 192 bp region starting from cut site “E” to “F” (Figure 1A) that contains 

the majority of the region deleted in kniri[1] as well as the single base change in kniri[53j]. 

Del3.27 was clean deletion of the target sequence and produced a moderate ri phenotype 

when over AB (Figure 4B). Del3.21 mutants were found to contain a 17 bp insertion 

(GTAGAAGATGCCACCAT) in place of 202 bases of the targeted deletion, also 

exhibiting a moderate disruption in L2 formation in Del3.21/AB flies (Figure 4D). Del 

3.23 was a deletion of 208 bases and produced phenotypes similar to Del 3.21 when over 

AB (Figure 4F). Del 3.40 was a deletion of 198 bases in addition to a 31 bp insertion  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(GGGTAATGCCGGTCCGGGAATTACCGGTCTTC), but Del 3.40/AB flies also 

displayed a moderate ri phenotype with disruption of L2 in the middle of the vein and at 

the distal tip (Figure 4H).  

 While all of the Del3 mutants exhibited observable ri phenotypes when over AB, 

homozygous mutants displayed almost wild type vein patterning with complete L2 veins 

(Figure 4 C, E, G, I). This difference between Del3/AB versus Del3 homozygotes 

parallels the situation described above for Del2. One possible explanation for this 

difference in phenotypic severity is that there might be interallelic complementation 

between perfectly paired chromosomes that are homozygous for smaller deletions (e.g. 

Del2/Del2 or Del3/Del3) which cannot take place in trans to the larger AB deletion, 

perhaps due to different sizes or end points of the deletions. This type of situation is 

reminiscent of transvection in which cis-regulatory elements from one allele can act in 

trans to activate gene expression from the opposing allele in a manner dependent on 

chromosome pairing (Mellert et al., 2012). In order to test our hypothesis, I crossed 

Del3.27 homozygous mutants to a ri1 homozygous stock and a TM3, ri1 balancer line 

since the TM3 balancer chromosome is greatly inhibited in participating in chromosome 

pairing dependent transvection. Indeed, the Del3.27/ri1 flies displayed a noticeably 

weaker phenotype when compared to Del3.27/TM3, ri1 , which resulted in the loss of a 

larger segment of L2 (Figure 4J, K). 

 The last of the targeted deletions, Del4, is the largest region covering 835 bp of 

the enhancer from cut “G” to “B” (Figure 1A). Similar to the Del1 mutants, Del4 mutants  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did not exhibit any observable phenotype when crossed to AB flies. The Del4.40 mutants 

were the most precise of the deletions, missing only two more bases than the original 

intended deletion (Figure 5A). When homozygous, Del4.40 mutants exhibited ectopic 

branching from the L5 vein and slight thickening or branching of L2 (Figure 5B). 

Homozygous Del 4.01 flies lack three more bases and resulted in a similar phenotype of 

branching from L5 and L2 (Figure 5C). Finally, Del4.31 mutants contained a 858 bp 

deletion and also exhibited branching from L5 and L2 when homozygous, though some 

adults exhibited branching in the proximal region of L2 (Figure 5D). Thus, as in the case 

of the Del1 mutants, Del4 mutants most likely deleted regulatory sequences mediating a 

moderate repression of kni expression in regions of the wing near or peripheral to the L2 

and L5 veins.   

 In addition to the four targeted deletions, I was also able to recover mutants that 

may have resulted from inefficient homology directed repair between short repeated 

sequences. Del1.6 was derived from an embryo injected with gRNA targeting the Del1 

region but instead, generated a 1.5 kb deletion spanning from Del1 to part of the Del4 

region, with a 9 bp insertion (CAATGGACC) (Figure 6A). When in trans to AB, Del1.6 

mutants have a truncated L2, similar to homozygous kniri[1] (Figure 6B). Homozygous 

Del1.6 mutants still have an incomplete L2 vein but also, exhibit ectopic vein formation 

posterior to L5 (Figure 6C), similar to that observed in Del1 homozygotes (e.g. Fig 2B, 

C). The Del3.35 mutant lacks 3 bases at cut site “E” as well as a 1.3 kb deletion spanning 

most of the Del4 region and a 5 bp insertion (AGAGA). Del3.35/AB mutants exhibited a  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weak ri phenotype, missing only the distal tip of L2 (Fig. 6D, E), while some of the same 

mutants had gaps in proximal portion of L2 also (Figure 6E). These mutants exhibit vein 

patterning almost complementary to the ri phenotypes observed in other deletions, such 

as the Del2 or Del3 mutants (e.g. Figure 3C, 4B). Like previous Del3 mutants, Del3.35 

adults when homozygous resulted in almost full recovery of L2 (Figure 6F). Finally, 

Del3.38 mutants contained a deletion of 1.1 kb encompassing the Del3 and Del4 region, 

in addition to a 25 bp insertion (TCATCTTAGGGTAGTCAGATGACGC). Del3.38 

mutants when expressed over AB and when homozygous resulted in almost complete 

absence the of L2 vein, identical to the phenotype of AB homozygous adults. The 

differences observed here between the various lesions when in trans to AB versus in the 

homozygous condition, again raise the possibility that precise chromosome pairing 

allows for some type of trans interaction between sister chromosomes that stabilizes 

CRM-protein complexes. In the case of the larger AB deletion, such potential reinforcing 

interactions may be lost due to deletion of all or most of the sequences necessary for such 

trans-interactions. 

!!
!
!
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Figure 1. Map of knirps enhancer and targeted deletions, Del1-Del4 

(A) Map of previously characterized EX fragment (minimal kni enhancer) and the more 3’ 
EC fragment that were shown to be sufficient to drive expression in patterns similar 
to endogenous kni; the AB deletion fragment that encompasses a 2kb region within 
the previously characterized E fragment; the region deleted in kniri[1]; and target 
sequential deletions (Del1-Del4). Segments marked red represent deletions while 
segments marked blue were previously used to drive reporter constructs.  

(B) Wild-type adult male wing with the major longitudinal veins (L1-L5) 
(C) Homozygous kniri[1] adult male wing with a truncated L2 vein 
(D) Homozygous AB adult male wing with almost complete loss of the L2 vein !
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Figure 2. Del1 Sequences and Phenotypes 

(A) Recovered Del1 mutant sequences. Del1.10 was a clean target deletion of 532 bases. 
Del1.12 was a deletion of 550 bases. Del1.16 was a deletion of 559 bases and a single 
G to T base substitution. Del1.01 was a deletion of 7 bases and an insertion of 60 
nucleotides homologous to the latter half of the ssODN. The green region represents 
the beginning of the Del1 sequence, as shown in the wt sequence. 

(B) De11.14 homozygous adult male wing with small vein formation posterior to L5 (red 
arrow) 

(C) De11.12 homozygous adult male wing with small vein formation posterior to L5 (red 
arrow) 

(D) De11.16 homozygous adult male wing with small vein formation posterior to L5 (red 
arrow) 

(E) De11.01 homozygous adult male wing exhibiting ectopic branching from the 
posterior cross-vein and L2 (red arrows) !

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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Figure 3. Del2 Sequences and Phenotypes 

(A) Recovered del2 mutant sequences. Del2.18 was a deletion of 410 bases. Del2.01 was 
a deletion of 418 bases with an insertion of 6 nucleotides (TATGCT). Del2.10 was a 
deletion of 421 bases. 

(B) Del2.18/AB adult male wing with strong ri phenotype missing most of L2, similar to 
AB mutants. 

(C) Del2.18 homozygous adult male wing with slight recovery of distal tip of L2. 
(D) Del2.01/AB adult male wing with weaker ri phenotype. 
(E) Del2.01 homozygous adult male wing with full recovery of L2. 
(F) Del2.10/AB adult male wing with a moderate ri phenotype. 
(G) Del2.10 Homozygous adult male wing exhibiting a weaker ri phenotype. !
!
!
!
!
!
!
!
!
!



25

 

!
!
!
!
!
!
!
!
!
!
!
!

!
!
!

Del2.18/AB

Del2.01/AB

Del2.18

A

B C

Del2.01

D E

Del2.10/AB Del2.10

F G



26

Figure 4. Del3 Sequences and Phenotypes 

(A) Recovered Del3 mutant sequences. Del 3.27 was a clean target deletion of 192 bases. 
Del 3.21 was a deletion of 202 bases and an insertion of 17 bases 
(GTAGAAGATGCCACCAT). Del 3.23 was a deletion of 208 bases. Del 3.40 was a 
d e l e t i o n o f 1 9 8 b a s e s w i t h a 3 1 b p i n s e r t i o n 
(GGGTAATGCCGGTCCGGGAATTACCGGTCTTC). 

(B) Del3.27/AB adult male wing, with a moderate ri phenotype. 
(C) Del3.27 homozygous adult male wing, with recovery of the L2 vein but with 

thickening and slight wiggling of the vein. 
(D) Del3.21/AB adult male wing, exhibiting a moderate ri phenotype. 
(E) Del3.21 homozygous adult male wing, with recovered L2 vein. 
(F) Del3.23/AB adult male wing, exhibiting a moderate ri phenotype. 
(G) Del3.23 homozygous adult male wing, with recovery of the L2 vein. 
(H) Del3.40/AB adult male wing, also with a moderate ri phenotype. 
(I) Del3.40 homozygous adult male wing, with slight recovery of distal end of L2. 
(J) Del3.27/ri1 adult male wing, exhibits an ri phenotype but is only missing a small 

portion of the vein 
(K) Del3.27/TM3, ri1 adult male wing, exhibiting a stronger ri phenotype compared to 

the same Del3.27 mutant crossed to a homozygous ri1 fly.  !
!
!
!
!
!
!
!
!
!
!
!
!
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Figure 5. Del4 Sequences and Phenotypes 

(A) Recovered Del4 mutant sequences. Del4.40 was a deletion of 836 bp. Del4.01 was a 
deletion of 837 bp. Del 4.31 was a deletion of 858 bp. 

(B) Del4.40 homozygous adult male wing, with branching at the distal tip of L2 and L5 
(red arrows) 

(C) Del4.01 homozygous adult male wing, with branching at distal tip of L2 and L5 (red 
arrows) 

(D) Del4.31 homozygous adult male wing, with branching at proximal region of L2 and 
distal end of L5 (red arrows) !

!
!
!
!
!
!
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Figure 6. Additional Deletion Sequences and Phenotypes 

(A) Additional recovered mutant sequences. The red segments represent deletions while 
the green represent insertions that are present. Del 1.6 was a 1457 bp deletion with a 
9 bp insertion (CAATGGACC) and a G to T base change 15 bases after the deletion. 
Del3.35 was missing 3 bases at cut site “E” a 1312 bp deletion with a 5 bp insertion 
(AGAGA). Del3.38 was deletion of 1148 bp and 25 bp insertion 
(TCATCTTAGGGTAGTCAGATGACGC). 

(B) Del 1.6/AB adult male wing, lacking the distal half of L2 
(C) Del 1.6 homozygous adult male wing, still lacking the distal half of L2 but also 

exhibiting ectopic branching posterior to L5 (red arrow) 
(D) Del3.35/AB adult male wing, missing the distal tip of L2 
(E) Del3.35/AB adult male wing, some flies are missing the proximal region of L2 in 

addition to the distal tip of the vein.  
(F) Del3.35 homozygous adult male wing, with recovery of the L2 vein 
(G) Del 3.38/AB adult male wing, is very similar to AB mutants, lacking almost all of L2 
(H) Del3.38 homozygous adult male wing, in which L2 formation is also disrupted 

almost completely !
!
!
!
!
!
!
!
!
!
!
!
!
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 The functionality of enhancer elements is still unknown to the field of 

developmental biology. Previous attempts to analyze them utilized P-element insertions 

driving the expression of reporter transgenes, such as the work of Lunde et al., that 

identified the minimal kni enhancer element. However, no analyses of regulatory 

elements have ever been attempted in context of the endogenous locus. The CRISPR/

Cas9 system provides the appropriate medium to generate mutations with high specificity 

within the genome and observe their direct morphological output. The deletions I have 

generated allow for an in-depth analysis of the transcriptional activity of enhancers and 

CRMs, as well as revealing information regarding the proximal-distal development of the 

L2 wing vein.  

 Del1 mutants contained deletions of a region that largely resided outside of the 

minimal kni enhancer. Thus, I was not expecting any observable phenotype regarding L2. 

The Del1 mutants in trans to the large AB  deletion were wild type but when 

homozygous, around 3% of the adult flies exhibited a small vein formation posterior to 

L5, suggesting that the Del1 region may also contain elements responsible for repression 

of vein genes in the posterior region of the wing.  

 Similarly, in the case of Del4 mutants, no phenotypes were observed  in trans to 

AB but weak extra vein phenotypes were observed in homozygous mutants. The region 

deleted in Del4 consists mainly of the previously characterized repression domain within 

the EX fragment that may have contained binding sites for the repressors brinker (Brk) 

and engrailed (En), as well as another possible sal binding site (Lunde et al., 2003). Thus,  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in this case I was expecting to observe increased vein formation within the wing. Indeed, 

the observed extra veins in the Del4 mutants in the vicinity of both the L2 and L5 veins is 

consistent with the increased areas of reporter gene expression in the anterior and 

posterior regions of the wing pouch with the EC-lacZ construct that had been previously 

reported (Lunde et al., 2003). 

 In contrast to Del1 and Del4, the central deletions of Del2 and Del3 appear to 

remove activator sequences. The Del2 region contains the doublet binding site for the 

wing activator scalloped (Sd) as well as the 3’ end of the kniri[1] deletion that encompasses 

4 single Sd binding sites (Lunde et al., 2003). Both the EX and EC fragments analyzed 

for driving reporter gene expression were shown to have repression in the central domain 

of the wing, where sal is expressed (Lunde et al., 2003), suggesting the presence of a 

possible sal binding site within the region of the EC fragment. The removal of this region 

was sufficient to disrupt the formation of L2, most likely due to the deletion of the kniri[1] 

region. Consistent with positive regulatory regions being contained within Del2, these 

mutants displayed moderate to strong phenotypes when in trans to AB. It is interesting 

that relatively small differences between the exact endpoint of the deletions in the various 

mutants result in differing phenotypes (e.g. strong in Del2.18, moderate in Del2.10, and 

weak in Del2.01). Another great surprise was that the severity of all the vein loss 

phenotypes was significantly less extreme when these mutants were homozygous than 

when in trans to AB. 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 Since the target Del3 deletion included most of the kniri[1] deletion and also the 

kniri[53j] mutation, I was expecting a variety of loss-of-vein phenotypes regarding L2. 

However, I did not anticipate the full recovery of L2 in all four of the homozygous 

mutants. This phenomenon may be attributed to the occurrence of transvection, in which 

the pairing of homologous chromosomes could cause interactions influencing gene 

expression (Mellert et al., 2012). The results of crossing the Del3 mutants to a kniri[1] line 

and a TM3 balancer with the ri1 allele confirmed this hypothesis. The Del3.27/TM3, ri1 

had a stronger phenotype, lacking a larger portion of the L2 vein, in accordance with the 

balancer line decreasing incidences of recombination during chromosome pairing. The 

occurrence of transvection could also explain the slight recovery of the vein observed in 

the Del2 mutants as well, but further investigation is necessary. Additional analyses is 

also needed to investigate how a single base change in kniri[53j] mutants can result in 

incomplete formation of L2, while removal of that base in the Del3 homozygous mutants 

does not effect vein development. 

 The utilization of the CRISPR method also allowed me to analyze additional 

mutants that may have arisen due to non homologous end joining or inefficient repair. 

Instead of a deletion, Del1.01 mutants contained an insertion of 60 bp within the Del2 

region that was hypothesized to contain a sal binding site. The Del1.01 homozygous 

mutants resulted in ectopic vein formation branching from the posterior cross-vein and 

L2, which are the regions that define the border of sal expression within the wing. Since 

sal has been hypothesized to act indirectly to induce vein formation via a for-export-  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signaling mechanism (Lunde, 1998; Bier, 2000), the increased binding of sal could result 

in increased release of a signal that would activate kni and other vein genes, thus inducing 

vein formation at its borders.   

 Like the other Del1 mutants, Del1.6 was also derived from injection of the gRNA 

plasmids targeting the first region within the kni enhancer. However, Del1.6 mutants 

contained a deletion spanning from Del1 to the 3’ end of  Del4, and a 9 bp insertion. The 

Del1.6 homozygous mutants exhibited a combination of phenotypes found in the other 

Del mutants, with a truncated L2 and also ectopic vein formation posterior to L5. The ri 

phenotype could be attributed the absence of the activators located in the Del3 region, 

while the increased vein formation is comparable to the loss of repressors in Del1 or 

Del4, if not both. 

 From the Del3 gRNA injections, I was able to recover the Del3.35 mutants which 

consistently lacked the distal tip of L2, but a few adults also lacked the proximal end of 

the vein. The mutation consisted of a 3 bp deletion at cut site “E”, also located within the 

deleted region of kniri[1], which could be responsible for the incomplete development of 

L2. The Del3.35 mutants also contained a large deletion extending from Del4 on, that 

included another region of conserved genomic sequence, that could be the binding site of  

aristaless (al). The removal of which, might explain the absence of the proximal region 

of L2, despite not being a consistent phenotype. The use of the CRISPR/Cas9 system in 

these analyses has helped uncover unexpected transcriptional information regarding the  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proximal-distal axis of the Drosophila wing that otherwise would not have been revealed 

in studies using CRM-reporter gene fusions. 

 Del3.38 mutants were found to lack the Del3 and Del4 region, in addition to a 25 

bp insertion but resulted in a  phenotype almost identical to that of the AB mutants, in 

which the entire enhancer element was removed. This suggests that the region of the 

activation domain (comprised of the four single sd binding sites) and the repression 

domain of the EX fragment contain the elements necessary and sufficient for proper kni 

expression. Thus, sequences from both the 5’ end of the Del2 region may act in 

combination with Del3 sequences to mediate activation. When either of these regions 

alone is deleted, perhaps inter-chromosomal interactions that depend critically on 

chromosome pairing stabilize the interactions within the other region. Such interactions 

are presumably lost in trans to AB or to a compound inverted chromosome to account for 

the more severe observed vein-loss phenotypes.  

Future Directions 

 The information collected from these analyses set the precedence for further 

understanding the transcriptional interactions within the kni enhancer, including 

additional experiments that are currently being conducted in our lab. In order to examine 

the repressive function of the Del1 region, Del1;Del4 double mutants will be generated 

and the phenotypes within the wing will also be recorded. It will also be informative to 

test various trans combinations of the different Del2 and Del3 alleles. If perfect  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chromosome pairing is essential for the observed rescue or reduced severity of vein loss 

in homozygotes (as compared to being in trans to AB) then imperfect pairing among 

different Del2 or Del3 alleles may similarly generate more severe phenotypes. 

 Another question that was raised based on these findings, includes how Del3 

homozygous mutants have a fully developed L2 vein despite deletion of the sequence 

containing the residue mutated in kniri[53j]. Future experiments will also utilize the 

CRISPR/Cas9 system in order to conduct a base by base analysis of the region containing 

the kniri[53j] mutation and also observing the morphological effects controlled by each 

location within that region. The CRISPR/Cas9 system already has, and will continue to 

be, an invaluable tool for the field of developmental biology. My work could establish the 

basis to detect functional variation among CRMs involved in wing-vein patterning by 

observing the morphological effects from the altered kni CRM in Drosophila and 

comparing its function to those of the kni CRMs identified within other dipterans.  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