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ABSTRACT 

Section 1: Construction and screening of a genomic library for the 
mosquito Aedes aegypti (Diptera, culicidae). 

A genomic library has been constructed for this important vector 
of arboviral disease. Total genomic DNA and various classes of RNA 
from Ae. aegypti were used to screen this library. The results 
obtained indicate that this species has a short period interspersion 
pattern of repeated sequences. Transcription of these repeats could 
not be detected using total cytoplasmic RNA, hnRNA or mRNA as 
hybridisation probes. 

Section 2: Sequence organisation of ribosomal DNA in Aedes aegypti. 

The Aedes aegypti genomic library was used to isolate clones 
containing the intact ribosomal DNA (rDNA) repeat of this species. 
This has been restriction mapped and the transcribed regions have been 
identified. The rDNA repeat is 9.0 Kb in length and is present as 
approximately 500 head-to-tail tandemly repeated copies. A low level 
of intraspecies polymorphism of Ae. aegypti rDNA is evident. Two 
restriction polymorphisms have been identified within the rDNA repeat. 

Section 3: Analysis of ribosomal DNA variation within Ae. aegypti'and 
between closely related species. 

Four variant rDNA clones have been isolated. One of these' may 
contain the end of a tandem array of ribosomal genes. Another variant 
contains a duplication of rDNA within the internal transcribed spacer 
region of the ribosomal repeat. Sequence analysis of this clone has 
identified regions at the 3' end of the 18S rRNA gene of Ae. aegypti 
which show very strong homology with the corresponding regions in 
other species. Some repeated sequences have been identified 
downstream of the 18S rRNA gene in this clone. Preliminary analysis 
of the two other rDNA variants indicates that one contains a 
duplication or insertion of DNA in the 28S rRNA coding region and one 
contains non-transcribed spacer homologous sequences which are not 
associated with rRNA coding regions. 

Section 4: DNA probes for species identification of mosquitoes in the 
Anopheles gambiae complex. 

DNA sequences have been isolated which distinguish four of the 
morphologically identical members of the An. gambiae species complex. 
Two sequence classes were obtained. Class 1 homologues are highly 
reiterated in the genomes of An. arabiensis and An. merus, present in 
low copy number in An. melas and were not detected in An. gambiae s. s. 
Class 1 sequences are male specific in An. arabiensis. Class 2 
homologues are highly reiterated in the genomes of An. merus and An. 
melas and present in low to middle copy number in An. gambiae s. s, and 
An. arabiensis. Sex specificity of Class 2 homologues does not occur 
in the species tested (An. gambiae s. s. and An. arabiensis). 
Hybridisation of these species specific DNA sequences to mosquitoes 
squashed directly onto nitrocellulose provides a simplified method of 
species identification. 
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GEIERAL INTRODUCTION 

In'18981 Ronald Ross described for the first time the mosquito cycle 

of malaria transmission. In 1901 mosquitoes were implicated in, the 

transmission of - yellow fever by Walter Reed and in 1906 T. L. Bancroft 

discovered the mosquito transmission of dengue. These early 

discoveries -prompted the beginning of exhaustive research into the 

biology of mosquitoes and their relation to diseases. 

Mosquitoes are still the subject of much research. In many tropical 

areas mosquito numbers and disease transmission remain unchecked. 

This, in some areas despite the considerable efforts of huge- public 

health initiatives. Major problems in the control of mosquito-borne 

diseases stem from the vastness of the areas of the world affected and 

a lack of sufficient resources with which to act. In some countries 

the political situation and an uninformed public add further to health 

problems. 

In recent years mosquito-borne disease has been brought under 

control in some areas by the combined use of insecticides to control 

mosquito numbers, drugs to combat parasite infections and preventative 

measures such as the use of mosquito nets and the destruction- of 

mosquito breeding sites in the vicinity of populated areas. The 

effectiveness of two of these measures is now seriously threatened by 

the increasing prevalence of insecticide resistance in mosquitoes and 

the appearance of drug resistance in some parasites. Although a 

vaccine is now available which can be used to protect against yellow 

fever; attempts to produce a vaccine against malaria have so far been 
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thwarted by the immunologically evasive nature of the parasite. No 

effective cure or vaccine is-yet available to combat the relatively 

new disease dengue. Even when effective drugs `and vaccines are 

available, the expense and distribution problems involved in treating 

large numbers of people for long periods, makes the task of disease 

erradication extremely difficult. For these reasons it is vital that 

efforts to control mosquito-borne disease continue at all levels: 

vaccines, drugs and vector control, and that the strength of all 

available technology is brought to bear. 

Although extensive information is available concerning mosquito 

biology, genetics and (for some species) cyto-genetics, very little is 

known about mosquitoes at the level of molecular genetics. This is 

somewhat surprising in view of the medical importance of these 

insects. An understanding at the molecular level of phenomena such as 

insecticide resistance and susceptibility of mosquitoes to infection' 

by the parasites they transmit may eventually lead to effective new 

methods of mosquito control and interruption of disease transmission. 

Genetic control of insect pests has been explored [1] and' further 

information regarding molecular genetics, rather than just classical 

genetics may eventually make the genetic control of mosquitoes 

possible. One of the most powerful techniques for, the study of gene 

function in higher eukaryotes is that of 'P' element transformation of 

Drosophila melanogaster [2]. The development of a system for the 

genetic transformation of mosquitoes in a similar manner (either using 

'P' element DNA vectors or by developing mosquito DNA vectors) would 

prove invaluable for the analysis of gene function in mosquitoes, the 

isolation of otherwise unselectable genes by 'transposon-tagging' and 

may eventually provide a means of genetically altering the mosquito. 
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It is impossible to predict the precise benefits which might arise 

from a study of the molecular genetics of the mosquito, but such a 

study is sure to add further to the armoury of weapons against the 

mosquito and will also be of interest to researchers in the broader 

field of eukaryote molecular genetics. 

The experiments described in this thesis represent some of the first 

work to be done specifically on mosquito molecular genetics. Three 

sections of experiments are described. The first section details the 

construction of a basic tool for the study of the Aedes aegypti 

mosquito genome; a large genomic library. Some information regarding 

the organisation of repeated sequences in the genome of this important 

vector of arboviral disease is presented. In the second section, this 

genomic library is used to isolate a number of clones representing a 

particular family of repeated sequences; the ribosomal RNA genes. The 

variation of ribosomal genes within Aedes aegypti and between closely 

related Aedes species is investigated and the genomic library is used 

to isolate specific variants. The viability of screening ribosomal 

genes to isolate putative transposable genetic elements is explored. 

The implications of the results of these experiments for further work 

on mosquito molecular genetics is considered. 

The third section of this thesis describes a short project in which 

some of the most basic techniques of molecular genetics are applied to 

a fundamental problem in entomology; the identification of individual 

species within a species complex. The isolation of DNA probes for 

species identification of mosquitoes in the Anopheles gambiae complex 

is described, together with a preliminary study of the feasibility of 

using DNA probes for routine species identification. 
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1.1. dedes`aegypti; Classification, Basic Biology and Vectorial 

Importance 

Classification 

Mosquitoes comprise the Dipteran family Culicidae. Aedes-aegypti 

belongs to the genus Aedes, sub-genus Stegomyia. Mosquito systematics 

are reviewed by Knight and Stone [3] and Knight [4]. 

The name now used Aedes aegypti was originally proposed by Linnaeus 

in 1762, although this was only adopted in the 1930's. Ae. aegypti 

has formerly been referred to, as Culex fasciatus, Stegomia fasciatus, 

Stegomyia calupus and Culex argenteus. More recently, Ae. aegypti has 

been classified into three forms [5]. 

1. Ae. aegypti (Linnaeus) sensu-stricto (the type form) is brownish 

or blackish in colour, distributed widely, but absent from inland 

tropical Africa. 

2. Ae. aegypti (Walker) s. sp. formosus is black, confined to 

tropical Africa and is the only form found inland in tropical Africa. 

3. , Ae. aegypti (Theobald) var. queenslandensis-is paler than Ae. 

aegypti s. str. Originally identified in Northern Australia, its 

distribution is similar to that of Ae. aegypti s. str. 

01 
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Basic Biology (see [6] for full review) 

Aedes aegypti is the most studied single mosquito species and is 

commonly used in the testing of insecticides and repellants. 

Distributed almost worldwide within tropical and sub-tropical zones, 

Ae. aegypti is an extremely hardy species which is easy to rear in 

laboratory colonies. Eggs may be stored dry for several months after 

initial conditioning and remain viable after storage for a year or 

more. 

Aedes aegypti will breed in almost any unpolluted temporary water. 

Typical breeding sites include tree holes, leaf -axils, temporary 

pools, domestic recepticles and even uncovered toilet cisterns. Ae. 

aegypti is therefore particularly well adapted to breeding in and 

around human habitats. Up to 140 eggs are deposited singly onto wet 

surfaces or directly onto sheltered water. A minimum of three days is 

required for maturation of eggs. After eclosion, the first instar 

larva goes through three ecdyses to fourth instar larva before 

pupation and subsequent emergence of the imago. The time taken for 

development from egg to adult is largely dependant on ambient 

temperature, ranging from a minimum of 7 days in the warm season (28- 

32'C)ß to 20 days in the cool season (23-26'C). The size of adult 

produced is not adversely affected by a moderately reduced temperature 

171 although development will not proceed below approximately 17'C. 

The food requirements of the filter-feeding larvae are not stringent, 

almost any source of living bacteria and fungi being suitable. After 

emergence, 1-2 days is required for the female to become receptive to 

mating. Only the first mating is 'usually effective due to the 

polypeptide 'matrone' which is introduced into the female reproductive 

tract by the accessory gland fluid of the first mating partner [8]. 
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Three days are required for oogonal development between the females 

first blood meal and oviposition. The total life cycle of Aedes 

aegypti has a duration of between 16 and 30 days. 

Adult nourishment of both sexes for flight and metabolism is usually 

derived from plant juices (moist sugar cubes serve for laboratory 

colonies), although a blood meal is essential for ovarian development 

and egg production by the female. Under favourable conditions in 

laboratory colonies (70% relative humidity, 25'C), 50% of females may 

survive up to 60 days, the oldest survivors living for 100 days. Male 

longevity is about half that of females (9]. Survival of females in 

natural populations is much lower (e. g. 2-3 ovipositions or 10 days on 

average) (10]. Longevity is of great importance in determining the 

vectorial capacity of a species (11]. Aedes aegypti is active mainly 

by day. Consequently this species has a high degree of contact with 

man and is a particularly annoying pest. 

Vectorial Capacity 

Aedes aegypti is the main vector responsible for the transmission of 

yellow fever (Y. F. ) and dengue fever (D. F. ) in urban areas. It also 

plays a role in the transmission of many less important arboviruses 

of man and other animals and in the transmission of Dirofilaria. 

Factors contributing to the high vectorial capacity of Aedes aegypti 

include: high anthrophilly, hardiness, mobility, the ability to 

support a wide range of pathogens, high longevity, high biting 

frequency and a high population density in many areas. 

Yellow fever (causative agent: flavivirus) occurs as two forms: 

urban Y. F. (affecting humans) and sylvan or forest Y. F. (affecting 
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humans and monkeys). Aedes aegypti is the prime vector of urban Y. F., 

but plays only a minor role in the transmission of sylvan Y. F. (of 

which Aedes simpsoni and Aedes africanus are the main vectors). The 

distribution of Y. F. is similar to that of Aedes aegypti, with the 

exception that Y. F. is not endemic in Asia, even though Ae. aegypti is 

still prevalent. Urban Y. F.. which formerly caused large epidemics in 

urban centres of Africa, America and Europe, is now largely controlled 

by the use of efficient environmental measures and vaccines. The 

possibility remains however that re-invasion of urban areas by vectors 

could occur and if vaccination is halted, this could lead to fresh 

epidemics with catastrophic results. One particular cause for concern 

is that Y. F. may spread to India where no preventative measures exhist 

[12]. 

Dengue fever (causitative agent: flavivirus, four serotypes DEN 1- 

DEN 4) is transmitted mainly by Ae. aegypti, but also by other 

steganomous species including Aedes albopictus, Aedes scutellaris and 

Aedes polynesiensis. The distribution of D. F. is similar to that of 

Ae. aegypti, with the most severely affected areas at present being 

S. E. Asia and the Caribbean. D. F. occurs in two forms; one with 

haemorrhagic and shock manifestations (dengue haemorrhagic fever, or 

D. H. F. ) and one without these more severe manifestations (called 

simply dengue fever, D. F). Outbreaks of D. F. may involve 0.5-2 

million people annually. ' Although debilitating, this form is rarely 

fatal. Large areas in Asia experience frequent outbreaks of D. H. F. 

which result in significant mortality (e. g. 7%), especially amongst 

children. D. H. F. is thought to represent a hypersensitivity reaction 

to simultaneous or sequential infection by more than one dengue virus 

serotype. 



8 

Aedes aegypti also contributes to the transmission of several other 

less widespread arboviral diseases afflicting humans and other 

animals. These include Japanese B, St. Louis and Murray Valley 

encephalitis, West Nile virus, Bwamba fever, Chikungunya, Semliki 

Forest virus, Bunyamwera, Ntaya, Uganda S virus, Zika virus, fowl pox, 

Venezuela equine encephalitis and enzootic hepatitis. Aedes aegypti 

also transmits Dirofilaria immitis (dog filariasis). 
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1.2. Construction of an Aedes aegypti Genonic Library 

A representative genomic library contains all the DNA sequences of 

an organism present as asnumber of DNA fragments, each inserted into a 

bacterium or bacteriophage. Information concerning the arrangement and 

expression of repeated sequences may be gained by screening" genomic 

clones with various DNA and RNA hybridisation probes [131. Specific 

genes or other DNA sequences may be isolated from a genomic library 

when homologous probes (e. g. an evolutionarily conserved gene from a 

different species) are available. Alternatively, differential 

screening of a genomic library may be used to isolate DNA sequenes 

with' particular properties; differing expression in various tissues 

[141 or a particular species distribution 1151 for example. If the 

genomic library is constructed using randomly sheared or partially 

digested insert DNA, a series of overlapping fragments is obtained. 

This allows the isolation of sequences adjacent to a region already 

cloned. A genomic library may therefore be considered a basic tool of 

molecular genetics and as such, it was considered worthwhile to 

construct a large genomic library for Ae. aegypti. This library has 

been used for many of the experiments described in this thesis and 

should remain an aid to future work. 

1. The bacteriophage vector agtVBSXB 

XgtWESXB is a replacement vector derived by Leder et al [161. It 

is well suited for cloning intermediate sized EcoRI fragments (7- 
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15Kb). Digestion of XgtVESXB (40.4 Kb total) with EcoRI generates 

three restriction fragments; a 21.7Kb ' left arm' ýa4.9 Kb 'stuffer' 

fragment (which contains no essential sequences) and a 13.8 Kb 'right 

arm'. After separation of the stuffer fragment, the annealed arms and 

EcoRI-generated insert DNA are ligated, under conditions favouring the 

formation of concatamers. This ligation mixture is an efficient 

substrate for in vitro packaging. Insert fragments in the range 2-15 

Kb can be accommodated along with the arms in the phage particle. 

Plating of the recombinant phage obtained by in vitro packaging onto 

E. cola host cells (e. g. LE 392) yields an amplified stock which may 

be stored for several years at 4'C without appreciable decrease in 

titre. Bacteriophage vectors allow sizeable portions of complex 

genomes to be screened easily. The size of inserts in XgtWESXB genomic 

libraries makes cloning intact eukaryotic genes possible, facilitates 

chromosome-walking in reasonable-sized steps and is conducive to 

restriction enzyme mapping (unlike cosmid-sized inserts). 

2. Preparation of vector DNA 

XgtWESXB bacteriophage DNA was prepared as described in Materials 

and Methods. A small aliquot of this DNA was digested with EcoRI to 

verify the strain. 100 pg of vector DNA was then digested overnight 

with a 2-fold excess of EcoRI. A small aliquot of DNA was checked for 

100% digestion. The remainder was then phenol extracted, ethanol 

precipitated and redissolved in T. E. buffer (10 mM Tris pH 7.5,1 mM 

EDTA). 

The cohesive ends of the a arms were annealed (60' in 10 m)( XgC12 

at 42'C). ` Annealing was checked by gel electrophoresis. Two 10-40%, 
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14 ml sucrose gradients (in 1M NaCl, 20 mM Tris-HC1 pH 8,5 mM EDTA) 

were prepared using a gradient, former (BRL GA -0793). 
Half of the 

digested vector was carefully layered onto each gradient and 

centrifuged for 16 hours at 32,000 rpm (Sorvall-TST41 swingout. rotor, 

'g' at 'r. av' = 1.3 x 105). The gradients were fractionated from the 

base of the tube (0.7 ml fractions) using a peristaltic pump. 20 µl 

of every. other fraction was analysed by gel electrophoresis. 

Fractions 1-5 were found to contain ). arms and in fraction 7 the 

stuffer fragment was visible. Fractions 1-4 were pooled, dialysed 

against T. E. and, the DNA ethanol precipitated. The DNA was 

redissolved in 20 pl of T. E. and a small aliquot checked by gel 

electrophoresis. The final yield of purified arms was estimated to be 

10 µg. 

3. Preparation of genomic insert DNA 

The insert DNA used was 7-15 Kb size fractionated Aedes aegypti 

(Bangkok strain) genomic DNA, obtained from a mixture of complete and 

partial EcoRI digests. (This strain of Ae. aegypti, originally from 

Bangkok, Thailand, is resistant to the insecticide DDT). The 

advantages of using size fractionated, partially digested DNA are: 

1. Precise excision of insert DNA is possible. 

2. Elimination of small fragments (e. g. 2-7 Kb) from the genomic 

library reduces the number of clones which have to be screened 

to screen a given proportion of the genome. 

3. Partial digestion favours cloning of regions of the genome sparse- 

in EcoRI sites and of regions rich in EcoRI sites. 
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4. Ligation of unrelated genomic DNA fragments during the ligation 

reaction will mainly generate inserts too large to be packaged. 

Multiple inserts will therefore be largely avoided. (These give 

misleading results in the analysis of flanking regions and when 

'chromosome walking'). 

The main disadvantages of this cloning system are that EcoRI sites 

within DNA are not evenly distributed and that EcoRI cuts infrequently 

relative to the size of DNA fragments cloned. Long stretches of 

highly repetitive DNA may contain no EcoRI sites and thus would not be 

cloned (17]. The proportion of Aedes aegypti DNA which is present as 

fragments larger than 15 Kb after complete digestion with EcoRI is 

approximately 2-5% (as estimated from an ethidium bromide stained gel 

of EcoRI restricted genomic DNA). Use of tetracutter restriction 

endonucleases or mechanical shearing of genomic DNA is required to 

generate a truly representative genomic library. 

4. Preparation of high molecular weight genomic DNA 

The method of Bingham et al [181, with some modifications, was 

used to prepare pure, high molecular weight genomic DNA. (A detailed 

protocol is given in Materials and Methods). DNA was prepared from 2- 

400 fourth instar Ae. aegypti (Bangkok strain) larvae. The size of DNA 

obtained was greater than 100 Kb as estimated by gel electrophoresis. 

Elimination of mechanical shearing of DNA is important in the cloning 

system employed here as DNA fragments with non-EcoRI compatible 

termini are unable to ligate properly and so act as inhibitors of 

concatamerisation and packaging. 
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5. Titration of EcoRI against Aedes aegypti DNA 

To determine the quantity of restriction endonuclease required to 

produce a given level of digestion of genomic DNA, the batch of enzyme 

to be used was titrated against the genomic DNA to be used as follows. 

20 µg of Ae. aegypti DNA in 300 µl of EcoRI reaction buffer was 

aliquoted into 9 tubes on ice: 60 pl in tube 1,30 Al in 2-9.10 

units of EcoRI were added to tube 1 and after mixing, 30 µl from tube 

1 was transferred to tube 2. After mixing, 30 pl from '2' was 

transferred to '3' etc. No enzyme was added to tube 9. All tubes were 

then incubated at 37 *C for 1 hour. The reaction was stopped by the 

addition of EDTA to 10 mM. The digests were then analysed by gel 

electrophoresis. The result of this experiment is shown in Figure 

1.2a, The unit activity of the enzyme was estimated as 1 µg of 

genomic DNA per hour under the conditions of the assay. 
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6. Digestion and size fractionation of genomic DNA for insertion into 

vector 

Four EcoRI digests were performed under conditions which gave 10%, 

25%, 50% and 100% cleavage of Ae. aegypti genomic DNA. 25 jig of DNA 

was used per reaction at a concentration equal to that used in the 

titration experiment. Reactions were stopped by the addition of EDTA 

to 10 MM and 0.5 pg of DNA from each reaction was checked by gel 

electrophoresis. The digests were then pooled, gently phenol 

extracted and ethanol precipitated. The precipitate was redissolved 

overnight at 40C,. in 200 pl of T. E. and a small aliquot checked by gel 

electrophoresis. The DNA was then heated (68'C, 10') prior to size 

fractionation through a single 10-40% sucrose gradient which was 

fractionated as described in '2' above. 100 jl from every third 

fraction was ethanol precipitated and size fractionated through 0.8% 

Agarose to determine the size distribution of the DNA (see Figure 

1.2b). 

Results; 

Fraction no. Size distribution (Kb) 

2 8.4 - 11 

5 4.8 - 7.5 

8 2.1 - 3.2 

11 less than 2.0 

No DNA was visible in fractions 14,17 and 20. Fractions 1-3 were 

pooled, dialysed against T. E. and ethanol precipitated. The DNA was 

redissolved overnight in 20 µl of T. E. and ä small aliquot (2pl) 

checked by gel electrophoresis (see Figure 1.2c). The final yield of 
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7-15Kb, size fractionated Ae. aegypti genomic DNA was estimated to be 

10 pg. 

7. Estimate of the number of clones required 

Using a value for Ae. aegypti haploid genome size of 8x 109 bp 

(see section II of this thesis), the number of clones required for a 

99'% probability of having a particular unique sequence represented in 

the library was calculated [19). 

Using A= In (1 - P) 
In (1-F) 

Vhere N= the number of clones required, P= probability and F= the 

fraction of the Aedes genome contained in a single clone. 

Values used; P=0.99, F= 104 bp (estimated average insert size) +8 

x 109 (genome size). 

N= In (1 -0.99) = 3.68 x 105 clones 
In (1-(104 +8x 10e1> 

This value is calculated assuming random fragmentation of the genome. 

This is not true for the method used here (EcoRI digestion), but the 

value of 3.68 x 106 clones serves as a minimum number of clones for 

which to aim. 
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8. In vi tiro packaging 11 

Packaging extracts were prepared and. used as described by Hohn 

(20]. The protocol used is detailed in Materials and Methods. 

The lysogenic E. cola strains BHB2688 Gam) and BHB2690 (Dam) 

were used to produce the freeze-thaw lysate and the sonicated extract 

respectively. BHB2688 has an amber mutation in the 'B' gene (coding 

for phage head protein) and so accumulates viral capsid components 

following induction. BHB2690 has an amber mutation of the 'D' gene 

(required for insertion of X DNA into the phage head and subsequent 

maturation of the phage particle) and so accumulates 'pre-heads' when 

induced. Both strains have the cIts857 mutation (temperature sensitive 

X repressor) and Sam 7 (an amber mutation in the 'S' (lysis) gene 

which causes the accumulation of capsid components in SuIII- cells 

after induction). Both have 'b' region deletions which remove the DNA 

attachment site, thereby reducing the packaging of endogenous X DNA 

molecules. In addition, both BHB2688 and BHB2690 have inactivated 

generalised recombination systems (red 3 and recA respectively) which 

minimises recombination between endogenous DNA and the added 

recombinant X DNA. When the two extracts are mixed in the presence of 

cofactors and x wild-type DNA, 107 - 109 plaque forming units (pfu's) 

are produced per microgram of DNA. 

The packaging buffers used here contain putrescine (see Materials 

and Methods), which favours the packaging of X genomes close to the 

size of X wild type DNA. The packaging of recombinants containing 

large insert DNA fragments is therefore favoured. 
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9. Optimisation of sonicated extract: freeze-thaw lysate ratio 

In two separate experiments, the packaging efficiency of the 

packaging mixes was determined 'a', using a set volume of freeze-thaw 

lysate (FTL) and varying the volume of sonicäted extract (SE) and 'b', 

using a set volume of SE and varying the FTL. 

Results; 

Reaction Efficiency (pfu/pg X wt) 

a. 10 µl, FTL + 4'-µl SE 6x 101 

+ 6µl " 8.3 x 106 

+ 10)1 " 4.2x106 

H + 20 Al 2.0 x 106 

b. 6 p1 SE + 10 Al FTL 2.3 x 107 

N N + 12µl " 2.3x10' 

+ 
, 
16µ1 1.8x107 

" " + 20 pl l1.9 x 107 

No phage plaques were obtained when a 10'3 dilution of a packaging 

reaction (10 )il FTL +6 µl SE) without added X wt DNA was plated. No 

increase in packaging efficiency was obtained when the concentration 

of ATP in the reaction was increased or when the reaction was 

incubated for 1% hours instead of 1 hour. The lower efficiences 

observed for 'a' are due to deterioration of packaging buffers used in 

this experiment. 

The volumes found to give best results were; 10 Al of FTL +6 }i1 

of SE. The packaging efficiency obtained was 2.3 x 107 pfu/pg k wt 

DNA. 
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10. Determination of optimum ligation conditions 

The most efficient substrate for in vitro packaging is a 

concatamer of the form [insert-annealed X arms].. The formation of 

this is optimal when the EcoRI cohesive ends of each of the three 

reacting' species (left arm, insert and right arm) are present in 

equimolar amounts. Therefore, a ratio of two of each of the arms to 

one insert molecule is required (e. g. a 2: 1 molar ratio of annealed 

arms to inserts). The "absolute concentration of reacting species is 

also important. The ligation conditions must favour intermolecular 

concatamerisation rather than intramolecular self-circularisation. 

The theoretical optimum conditions for ligation were calculated as 

described by Kaniatis et al (21] using a value of 10 Kb for average 

insert DNA size (workings not shown). 

The values obtained'were; molarity of insert DNA = 8.52 x 10-1 (57 

pg/ml), molarity of annealed arms '= 2x molarity of inserts = 1.74 x 

10-1 (400 jig/ml). 

Although these values serve as'a good theoretical approximation, 

several inaccuracies are inherrent in practice. DNA concentrations as 

estimated by ethidium bromide fluorescence are inaccurate. Some DNA 

molecules may be damaged and therefore unable to react. The 

calculations used do not take into account the changing concentrations 

of reactants with time. 

The actual optimum ratio of arms : insert was determined 

empirically using the theoretical optimum as a guide. The molar ratio 

of arms : insert DNA was varied and the efficiency of each reaction 

product as a substrate for in vitro packaging determined. 
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Results; 

Ratio of arms : insert 

4: 1 

2: 1 

1: 1 

0.5: 1 

Efficiency (pfu/µg) 

2.5 x 104 

7.5 x 10" 

4.5 x 104 

6.0 x 10° 

In this case, the theoretical and actual optima were the same, a 

2: 1 molar ratio of X arms : insert DNA. 

11. Large-scale ligation and packaging 

Reaction: 0.34 µg of Ae. aegypti 7-15Kb, EcoRI restriction fragment 

insert DNA and 2.4 pg of annealed x arms were ligated in a reaction 

volume of 11.2 µl using 5 units of T4 DNA ligase. The reaction was 

incubated overnight at 20'C. 

The final concentrations of x arms and insert DNA were 214, µg/ml 

and 30 pg/ml (a 2 :-1 molar ratio). The theoretical optimal 

concentrations could not be attained in the minimum possible reaction 

volume. 

The ligation reaction was packaged using 14 separate-packaging 

reactions (190 ng DNA/reaction). Controls were performed to determine 

packaging efficiency for x wt DNA and the background of plaques from a 

packaging reaction with no added insert DNA. 
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Results 

Reaction 

a, 250 ng X wt/reaction 

b, 500 ng X wt/reaction 

c, 100 ng ligated arms only/reaction 

Efficiency (pfu/µg DHA) 

3.60 x 10' 

3.26 x 10' 

1x 104 

The total number of pfu's in the combined packaging of the large- 

scale ligation was 1.36 x 106 (This corresponds to an efficiency of 5 

x 105 pfu/µg total DNA). 

From 'c', the background of non-recombinants in the genomic 

library was estimated to be approximately 2%. The number of 

recombinants obtained was therefore approximately 1.30 x 106 (3.6 x 

the value of the minimum number as calculated in '7' above) 

12. Amplification 

Half of the recombinants obtained were kept at 4'C (with added 

chloroform) as an unamplified stock. The other half were plated onto 

two BRL bioassay trays (22.5 cm x 22.5 cm). The top agar from these 

plates was then scraped off into phage buffer and kept overnight at 

4'C to allow the phage to diffuse out of the agar. The agar was then 

spun down (10,000rpm, 20', 4'C) and the supernatent (the amplified 

phage stock) decanted. The titre of the phage stock (total volume 30 

ml) was determined to be 2.2 x 107° pfu/ml. 

Although low abundance, slow growing recombinants may be lost 

during amplification of the library, these should still be represented 

in the unamplified stock. 
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13. Evaluation of the representation of ribosomal DJA sequences in the 

Jedes aegypti genomic library 

To assess the representation of a particular sequence family (in 

this case the major ribosomal RNA genes) in the amplified library 

stock, the ribosomal DNA (rDNA) composition of the library was 

compared with that of the original genomic DNA as described by 

Phillips et al [22]. 

Amplified library DNA was prepared as follows: The phage 

particles from 5 ml of amplified library stock (2.2 x 101° pfu/ml 

titre) were precipitated by the addition of 1.25 ml of a solution 

containing 20% polyethylene glycol 6000,2.5 K NaCl. After standing 

at 4'C for 20 minutes, the precipitate was collected by centrifugation 

(10.000 r. p. m. 4'C, 15') and resuspended in 500 µl of T. E. buffer. 

DNA was prepared from this by extracting the suspension with phenol 

three times and choroform once, followed by ethanol precipitation and 

washing with 70% ethanol. A yield of 12.5 pg of recombinant DNA was 

obtained. 

2 pg of Aedes aegypti (Bangkok) genomic DNA and 5 µg of genomic 

library DNA were digested with the restriction enzyme EcoRI, size 

fractionated through 0.8% Agarose and transferred to nitrocellulose as 

described in materials and methods. This Southern blot was then 

hybridised with radiolabelled Ae. aegypti rDNA (X Aar7 total insert 

DNA, see Section 2 of this thesis). A photograph of the stained gel 

and corresponding autoradiograph are shown in Figure 1.2d. 

This clearly shows that all rDNA bands visible for the digested 

genomic DNA are also visible on the genomic library DNA digest. Some 

difficulty was encountered in obtaining complete digestion of the 

library DNA and this is evident from the strong partial digestion band 
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of 9.0 Kb on the Southern transfer (the 7.2 Kb and 1.8 Kb bands are 

products of the cleavage of this DNA species). No other qualitative 

differences are evident between the two digests. Some hybridisation 

is observed to the X arms. This is probably due to a low level of 

contamination of the gel-cut rDKA probe with X vector DNA and is also 

a consequence of the partial digestion. 

The ethidium bromide stained gel of the library DNA shows a series 

of distinct bands in addition to the expected genomic DNA smear. These 

bands represent sequences which have been preferentially cloned and/or 

grow fastest as recombinants. These bands include 'a 4.9 Kb band which 

probably corresponds to the XgtVES 'stuffer' fragment (present in 

small amounts relative to the a arms) and bands of 7.2,8.4.9.5 and 

14 Kb. One of these bands (7.2 Kb) corresponds to a repetitive 

sequence band on the genomic digest stained gel and may also 

correspond` to the rDNA band of this size visible on the 

autoradiograph, 
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1.3. Organisation and Expression of Repeated Sequences in the 

Xosquito Aedes aegypti: Studies Involving Screening of Genonic 

Clones 

Introduction 

The genomic organisation and expression of eukaryotic repeated DNA 

sequences has been studied for a variety of organisms (reviewed in 

123]). Each species has a distinct complement of repeated sequences 

and the precise arrangement of these may differ considerably from 

species to species. Most organisms may be classified into one of two 

groups; those with a short period interspersion (S. P. I. ) pattern of 

repeated sequences and those with a long period interspersion (L. P. I. ) 

pattern of repeats. DNA from organisms with a S. P. I. pattern (e. g. 

sea urchin [24], Xenopus [25] and all mammals studied to date [26]) 

consists largely of short stretches of unique DNA sequence 1-2 Kb in 

length separated by short repeated sequences 100-300 bp in length. 

The frequency of occurrance of these short repeats is variable; some 

regions of DNA may contain significantly fewer than average repeats 

whereas other regions may contain significantly more. Long stretches 

of tandemly repeated sequences may be devoid of short interspersed 

repeats. Organisms with a long period interspersion pattern of 

repeated sequences include Drosophila (27], Apis (281 and Cbironomus 

(291. Repeated sequences in these organisms are much longer 

(typically 5 Kb) and are interspersed with much longer stretches of 

unique DNA (e. g. 30 Kb). As for short interspersed repeats, the 
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frequency of interspersion of long repeats is likely to vary. Long 

interspersed repeats are found in addition to short interspersed 

repeats in organisms with a S. P. I. pattern (30]. In the mouse, Young 

(313 has estimated that there are 70 different sequence families of 

long dispersed repeats which are present in 3-100 copies per haploid 

genome and represent approximately 17% of the total DNA. Drosophila 

DNA is composed of about 12% middle repetitive DNA, of which one 

quarter codes for tandemly repeated genes (ribosomal RNA and histones) 

and the remainder is composed of approximately 40 sequence families of 

dispersed long repeats [321. 

The short interspersed repeats of humans are dominated by a single 

sequence family; the 'Alu' sequences. Sequences homologous to 'Alu' 

are also found in other mammals. 'Alu' repeats comprise one half to 

one third of all short repeats in the human genome and their 

counterparts are equally abundant in other mammalian genomes 1333. In 

humans there are approximately 300,000 copies of the 300 bp long 'Alu' 

sequence, equivalent to 3% of the total genome. Different members of 

the 'Alu' sequence family are similar, but not identical in DNA 

sequence. 

Long and short dispersed repeated sequences differ' in their 

structure and transcription. Long repeated sequences frequently 

resemble the retrovirus integrated provirus. They may have long 

terminal repeats (225-400 bp in length), which in turn may be flanked 

by short inverted repeats. Homology has been reported between the 

open reading frames found within long dispersed repeats (the Li rodent 

long dispersed repeats for example) and the open reading frames of 

retroviruses [34], Short repeated sequences do not possess these 

characteristics and do not encode proteins (the proposed reverse 
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transcriptase for example of long dispersed repeated sequences). Both 

short and long dispersed repeats are considered to be mobile genetic 

elements due to their variable locations within the genome and both 

are flanked by a short direct -repeat (7-20 bp for 'Alu'-like 

sequences, 4-6 bp for long dispersed repeats) which is thought to 

represent a duplication of DNA produced upon integration of the 

element into a new site [23]. 

Transcription of Jong dispersed repeats such as the 'Copia'-like 

elements in Drosophila melanogaster by RNA polymerase II generates 

abundant polyadenylated transcripts of discrete sizes [35]. 'Alu' 

sequences are heterodisperse in mRNA and hnRNA as, a result of 

transcription by RNA polymerase II as part of other transcription 

units (i. e. within introns) or due to 'promoter leakage' which leads 

to the transcription of repeats adjacent to transcribed regions [36]. 

'Alu' sequences are also 'transcribed by RNA polymerase III as 

discrete transcription units (37]. A small RNA species (7S) which 

contains extensive homology to 'Alu' RNA is a vital component, of a 

cytoplasmic complex involved in the transport of newly synthesised 

proteins across membranes [38]. 'Alu' transcripts constitute a 

considerable proportion of hnRNA in mammalian cells (391 and are also 

present in reduced, but still significant amounts in cytoplasmic mRNA 

(40], 

Transcription of repeated DNA sequences into hnRNA has been 

reported for all eukaryotes studied. The presence of short 

interspersed repeated sequence transcripts in mRNA however has been 

reported only in mammals. The short interspersed repeats of the sea 

urchin for example, are expressed in hnRNA, but are not present in sea 

urchin mRNA E411. 
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An estimate of the genome complexity (quantity of DNA per haploid 

genome) of an organism may be made from the reassociation kinetics of 

sheared DNA in solution [42]. The proportion of the genome which is 

highly repetitive, moderately repetitive or unique may be estimated 

from the reassociation kinetics of these fractions [43]. For genomes 

of mammalian sequence complexity (around 3x 109 bp or DNA per haploid 

genome), highly repeated is considered to be 105 - 106 copies per 

haploid genome and middle repetitive to be 102 - 104 copies per 

haploid genome. The copy number of a specific sequence may be 

estimated from the reassociation kinetics of the purified sequence or 

its RNA transcript to denatured genomic DNA in large excess (44]. 

Similarly, the sequence complexity of a mRNA or hnRNA population may 

be estimated by hybridisation of the RNA or its cDNA transcripts to 

genomic DNA in excess [45]. 

Solution hybridisation studies of this type have been undertaken 

for the mosquito. Analysis of genomic complexity of Aedes albopictus 

(46], Aedes aegypti (A. M. Warren unpublished results) and CuIex 

pipiens quniquefasciatus U. M. Crampton unpublished results) has been 

performed. In addition, Spradling et al (46] have estimated ribosomal 

gene copy number and sequence complexity of hnRNA and mRIA of Aedes 

aIbopictus. 

In this section, I describe some information regarding the 

genomic organisation and expression of repeated sequences in the 

mosquito Aedes aegypti obtained by a different approach: screening the 

Ae. aegypti genomic library described in Section 1.2 with genomic DNA, 

various classes of RNA and a ribosomal DNA probe. The results of 

these experiments are compared to those obtained by the other methods 

described and their implications are discussed. 
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Experinents and results 

Approximately 10,000 clones from the Aedes aegypti genomic library 

amplified stock were plated onto a B. R. L. 'bioassay plate' measuring 

22.5 cm x 22.5 cm. Three nitrocellulose filter replicas (20 cm x 20 

cm) of this plate were taken (see Materials and Methods). After 

reincubation of the plate (3 hours, 37'C)ß a further three replicas 

were taken. One replica filter was hybridised with each of the 

following radiolabelled probes: 

a. total genomic DNA 

b. total cytoplasmic RNA 

c. poly A- cytoplasmic RNA 

d. nuclear RNA 

e. ribosomal DNA 

Probes a-d were all prepared from Aedes aegypti (Bangkok strain) 

fourth instar larvae (the same material that was used for the 

construction of the genomic library). The ribosomal DNA used was the 

insert of clone AAar7 which contains an entire 18S/28S ribosomal DNA 

repeat of Aedes aegypti (see Section 2). 

Nucleic acids were prepared and labelled as described in Materials 

Methods, Probes were labelled to specific activities of 1011 dpm/µg 

for DNA, 2-5 x 107 dpm/pg for RNA, and were used at a concentration of 

50 ng per ml of hybridisation solution. Hybridsations using complex 

probes (a-d above) were carried out over the weekend (60 hours). 

Homogeneous probes ('e' for example) were usually hybridised overnight 

(18-24 hours). 



Fig. 1.3A 

Figure 1.3A; Autoradiograph of approximately 7100 clones from the Ae. 

aegypti genomic library screened using radiolabelled Ae. aegypti genomic 
DNA. 
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Figure 1.3B; Autoradiograph of approximately 7100 clones from the Ae. 
aegypti genomic library screened using radiolabelled Ae. aegypti total 
cytoplasmic RNA. 



28 

Vhen screened using total genomic DNA, the majority of clones in 

the genoric library gave a detectable hybridisation signal. (Figure 

1.3A). Of 7900 clones screened, approximately 7100 (90%) were 

positive with this probe. 

When probed using total cytoplasmic RNA, a much smaller proportion 

of clones (120,14%) showed hybridisation signal. (Figure 1.3B). These 

clones gave very strong autoradiographic signals, even after short 

exposures. Clones which gave a hybridisation signal with the total 

cytoplasmic RNA probe corresponded to clones which gave a medium 

strength hybridisation signal with the total genomic DNA probe. 

When replica filters were screened using poly A+ RNA (selected by 

oligo-dT column chromatography) or nuclear RNA prepared by guanidine 

hydrochloride extraction from purified nuclei (see Materials and 

Methods), the pattern of hybridisation was qualitatively identical to 

that obtained using total cytoplasmic RNA. 

Yhen RNA probes derived from Mos20A Ae. segypti cell-line (which 

was established in 1969 and resembles epithelial cells (47]) were used 

to probe replica filters, results were identical to those obtained 

using larval RNA for all three RNA classes (results not shown). 

Cellular RNA consists mainly of ribosomal RNA (80 - 85%), 

therefore clones containing ribosomal RNA coding regions (rDNA) will 

give strong hybridisation signals with the RNA probes used here. (Even 

polyA+ selected RNA and nuclear RNA preparations are likely to contain 

significant proportions of rRNA). To determine the proportion of RNA 

positive clones which contain rDNA, a mosquito ribosomal DNA repeat 

was used to probe one of the replica filters. 

Almost all clones which showed hybridisation signal with the RNA 

probes were positive with this ribosomal DNA probe. Of the 1120 
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clones positive with the RNA probes, only one was not positive with 

rDNA. This clone showed relatively weak hybridisation signal with the 

total cytoplasmic and nuclear RNA probes, but stronger hybridisation 

signal with poly A", RNA. No differences in intensity of hybridisation 

of this clone were evident between the RNA probes derived from larvae 

and cell-line material. This clone did not correspond to a positive 

signal on the genomic DNA screening autoradiograph. (These results are 

shown in Figure 1.3 C-F) 

Discussion 

In a genomic library constructed for an organism with a short 

period interspersion pattern of repeated sequences, most recombinants 

containing large inserts would be expected to contain several short 

repeats. In the case of a human genomic library containing DNA 

fragments 10-20 Kb in length, approximately 95% of recombinants 

contain at least one repeated sequence and most contain several [13]. 

A similar proportion of clones in this human genomic library were 

positive when screened using a human repetitive fraction DNA probe. 

Gergen et al [48] have calculated that for a clone to give a positive 

hybridistion signal when screened using a multi-component, complex 

hybridisation probe, it must contain some DNA sequence which comprises 

at least 0.1% of the total probe. For practical purposes, using 

reasonable probe concentrations, hybridisation times and 

autoradiography exposures, the authors show that the limit may be as 

high as 0.5% of the total probe. The minimum copy number of sequences 

which give detectable hybridisation signal when total genomic DNA is 
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used to screen a genomic library is determined by the sequence 

complexity of the genomic DNA used. For example, 0.1% of a genomic DNA 

probe is equivalent to 3000 copies per haploid genome of 1 Kb sequence 

in human DNA (3 x 10' bp of DNA per haploid genome), but only 800 

copies of a 1Kb sequence in sea urchin DNA (8 x 108 bp of DNA per 

haploid genome).. Similar criteria apply to the detection of sequences 

homologous to complex RNA probes. - In this case the complexity of the 

RNA probe determines the minimum transcript copy number which gives 

detectable hybridisation signal. 

When. the Ae. aegypti genomic library (insert size; 7-15 Kb, 

background of non-recombinants; 2%) was screened using total genomic 

DNA, 90% of clones showed hybridisation signal. Therefore 90% of 

clones must contain some sequence which represents 0.1% or more of the 

total genomic DNA probe. Spradling et al [46] estimated the genome 

complexity of the mosquito Aedes albopictus to be approximately one 

third of that,. of the . mammalian genome (e. g. 8x 108 bp) although the 

proportions of highly repeated (10%), middle repetitive (10-15%) and 

unique DNA (75-80%) were similar. Similar results have been obtained 

for the species Cuiex pipiens quinquefasciatus and Aedes aegypti U. N. 

Crampton, A. M. Warren, personal communications). A mosquito genomic 

DNA clone containing 15 Kb of unique sequence is homologous to only 

0.002% of a total genomic DNA probe. Therefore clones containing 

unique sequences only will not give detectable hybridisation signal 

when screened using a total, genomic 'DNA probe. Hence 90% of the 

clones in the mosquito genomic library must contain some repetitive 

DNA sequence. This is strong evidence for the presence of a short 

period interspersion pattern of repeated sequences in the Aedes 

genome. 
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No estimate of the length of repeated sequences can be made from 

this data presented here, although Hogan [49] has reported unpublished 

results communicated by S. Penman that on average, mosquito repeats 

are 300 bp long with an interspersion interval of'-2000 bp. For a 300 

bp sequence to comprise 0.1% of the mosquito genome, the reiteration 

frequency would be 2700 copies per haploid genome. 

The finding that Aedes aegypti has a short period interspersion 

pattern of repeated sequences supports the theory that' a S. P. I. 

pattern is usually associated with a relatively large genome size in 

higher eukaryotes. Dictyostelium is the only eukaryote known to have 

S. P. I. and a small genome size [50]. The species Drosophila [32] and 

Chironomus 1291 which are both dipterans, and Apis [28] which is a 

hymenopteran, do not have S. P. I. patterns of repeated sequences and 

have small genome sizes (9 x 107 bp, 1.8 x 106 bp and 2.7 x 106 bp 

respectively). Aedes aegypti and all other species studied, including 

Musca [28], a dipteran, and Antheraea [51], a lepidopteran, have a 

S. P. I. pattern of repeats and relatively large genomes (8 x 109 bp or 

greater). 

Tashima et al 113]`have demonstrated that when 'mammalian genomic 

libraries are screened using cDNA transcribed from cytoplasmic 

messenger RNA, the proportion of clones showing hybridisation signal 

is similar to that obtained using 'a genomic DNA probe. This is because 

'Alu'-like sequences are transcribed and represent significant 

proportions of total cytoplasmic, hnRNA and poly A+ cytoplasmic RNA. 

For a human genomic library containing 20Kb inserts, 95% of clones 

give a hybridisation signal with cDNA transcribed from poly A- RNA of 

human cells [13]. The authors show that this is due to the presence 

of repetitive sequences in a sub-set of the cDNA molecules. 
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When screened using high specific activity mosquito total 

cytoplasmic RNA, poly A- cytoplasmic RNA or nuclear RNA, only 14% of 

Ae. aegypti genomic clones gave detectable hybridisation signal. The 

vast majority of these (99.9%) correspond to ribosomal DNA clones, as 

visualised using the mosquito ribosomal DNA probe. This result 

indicates that transcripts of the dispersed repeats which show 

hybridisation signal with the genomic DNA probe, do not constitute a 

significant proportion (more than 0.1%) of any of the RNA probes used 

here. A similar result was obtained when cDNA transcribed from poly 

A' RNA of C. p. quinquefasciatus was used to screen a genomic library 

of this species. U. M. Crampton, personal communication). 

Spradling et al 1461 report that although the level of 

transcription of repetitive sequences into hnRNA is similar for the 

mosquito and-mammals (about 30%), the level of repetitive sequence 

transcripts in mRNA is higher in mammals (less than 10% of their 

mosquito mRNA preparation was repetitive compared'to 30% for mammalian 

mRNA). The nuclear RNA probe used in the present studies to screen the 

Ae. aegypti genomic library does not detect transcription of repeated 

sequences. This may be due to the presence of a large proportion of 

contaminating ribosomal RNA in the hnRNA and poly A- cytoplasmic RNA 

probes. This would substantially decrease the sensitivity of these as 

probes for the detection of clones containing non-rDNA transcribed 

sequences. Further work, including the use of more highly purified 

hnRNA (Spradling et al separated nucleoli and nucleoplasm by sucrose 

gradient centrifugation) which could be verified by assaying for rRNA 

and determining the molecular weight distribution of the RNA, is 

needed to clarify the degree of transcription of mosquito repeated DNA 

sequences. 
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The finding that almost all positives obtained using the RNA 

probes contain rDNA has several important implications. " Firstly, it 

explains why no differences were observed when replica -filters were 

screened using cell-line and larval RNA probes; rRNA is highly 

expressed in all tissues and evolutionarily conserved. ' Secondly, -the 

proportion of clones containing rDNA (14%) is far larger than 

expected. In Aedes aegypti, ribosomal genes are reiterated 

approximately 500 times per haploid genome (see Section 2 of this 

thesis). The rDNA repeat is 9.0 Kb in length and rDNA therefore 

represents approximately 0.6% of the total Aedes genome. Ribosomal 

RNA coding sequences are therefore greatly over-represented in the Ae. 

aegypti genomic library. This may be` due to the organisation of Ae. 

aegypti rDNA with respect to EcoRI recognition sites. Clonable rDNA 

fragments 7-15 Kb in length are produced'on complete and partial 

digestion of Aedes aegypti genomic DNA (see Section 2.9). 

Other abundant cellular RNAs (excluding abundant mRNAs) such as 5S 

rRNA, transfer RNAs and small nuclear RNAs are shown to be under- 

represented or possibly absent from the genomic library by the rDNA 

screening results. (DNA coding for these should comprise at least a 

small' proportion of clones which' give 'hybridisation signal with the 

RNA probes). For example, 5S rRNA, which is present in equimolar 

ratio with 18S, 5.8S and 28S rRNA in higher 'eukaryotes, represents 

approximately 2% of cellular RNA (521. The genes coding for 5S rRNA 

and their non-transcribed spacer regions are short and tandemly 

repeated (Drosophila has 160 copies, 373 bp in length, for example 

153]). There is a low probability that a tandem repeat this length 

will be cut by EcoRI (hexacutters would cleave random DNA once every 

4096 bp on average) and if this is the case, 5S coding sequences will 
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not generate clonable-sized EcoRI fragments. This illustrates the 

advantages of using tetracutter enzymes (which would cleave random DNA 

once every 256 bp on average) or mechanical shearing to produce insert 

DNA for genomic libraries. 

All rDNA-containing clones correspond to positives obtained with 

the total genomic DNA probe (medium intensity signal). As ribosomal 

genes represent 0.6% of the genomic DNA probe, this indicates that the 

sensitivity of screening is higher than 0.6%. 

The very small proportion of clones (0.1%) which show 

hybridisation signal with the complex RNA probes, but do not contain 

rDAA and do not show hybridisation signal with genomic DNA is 

expected for low copy number, highly expressed genes. For example, in 

the sea urchin (which has a similar genome size to the mosquito; 8x 

10° bp) only 2.7% of unique sequences are transcribed. These unique 

sequence transcripts are composed of approximately 8500 different mRNA 

species of which fewer than 100 are abundant (e. g. 1000 copies per 

cell or higher) [52]. The number of clones screened in this experiment 

represents only a small proportion of the Aedes genome (see Section 

1.2) and therefore very few low copy number, highly expressed 

sequences will have been screened. The clone which clearly does 

contain a non-rDNA, highly expressed sequence, gives a stronger 

hybridisation signal *with poly A+ selected cytoplasmic RNA than total 

cytoplasmic RNA and may therefore represent a sequence which is 

highly expressed as polyadenylated mRNA in mosquito cells and larval 

tissues. 



35 

Future Perspectives 

The presence of an S. P. I. pattern of repeated sequences in the 

Aedes aegypti- genome has some important implications for further 

studies. A genomic--clone containing a specific DNA sequence is likely 

to also contain at least one dispersed repeat. This is especially true 

for clones with large inserts. The presence of a repetitive sequence 

will drastically alter the hybridisation characteristics of a clone 

and may mask the hybridisation characteristics of the sequence of 

interest. In such an instance, analysis of different segments within 

the genomic DNA fragment may be necessary. The presence of'S. P. I. 

repeats will make 'chromosome walking' (by looking for overlapping 

genomic clones) considerably more difficult for similar reasons. 

When screening Aedes genomic libraries for DNA sequences with 

specific hybridisation characteristics (species-specific DNA probes 

for example; Section 4), short DNA fragments should be used for both 

the library insert DNA and probe DNA to avoid the masking of one 

repetitive DNA sequence by the hybridisation characteristics of 

another closely linked repeat. 

When screening Aedes genomic libraries using RNA- probes, the 

transcription of repeated sequences is not sufficient to mask that of 

very highly expressed genes, To screen genomic clones for sequences 

transcribed at lower levels, RNA probes devoid of ribosomal RNA, or 

the use of cDNA probes of higher specific activity is required. It is 

unlikely that rRNA or rRNA cDNA could be removed from any class of RNA 

or cDNA probe with an efficiency which would prevent this strong 

hybridisation to rDNA clones. To screen large numbers of highly 

expressed genes (e. g. 100) in the Aedes genomic library, a large 
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number of amplified clones (e. g. several genome equivalents) must be 

screened. At very high plaque density, the hybridisation signal from 

rDNA-containing clones is likely to mask signals from much less 

abundant sequence classes which may also be highly expressed. One 

technique which would circumvent this problem is to design a genomic 

library which would be devoid of rDNA clones. This is possible from 

the information obtained in Section 2 of this thesis. Two restriction 

enzymes (Sall and XhoI) have been identified which do not cut within 

the tandemly repeated rDNA. These enzymes would therefore not 

generate rDNA fragments of clonable size (e. g. 2-20 Kb f or 

bacteriophage vectors) when used to digest Ae. aegyptl genomic DNA. A 

genomic library constructed using either or both of these enzymes to 

generate genomic insert DNA should therefore contain very few rDNA 

clones. 

Further information regarding the lengths and interspersion 

frequences of repeated sequences may be obtained by analysing the 

inserts of a number of genomic clones. The hybridisation properties 

of some specific repeated sequence from Anopbeles mosquitoes are 

described in Section 4. Hybridisation of specific cloned repeats to 

Northern transfers of various RNA classes may be the most sensitive 

method for assessing the transcription of repeated sequences. 
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Section 2: Sequence Organisation of Ribosomal DNA in Jedes aegypti 

2.1. Introduction 

The genes encoding the structural RNA components of ribosomes are 

among the most extensively studied DNA sequences. In higher 

eukaryotes, ribosomal genes are present in multiple copies and may 

undergo amplification in some cell types (in the Xenopus oocyte 

(541, for example). This allowed the isolation of pure ribosomal 

genes for detailed biochemical analysis prior to the advent of 

recombinant DNA technology. Ribosomal RNA is the most abundant RNA 

species of cells, representing 80-85% of total cellular RNA, present 

in complex ordered structures (the ribosomes) which are central to 

the process of mRNA translation. Ribosomes may be purified from 

other cellular components on the basis of their sedimentation rates 

(ribosomal sub-units and RNA components are named according to their 

sedimentation coefficients in Svedberg units), 

This section describes the cloning and characterisation of the 

major rDNA repeat from Aedes aegypti. The genes encoding the 5S 

rRNA component (which is present in equimolar amounts with the 

larger RNAs in the ribosome) are found in a separate gene cluster in 

higher eukaryotes (reviewed in (53]) and are not included in this 

study. 

In most of the eukaryotes studied, the genes encoding the 18S, 

5.8S and 28S ribosomal RNAs (or their equivalent) are organised as 
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tandemly repeated arrays in the nucleolar organiser region(s) of the 

chromosomes [551. - The integrated ribosomal DNA (rDNA) repeats in 

higher eukaryotes are usually present in 50-500 copies per haploid 

genome, arranged in a tandemly repeated, head-to-tail manner [23]. 

The rDNA repeat consists of coding regions and internal and external 

transcribed spacer regions separated by a non-transcribed spacer 

region. The length of the repeat varies from 8.4 Kb in the primitive 

diptera Sciara coprophiIa [561 and Chironomus tentans [571 to 38 Kb 

in Dictyostelium discodium [58] and 44 Kb in humans [59] and mice 

1601. This large variation in size is due mainly to variation in 

the lengths of spacer sequences, particularly of the non-transcribed 

spacer (NTS) region. The rRNA is transcribed as a single precursor 

molecule of approximately 8Kb in most eukaryotes [61-63], although 

the rRNA precursor is longer 
, (around 13 Kb) in mammals E641. ° Pre- 

rRNA is. cleaved to yield mature 18S, 5.8S and 28S rRNAs. In insects 

the 28S rRNA undergoes additional cleavage to yield two sub units 

(28S a and 28S ß) 1651. In some insect species, the 5.8S rRNA also 

undergoes further cleavage. In Drosophila melanogaster, the 5.85 

rRNA is cleaved to give 5S and 2S rRNA molecules [66]. I 

Comparisons of ribosomal DNA sequence between different species 

have shown that while regions -within rRNA coding sequences are 

evolutionarily very highly conserved [6? ], the sequence of the 

spacer regions is highly variable even between closely related 

species [68]. The inference originally drawn from this finding was 

that spacer regions have no sequence-specific function. Recent 

studies on the effect of the R. T. S. region on transcription of 

Xenopus rRNA however, have shown that I. T. S. sequences of' this 

41 
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species contain transcriptional enhancers [69,70] which effectively 

load RNA polymerase I onto the rRNA promoter. 

In addition to the observed inter-species variation of ribosomal 

DNA spacer sequences, many species exhibit a high degree of rDNA 

intra-species pölymorphism. In Locusta migratorla, extensive 

restriction site polymorphism has been observed in the long (11 Kb) 

non-transcribed spacer region [71]. Within Xenopus laevis, 

different rDNA repeats vary in length. This is due to differences 

in the number of repeated sequences which comprise the non- 

transcribed spacer of this species [72]. 

In most of the insects studied, there is an additional source of 

length heterogeneity: a proportion of the genes contain insertions 

of non-ribosomal DNA. The position. sequence and length of non-rDNA 

insertions within a species is variable [71,73-78]. In Drosophila 

melanogaster, roughly half of the 28S genes contain insertions of 

two distinct types (Type I and Type II) which are not homologous in 

sequence. Type I insertions are flanked by a direct repeat of 11 or 

14 bp which represents a duplication of rDNA at the site of 

insertion [79]. Type I insertions are also found outside ribosomal 

DNA [80,81] and may be derived from a transposable genetic'element. 

Type II insertions are not flanked by repeats 1821 and have not been 

reported outside rDNA. 

In some lower eukaryotes, all of the 28S rRNA genes contain 

insertions of non-rDNA [83,84]. These cannot therefore inactivate 

the genes and may be termed 'introns' in view of their obvious 

analogy to the introns of eukaryotic protein-coding genes. There is 

however considerable evidence that the insertions in D. melanogaster 

rDNA inactivate the rDNA repeat [85]. Some rDNA insertions generate 
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short deletions of rDNA coding sequence which would preclude them 

from yielding functional rRNA [86]. In the species studied, intron- 

containing rDNA repeats are clustered together [87] and appear to be 

present in a transcriptionally inactive state [88,89]. In support 

of this, it is observed that the proportion of rDNA repeats which 

contain insertions is lower in dipterans with fewer rDNA gene 

copies, i. e. interrupted repeats may be selected against in this 

situation [56,90]. 

Ae. aegypti has a single nucleolus organiser located an 

chromosome 3 [911. The ribosomal gene copy number for a closely 

related species Aedes albopictus has been estimated as 430 per 

haploid genome [46]. Studies by Shine and Dalgarno [651 on the 

heat-dissociation of rRNA of Ae. aegypti and Ae. albopictus have 

shown that the 26S rRNA of these species (eqivalent to 28S rRNA of 

mammals) is composed of two polyribonucleotide chains of similar 

molecular weight to the 18S rRNA, which are hydrogen-bonded together 

in the ribosome. A small RNA (approximately 150 nucleotides) is also 

hydrogen-bonded to the 26S rRNA (this occurs with mammalian 28S and 

5S rRNA). 

Of particular interest in the study of Ae. aegypti ribosomal 

genes presented here, was the degree, and the source of ribosomal 

gene heterogeneity. Also, to establish whether mosquito ribosomal 

genes contain insertions of non-ribosomal DNA, and if so, to 

determine whether these are related to transposable genetic 

elements. A number of eukaryote transposable elements (distinct from 

rDNA introns) have been found inserted into ribosomal genes (92-941. 

The possibility of locating transposable elements inserted into 

mosquito ribosomal genes is examined. 
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2.2. Preliminary studies on de. aegyptt rDHA organisation by 

Southern blotting 

Experiments and Results 

Aedes aegypti (Bangkok strain) genomic DNA was prepared from 400 

pooled fourth instar larvae as described in Materials and Methods. 

A number of different restriction endonucleases were used to digest 

4 µg aliquots of this DNA to completion. Each sample was then 

fractionated through 0.8% Agarose and the gel blotted onto 

nitrocellulose. This filter was then hybridised with nick- 

translated pDm238 clone DNA (kindly supplied by D. M. Glover), which 

contains an intact ribosomal DNA repeat from Drosophila melanogaster 

(73). The resulting autoradiograph (not shown) indicated a number of 

discrete bands of hybridisation signal. Four of the enzymes used 

(HbaI, PvuII, Sacl and HindIIl) all gave a single band of 

hybridisation signal corresponding to a length of 9.0 Kb. Two 

enzymes (EcoRI and Pstl) gave two bands of sizes which when summed 

equalled 9.0 Kb. One enzyme (HinclI) generated a more complex set 

of bands which when summed equalled significantly more than 9.0 Kb. 

Two enzymes (Sall and Xhol) gave high molecular weight smears on the 

autoradiograph with no distinct bands. 
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Conclusion 

For four different restriction enzymes to generate a band of the 

same size on the autoradiograph (9.0 Kb), each must cut once within 

the tandemly repeated rDNA unit and this must be 
. 
9.0 Kb in length. 

Similarly, enzymes which give two bands, which when summed equal 9.0 

Kb must cut twice within the ribosomal repeat. The enzymes which do 

not generate discrete bands do not cut the ribosomal repeat. The 

result obtained with Hincll (a complex set of bands) is explained by 

the results of subsequent experiments. 
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2.3. Restriction napping the Jedes aegypti rDHA repeat by 

Southern blotting 

Experiment and Results 

Restriction enzymes which cut the rDNA repeat once or twice were 

used singly and in combination to restrict Ae. aegypti genomic DNA 

which was then electrophoresed through 0.8% Agarose, blotted onto 

nitrocellulose and probed using pDm238 clone DNA. The resulting 

autoradiograph is shown in Figure 2.3. The sizes of the bands 

generated are as follows: 

EcoRI + HindIII 7.0 + 1.8 Kb 

EcoRI : 7.2 + 1.8 Kb 

EcoRI + Sacl : 6.2 + 1.8 Kb 

Sacl 9.0 Kb 

Hindill 9.0 Kb 

HindIIl + PvuII 8.0 Kb 

PvuII : 9.0 Kb 

PvuII + Sacl 7.0 +2 Kb 

From this data it was possible to construct the preliminary 

restriction map shown in Figure 2.3. 



Figure 2.3; Restriction mapping of the Ae. aegypti rDNA repeat by 
Southern blotting. Restricted genomic DNA was size fractionated through 
1Z Agarose, transferred to nitrocellulose and probed using a cloned 
Drosophila rDNA repeat (pDm328, kindly supplied by D. M. Glover). Fig. 
2.3a. shows the resulting autoradiograph and fig. 2.3b shows the derived 
restriction map. 
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2.4. Isolation of clones containing the intact rDBA repeat of 

Jedes aegypti 

The Aedes aegypti genomic library described in Section 1 was 

screened using pDm238 clone DNA. Ten positive clones were picked 

and replated to give isolated phage plaques. A single fresh plaque 

from each clone was then used to inoculate 500 ml cultures and the 

DNAs prepared as described in Materials and Methods. 1 pg of each 

clone DNA was restricted with EcoRI, run in 0.8% Agarose and the gel 

blotted onto nitrocellulose. This blot was then probed with pDm238 

to confirm the clones as ribosomal. Nine of the clones were found 

to contain ribosomal DNA. Of these, three contained a 7.2 Kb insert 

fragment and six contained a 7.2 Kb and a 1.8 Kb insert fragment. 

From the preliminary restriction mapping data, it was deduced that 

the latter six clones contain sequences representing the entire 

Aedes aegypti ribosomal DNA repeat. 

The clones containing the intact Ae. aegypti rDNA repeat were 

designated XAarl, 3,5,7,8 and 9. 

The clones containing the 7.2 Kb fragment only were designated 

XAar4,6 and 10. 
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2.5. Restriction napping of ribosomal clones 

One of the ribosomal clones (XAar 3) containing the intact Ae. 

aegypti rDNA repeat (7.2 Kb and 1.8 Kb EcoRI fragments) was 

restriction mapped as follows. 100 µg of clone DNA (corresponding 

to 20 pg of insert DNA) was digested with EcoRI and size 

fractionated through 0.8% low melting Agarose. Preparative well- 

formers, each equivalent to 30 normal wells of 40 pl volume were 

used. After electrophoresis (25 volts, 15 hours) the two insert DNA 

bands were excised and the DNA extracted as described in Materials 

and Methods. A final yield of 7.8 pg of the 7.2 Kb restriction 

fragment and 2.2 µg of the 1.8 Kb fragment was obtained (50% 

recovery). These two DNA fragments were then restriction mapped 

separately using the following enzymes singly and in combination; 

Sacl, HindIIl, PvuII, Hincll, KpnI and PstI. The restriction map 

obtained is shown in Figure 2.5 a. This map confirms the findings 

of the data obtained in the preliminary mapping experiment using 

Southern blotting data and provides a more detailed physical map of 

the Ae. aegypti rDNA repeat. 

Insert fragments were isolated from three additional clones, 

XAarl, XAar7 and XAar9, which all contain the intact Ae. aegypti 

rDNA repeat (7.2 Kb and 1.8 Kb EcoRI fragments). These insert DNAs, 

together with XAar3 insert DNA, were subjected to restriction enzyme 

digestion with the enzymes already used to map XAar3. When all 

digestions were run in parallel, only one difference was detected 

between the four cloned rDNA repeats. XAar9 was found to contain an 

extra Hincll site. This results in the cleavage of the 3.4 Kb 

HincIl/EcoRI fragment found in XAarl, XAar3 and XAar7 into a 2.0 Kb 
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Hinc II fragment and a 1.4 Kb Hinc II/EcoRI fragment in XAar9. The 

complexity of the Hincll digestion of genomic rDNA (described in 

Section 2.2) stems partly from this restriction site polymorphism. 

This is discussed in more detail in a subsequent section (Section 

3.2). 



Figure 2.5; Restriction mapping and identification of transcribed 
regions of the Ae. aegypti rDHA repeat. Fig. 2.5a shows the restriction 
map of the insert DNA from the clones XAarl, XAar3 and XAar?. The extra 
Hinc II site in XAar9 is also shown (inverted symbol). Regions of the 
rDHA repeat which show hybridisation signal with total cytoplasmic RNA 
from Ae. aegyptl are marked T. C. RAA`. Regions which show hybridisation 
signal with Xenopus 18S and 28S rDNA coding regions are also shown. 
Fig. 2.5b shows the corresping approximate transcription unit of 
Ae. aegypti rDNA derived from this information and information from other 
sources (see text). 
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2.6. Identification of transcribed regions within the rDHA 

repeat 

The gels used for the restriction mapping experiments described 

in Section 2.5 were blotted onto nitrocellulose. These Southern 

transfers were then hybridised with kinase labelled, base cleaved, 

total cytoplasmic RNA prepared from Aedes segypt1 (Bangkok) larvae. 

(Protocols for extraction and labelling of RNA are described in 

Materials and Methods). Figure 2.6 shows the results of one of 

these experiments. The ethidium bromide stained gel shown in Figure 

2.6a was used in the restriction mapping of the 7.2 Kb EcoRI 

fragment from clone XAar3. Figure 2.6b shows the autoradiograph of 

the corresponding Southern transfer probed with total cytoplasmic 

RNA. Hybridisation is observed to all restriction fragments except 

the 1.2 Kb Kpnl/EcoRI fragment in lane 5 of the figure. This 

fragment therefore contains little or no rRNA coding sequence and 

corresponds to non-transcribed spacer DNA. All other restriction 

fragments must contain at least some sequence transcribed into 

cytoplasmic RNA. This non-transcribed region was observed to extend 

to the extra Hinc II site in XAar 9 (data not shown). Hybridisation 

with this probe was observed for both restriction fragments which 

comprise the 1.8 Kb EcoRI fragment of the cloned rDNA repeats (data 

not shown). The hybridisation properties of the restriction 

fragments with the total cytoplasmic RNA probe are shown in Figure 

2.5. 
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Figure 2.6; Identification of transcribed regions within the Ae. aegypti 
rDNA repeat. Fig. 2.6a shows a 1% minigel used in the restriction 
mapping of the 7.2Kb EcoRl fragment from XAar3. Fig. 2.6b shows the 
result of probing the corresponding Southern transfer with Ae. aegypti 
total cytoplasmic RNA. Fig. 2.6c shows the result of re-probing this 
Southern transfer using Xenopus 28S rDNA. Lane 1; Hinc II, Lane 2; Hinc 
II + Hind III, lane 3; Hinc II + Sac I, lane 4; Hinc II + Sac I+ Pst I, 
lane 5; KpnI + Hinc II. 
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2.7. Distinction of 18S and 28S rRHA encoding restriction 

fragments 

Attempts to separate 18S and 28S rRNA by sucrose gradient 

centrifugation were unsuccessful due to the dissociation of the 28S 

rRNA into the a and A sub-units [14]. The ethidium bromide stained 

gel of fractionated and unfractionated total cytoplasmic RNA is 

shown in Figure 2.7a. It was not possible to allocate identities to 

the three bands visible in Figure 2.7a (one doublet and one 

singlet). It was therefore not possible to use 18S or 28S rRNA as a 

hybridisation probe to identify coding restriction fragments. The 

alternative strategy employed was as follows. 

The clone pXlrlOl [95,96] containing an intact Xenopus laevis 

rDNA repeat was digested simultaneously with the restriction 

endonucleases HindIIl and BamHI (see Figure 2.7b for map of Xenopus 

Iaevis rDNA with respect to these two enzymes). The 3.9 Kb BamHI 

restriction fragment containing the external transcribed spacer, 18S 

rRNA gene, internal transcribed spacer and 5.8S rRNA gene, and the 

3.0 Kb BamHI fragment which contains only 28S rRNA coding sequences, 

were purified from 1% low-melting Agarose. These restriction 

fragments were then nick-translated and used to re-probe the 

original Ae. aegypti rDNA restriction mapping Southern blots. 

Figure 2.6c illustrates the result of reprobing the XAar3 7.2 Kb 

rDNA mapping gel with radiolabelled Xenopus 28S rDNA. This shows 

that most restriction fragments on this gel contain some Xenopus 28S 

rRNA homologous sequence. No hybridisation signal was observed for 

the 7.2 Kb Ae, aegypti rDNA fragment when probed with the Xenopus 

transcribed spacer/18S rRNA/5.8S rRNA fragment (result not shown). 
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However, this probe did show hybridisation to the 1.8 Kb EcoRI rDAA 

fragment of Ae. aegypti. No Xenopus 28S rDNA homologous sequences 

were detected in the 1.8 Kb Ae. aegypti ribosomal DNA fragment 

(results not shown). The hybridisation characteristics of the Ae. 

aegypti rDNA restriction fragments with respect to the two Xenopus 

rDNA probes are shown in Figure 2.5a. Using this data, the results 

of Shine and Dalgarno [65] and estimates of approximate lengths of 

the 18S, 5.8S and 28S rRNA genes, which do not vary significantly 

amongst higher eukaryotes [9? ], it was possible to construct the 

approximate transcription map of Ae. aegypti rDNA shown in Figure 

2.5b. The estimates of rRNA gene size used are: 18S- 2.0 Kb, 5.85- 

0.15 Kb, 285- 4.0 Kb. 



Fig. 2.7A 
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Figure 2.7A; Ethidium bromide stained gel of guanidine hydrochloride 
extracted total cellular RNA from Ae. aegypti (Bangkok strain) larvae and 
sucrose gradient fractionated RNA from the same source. E= E. co1i 
(MC1060) total RNA. This was a gift from J. T. Ellis of this department. 
A= Ae. aegypti total cellular RNA. The identities of the 23S and 16S rRNA 
bands of E. cola are indicated. Fractions are numbered from the base of 
the gradient. 
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Figure 2.7b; Transcription of the Xenopus laevis. rDNA contained in the 
clone pXlrlOl showing the positions of the Hind III (H) and BamHI (B) 
recognition sites. 
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2.8. Estimate of rDHA copy number in Jedes aegypti 

Known quantities of EcoRI digested, cloned Ae. aegypti rDNA were 

run in parallel with a known quantity of Ae. aegypti (Bangkok) 

genomic DNA on a 0.8% Agarose gel. The DNA was then transferred to 

nitrocellulose and the resulting Southern blot probed with nick- 

translated Ae. aegypti rDNA (clone XAar7 total insert DNA). Figure 

2.8 shows 'a', the ethidium bromide stained gel and 'b', the 

autoradiograph of the corresponding Southern transfer. 

The relative intensities of the 7.2 Kb rDNA bands obtained for 

cloned DNA and genomic DNA were determined using a 'Chromoscan 3' 

densiometric scanner. (The settings used were: aperture width: 0.3 

µm, maximum absorbance: 2 O. D. units, valley to valley background 

correction, maximum background ramp rate: 5, peak to trough 

thresholds: height- 10, width- 20, noise- 8). 

Results 

Amount of clone rDHA (ng) Peak integral 

10 2362 

20 2972 

40 8818 

80 17948 

2 µg of genomic DNA_ 2778 

The values obtained for cloned DNA were used for linear 

regression analysis. The amount of rDNA corresponding to the 

integral obtained for the genomic DNA band was 11.7 ng. Therefore, 
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Figure 2.8; Estimate of rDNA copy number in Ae. aegypti. Known quantities 
of XAar7 cloned rDNA and Ae. aegypti genomic DNA were digested with EcoRI 
and size fractionated through 0.8% Agarose. Fig. 2.8a shows the ethidium 
bromide stained gel. Fig. 2.8b shows the result of probing the 
corresponding Southern transfer with XAar7 insert DNA. The values shown 
for nanograms of DNA correspond to the amount of clone insert DNA on the 
gel. G= genomic DNA (2Ng) from Ae. aegypti (Bangkok strain) larvae. 
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0 

in 2 µg of genomic DNA,. 11.5 ng corresponds to the 9.0 Kb Ae. 

aegypti rDNA repeat. This is equivalent to 0.57% of the total 

genomic DNA. Using a value for genome complexity of Ae. aegypti of 

8x 1011 bp (see Section 1 of this thesis), the value obtained for 

rDNA copy number 

= genome size x rDNA proportion of genome 

rDNA repeat size x 100 

=8x 1011 x 0.57 = 507 

9x 103 x 100 

The estimate of ribosomal DNA copy number in Aedes aegyptl 

obtained by this method is 507 copies per haploid genome. The 

value obtained for rDNA copy number in Ae. albopictus by solution 

hybridisation kinetics is 430 copies per haploid genome [46]. 

Limits of Accuracy 

During autoradiography, at the point where hybridisation 

signal for the genomic DNA is equivalent to that of a 

corresponding amount of clone DNA, the response of the film should 

be the same. Similarly, for equal amounts of target DNA, any 

effects of probe depletion or target DNA saturation should be 

identical. The filter-bound target DNAs are identical for cloned 

and genomic DNA sequences. Some differences in transfer efficiency 

during blotting and hybridisation efficiency may occur due to the 

other DNA fragments present in the genomic digest. The precision 

of measurements (e. g. DNA concentrations, molecular weights and 
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integral readings) is probably high relative to the possible 

errors in accuracy caused by system errors. 
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2.9. Ae. aegypti rDHA is tandemly repeated in a head-to-tail 

manner 

The preliminary studies by Southern blotting described in 

Section 2.1. and 2.2. of this thesis indicate that the genes 

encoding rRNA of Ae. aegypti are tandemly repeated as in all other 

higher eukaryotes studied. The simplicity of the rDHA fragment 

pattern on Southern transfers also suggested the repeats were in a 

simple head-to-tail configuration. To confirm this, the Southern 

transfer of the gel shown in Figure 1.1 (a titration series of 

EcoRI against Ae. aegypti genomic DNA) was probed using Ae. 

aegypti rDNA. The partial digestion bands which were observed in 

addition to the 7.2 Kb and 1.8 Kb limit digestion bands were 9.0,. 

11.8 and 18 Kb in length (results not shown). These bands 

correspond to those expected for a head-to-tail tandem repeat of 

the Ae., aegypti rDNA unit. (See below). 

e- --9.0- 
11.8 

ý---- ------ýº 

t--------_18.0 
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2.10. Section 2: Sunnary 

Preliminary experiments using a cloned Drosophila rDNA repeat 

to probe Southern transfers of Ae. aegypti genomic DNA indicate 

that the rDNA repeat of Ae aegypti is 9.0 Kb in length and that 

individual rDNA repeats exhibit a high degree of homogeneity with 

respect to length and the position of restriction enzyme 

recognition sites within the rDNA. The preliminary mapping data 

(Section 2.3) together with the partial digestion experiment 

(Section 2.8) demonstrates that as in all other higher eukaryotes, 

the rDNA repeats are arranged in a head-to-tail tandemly repeating 

manner. 

The restriction mapping of cloned rDNA repeats confirms the 

largely uniform length of the Ae. aegypti rDNA repeat and provides 

a more detailed physical map of the DNA. (shown in Figure 2.5 a). 

The complexity of the Hincll digestion observed in the preliminary 

experiment of Section 2.2. is explained in part by a restriction 

site polymorphism in clone XAar9 which contains an extra Hincll 

site, not present in XAarl, XAar3 or XAar7. 

Transcription mapping as described in Sections 2.6 and 2.7 

allows the allocation of identities to the various restriction 

fragments and the approximate positioning of the transcription 

unit as shown in Figure 2.5 b. Although the short length of the 

Ae. aegypti rDNA repeat precludes the presence of large insertions 

in all the repeats, the presence of short introns in all of the 

rDNA units cannot be excluded from the results presented here. 

The estimate of rDNA repeat copy number obtained in Section 2.8 

(approximately 500 copies per haploid genome) is similar to the 
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estimate reported for the closely related species Aedes albopictus 

of 430 copies per haploid genome 1461. Ribosomal DNA comprises 

approximately 0.6% of the total Ae. aegypti genome. 
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Section 3: Analysis of rDHA Variation Within'Aedes aegypti 

and Between Closely Related Species 

3.1. Variation between different species 

High molecular weight genomic DNA from Aedes aegypti, six other 

mosquito species (see below) and an Ae. aegypti cell-line was 

digested with EcoRI and size fractionated through 0.8% Agarose. The 

DNA was then transferred to nitrocellulose and hybridised with the 

rDNA repeat from Ae. aegypti (total insert DNA from clone XAar3). 

The result is shown in Figure 3.1. 

Classification of the mosquitoes used [3,4] is given below. 

Order : Diptera, family : Culicidae 

SPECIES SUB-FAMILY GENUS SUB-GENUS 

Ae. aegypti Culicinae Aedini Stegomyia 

Ae. albopictus 

Ae. scutelIaris 

Ae. horrescens 

Ae. polynesiensis 

Ae. togoi finlaya 

Culex pipiens 

quinquefasciatus Culex culex 

Anopheles gambiae Anophelinae Anopheles cellia 
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Figure 3.1; Ribosomal DNA variation between different species of 
mosquito. Genomic DNA (4)ig) from each species was restricted with EcoRl, 
size fractionated through 0.8% Agarose and transferred to 
nitrocellulose. This Southern transfer was then probed using XAar3 total 
insert DNA. A; Ae. aegypti (Bangkok strain), B; Ae. aegypti (Mos20 cell- 
line), C; Ae. albopictus, D; Ae. scutellarls, E; Ae. polynesiensis, F; 
Ae. horrescens, G; Ae. togoi, H; An. gambiae (Warwick cell-line), I; 
C. pipiens quinquefasciatus (Apo strain). 
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The Ae. aegypti cell line used was Mos20A, originally derived by 

Varma and Pudney 1471. The An. gambiae DNA was kindly supplied by 

J. D. Norton from the Department of Biological Sciences, Warwick. 

The species Ae. scutellaris, Ae. horrescens and Ae. polynesiensis 

are members of the morphologically very similar Aedes scutelIaris 

group. 

Figure 3.1. 'shows that when Aedes aegypti genomic DNA is 

hybridised with an Ae. aegypti rDNA probe of high specific activity 

(greater than 106 dpm/)ig) it is possible to distinguish minor bands 

of hybridisation signal "in 'addition to the major bands visible in 

Figure 2.3. Interestingly, when the two Ae. aegypti DNAs are 

compared, although the mijor bands of hybridisation are identical, 

the array of minor bands is very different between the larval and 

cell-line DNAs. The positions and relative intensities of these 

minor bands are highly reproducable'when the DNAs are digested under 

different conditions (e. g. using a large excess of enzyme and long 

incubation' time) and are therefore not artifacts of partial 

digestion. The significance of this intra-specific variation in rDNA 

and its possible sources is discussed in subsequent sections. ' 

The different species shown in Figure 3.1. show alarge degree of 

variation in their rDNA 'fingerprint'. Most exhibit a more complex 
. 

array of rDNA bands than Ae. segypti with more than two major rDNA 

bands. Although it is very difficult to quantitate variation in rDNA 

hybridisation patterns, some correlation is evident between the 

degree of variation observed and the evolutionary relatedness of the 

species as judged by 'their classification. The 1.8 Kb EcoRI fragment 

(which contains 18S rRNA coding sequences in Ae. ` aegypti) is visible 

in all of the Aedes species shown and the Culex species (subfamily 
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culicinae), but is absent from the Anopheles digest (subfamily 

anophelinae). 

In Ae. albopictus, the major rDNA bands are 12.5 Kb and 1.8 Kb in 

length. The 12.5 Kb band is probably longer in this species due to a 

longer non-transcribed spacer region. The three scutellaris group 

species (Ae. scutellaris, Ae. palynesiensis and Ae. horrescens) 

exhibit two or three major rDNA bands in addition to the common 1.8 

Kb EcoRI fragment. These species show more variation between species 

in their rDNA fingerprints than in their external morphological 

characteristics. The rDNA pattern of Ae. togol is very similar to 

that of Ae. aegypti, although Ae. togoi is classified in a different 

sub-genus and is morphologically quite distinct. Both species show 

bands at 7.2 Kb and 1.8 Kb with minor additional bands of 

hybridisation. The Culex rDNA fingerprint also shows strong bands at 

7.2 Kb and 1.8 Kb and has two additional bands of 5.2 Kb and 2.2 Kb. 

The Ae. aegypti rDNA probe used in this experiment shows a more 

complex rDNA fingerprint in Ae. aegypti than the Drosophila rDNA 

probe used previously (Section 2.3). This may be explained by the 

homologous nature of this probe (forming more homologous duplexes 

with the filter-bound rDNA). Also, the Ae. aegypti rDNA probe should 

detect both the highly conserved rDNA coding regions and the less 

conserved spacer sequences. Heterologous rDNA probes are unlikely to 

detect spacer sequences, even in quite closely related species. The 

rDNA fingerprint of Culex shown in Figure 3.1 for example, is 

probably incomplete in comparison with the pattern which would be 

obtained using an homologous (Culex) rDNA probe. It should be noted 

that the long non-transcribed spacer regions of mammalian rDNA often 

contain highly repeated interspersed sequences (99] which would give 
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highly misleading results if the whole rDAA repeat was used as a 

probe against genomic DNA. 

Ribosoml DNA Variation within Aedes aegypti 

3.2. The Hincll restriction polymorphism 

The extra Hincll recognition site in the non-transcribed spacer 

region of XAar9 is indicative of sequence polymorphism within this 

region of the Ae, aegypti rDNA repeat. This polymorphism is evident 

on the Southern transfer of Hincll digested Ae. aegypti genomic DNA 

probed with the mosquito rDNA repeat. (Figure 3.2a). The sizes of 

the Hincll rDNA bands predicted from the restriction map of clones 

XAar 1,3 and 7 are: 5.0 Kb, 2.6 Kb, 0.56 Kb and 0.88 Kb (see Figure 

3.2b). With the exception of the low molecular weight bands, these 

bands are visible on the autoradiograph shown. The extra Hincll site 

present in clone XAar9 generates 3.0 Kb and 2.0 Kb fragments from the 

5.0 Kb fragment observed in the other three clones. Bands 

corresponding to these molecular weights are also visible on the 

autoradiograph shown in Figure 3.2a. The molar ratio of the 5.0 Kb 

and the 3.0 Kb rDNA bands as estimated by densiometric scanning of 

the autoradiograph and correction for the difference in molecular 

weight is 3: 1. This is also the relative abundance of the two 

cloned rDNA types examined. This ratio is an indication of the 

approximate frequencies of the two rDNA types within the Ae. eegypti 

genome. 
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In addition to the bands predicted from the restriction maps of 

the cloned ribosomal repeats, an extra band (2.3 Kb) is also visible 

on the autoradiograph shown in Figure 3.2a. One other quite frequent 

polymorphism must therefore occur with respect to the Hincll 

recognition sites within the rDAA repeat. The three bands of 

molecular weights 2.6 Kb, 2.3 Kb and 2.0 Kb could not be resolved 

using densiometric scanning techniques. 



Figure 3.2; Polymorphism of Hinc II recognition sites within Ae. aegyptj 
ribosomal DNA. Fig. 3.2a; Hinc II restricted Ae. aegypti genomic DNA 
probed using Ae. aegypti rDNA (insert from clone XAar? ). Fig. 3.2b; Map 
of Ae. aegypti rDNA showing the position of Hinc II recognition sites. 
The extra Hinc II recognition site in clone XAar9 is marked '. The 
0.56Kb Hinc II fragment was not visible on the autoradiograph. The 
0.88Kb Hinc II fragment was visualised, but at insufficient intgnsity 
to reproduce on the exposure shown. 
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3.3. Variation of ribosomal DIA between different strains of eedes 

aegypti 

To investigate variation of ribosomal DNA within Aedes aegypti, a 

comparison was made between DNAs derived from a range of life cycle 

stages (larvae, pupae and adults), six different laboratory stocks, 

and two different cell-lines. 

DNA from each source was digested to completion with the 

restriction endonuclease EcoRI, size fractionated through 0.8% 

Agarose and transferred to nitrocellulose. The Southern transfer was 

then probed with Ae. aegypti rDNA (total insert from clone XAar3). 

The result is shown in Figure 3.3a. The names of the laboratory 

stocks and cell-lines used are given in the legend to Figure 3.3a and 

indicate the source of the colony or cell-line. 

The results show that the major 7.2 Kb and 1.8 Kb rDNA bands 

(when visible) are common to all strains used. No variation is 

evident between the minor rDNA bands of genomic DNA from larvae, 

pupae and adults of the Bangkok strain. This indicates that there is 

no significant alteration in organisation of ribosomal DNA during 

metamorphosis. Variation in the pattern of these minor bands is 

evident between different strains and cell-lines. The relative copy 

numbers of sequences which comprise the major and minor rDNA bands is 

difficult to judge due to the large difference in intensities of the 

bands (e. g. 3 O. D. units and 0.1 O. D. units respectively) and the 

non-linear response of the film over such a range. For the Bangkok 

strain pupae DNA (which lacks smearing of the main rDNA band due to 

non-specific degradation), over 95% of the total signal on the 

autoradiograph is present in the 7.2 Kb rDNA band. The copy number 
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Figure 3.3a; Variation in rDNA fingerprint between different strains of 
Ae. aegypti. 4µg of DNA from each strain was digested to completion with 
EcoRl, size fractionated through 0.8% Agarose and transferred to 
nitrocellulose. Shown is the autoradiograph of this Southern transfer 
probed with Ae. aegypti rDNA (total insert DNA from clone XAar3). Lanes 
1-3; Bangkok strain larval, pupal and adult DNA, lane 4; London strain 
larval DNA, lane 5; Mos20A cell-line DNA, lane 6; Warwick cell-line DNA, 
lane 7; Porto-Novo strain larval DNA, lane 8; Cayenne strain larval DNA, 
lane 9; Liverpool strain larval DNA, lane 10; American ss strain larval 
DNA. 
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of the minor rDAA bands is obviously much lower than that of the 

major rDNA species which are present in approximately 500 copies per 

haploid genome (Section 2.8). 

To indicate the molecular weight range and variation of minor 

bands observed in Figure 3.3a, the sizes of the minor bands on two of 

the digests (Bangkok and Mos20A) are listed below. 

STRAIN SIZES OF XIHOR RIBOSOMAL DNA BANDS (Kb) 

Bangkok 55,29,20,11.2,10.0,9.0,5.6,5.0,4.4,3.6. 

)tos 20A 60,50,26,21,12.8,10.8,9.7,9.5,8.6.6.0,4.4. 

The possible sources of the minor rDNA bands which show 

variability between different Ae. aegypti strains are as follows: 

1. Restriction polymorphisms with respect to EcoRI recognition sites 

within a small proportion of the rDNA repeats. Extra sites would 

generate low molecular weight minor bands whereas destroyed EcoRI 

sites would generate larger rDNA fragments of 7.2 + 1.8 Kb multiples. 

2. Variation in the length of the rDNA repeat. This could arise 

from duplication or deletion of any part of the repeat (e. g. 

polymorphism in N. T. S. length) or from the insertion of non-rDNA 

(e. g. a transposable genetic element) into a repeat unit. 

3. The presence of sequences homologous to some part of the rDNA 

repeat outside the tandemly repeated rDNA. Pseudogenes inserted at 

diverse loci or interspersed repeats present within the rDNA repeat 

(see (49] for example) are two possiblesources of this. 

4. Polymorphism in the length of the EcoRI fragments produced at the 

ends of tandemly repeated rDNA. Each end may generate a restriction 
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fragment containing some ribosomal 'sequence joined to non-ribosomal 

DNA. 

5. Experimental artifacts. As mentioned previously, the molecular 

weights and relative intensities of the minor rDNA bands are highly 

reproducable for a number of different Southern transfers, using 

different digestion conditions. (See lanes 1-3 of Figure 3.3 for 

example). These are therefore unlikely to be due to partial 

digestion or EcoRI-star activity. The smearing of the major 7.2 Kb 

rDNA band may however give some misleading results. Non-specific 

degradation of DNA during the extraction process may act on specific 

'hypersensitive sites' within the DNA to produce discrete break-down 

products [100]. The two bands of 6.2 Kb and 5.0 Kb clearly visible 

in lanes 4,9 and 10 of Figure '3.3 may be the result of this 

phenomenon. 

6, Methylation of mosquito DNA. This could affect the susceptibility 

of sites within the rDNA to cleavage by restriction endonucleases. 

Two studies on the methylation of insect DNA [101] and mosquito DNA 

in particular 11021 indicate that mosquito DNA is not methylated. 
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Ribosomal DNA fingerprint of individual nosquitoes 

DNA was prepared from ten individual Ae. aegypti Bangkok strain 

adults (5 males, 5 females) as detailed in Materials and Methods. 

The DNAs were digested -with EcoRI, size fractionated through 0.8% 

Agarose and transferred to nitrocellulose. This Southern transfer 

was then hybridised with nick-translated total insert DNA from clone 

XAar7 which contains an intact Ae. aegypti rDNA repeat. The ethidium 

bromide stained gel and corresponding autoradiograph are shown in 

Figure 3.3b. - This shows that approximately 1 pg of high molecular 

weight genomic DNA, which shows little non-specific degradation was 

obtained from each individual. Slightly less DNA was obtained from 

the males due to their smaller size. The Southern transfer shows the 

expected 7.2 Kb and 1.8 Kb main rDNA bands, but unfortunately a large 

proportion of partial digestion products (9.0 Kb, 10.8 Kb,, 17.0 Kb, 

18.8 Kb and 26 Kb) is also evident. This is despite the use of an 

eight-fold excess of enzyme, overnight incubation, and careful 

washing and precipitation of DNAs prior to digestion.. - 

With the exception of the degree of partial digestion, all 

individuals have the same major rDNA bands. Some minor rDNA bands 

are also just visible on some of the more completely digested 

samples. Although the quality of the DNA used here is poor compared 

to that obtained by the Caesium chloride gradient method (see 

Materials and Methods) and the resolution of the Southern transfer is 

correspondingly poor, these results-are evidence that variant rDNA 

repeats occur as a fraction of the total rDNA repeats of an 

individual rather than as all the rDNA repeats of a fraction of the 

individuals. A better method for extracting DNA from individuals (or 
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of digesting the DNA obtained by this method) and analysis of a 

larger number of individuals using other enzymes (e. g. Hincll) in 

addition to EcoRI is required to verify this hypothesis. 

3.4. Isolation of clones containing variant rDIA fron the Ae. 

negypti genomic library 

To determine the source of the minor rDNA bands discussed in 

Section 3.3, it was decided to search for clones in the Aedes aegypti 

(Bangkok) genomic library (see Section 1) which might correspond to 

rDNA variants. In addition to ascertaining the extent to which the 

possible causes discussed in Section 3.3 contribute to rDNA 

variation, it was also noted that screening for rDNA variants may 

represent a potentially useful method of isolating transposable 

genetic elements. No mosquito transposable genetic elements have been 

reported to date, although such sequences are of considerable 

interest to workers in the field of mosquito molecular genetics. 

Two approaches were taken to isolate rDNA variants. Firstly, a 

larger number of Ae. aegypti rDNA clones (isolated by screening the 

genomic library with the Drosphila rDNA probe) were analysed with 

respect to insert size. Variants were picked simply by the criterion 

of size (deviation from the 7.2 + 1.8 Kb insert sizes). Secondly, 

the genomic library was screened to selectively isolate only variant 

ribosomal clones. This method was devised to select clones which 

contained only a part of the discrete 7.2 Kb EcoRI rDNA fragment 

which is present in all non-variant rDNA clones. 



Figure 3.3b; Ribosomal DNA fingerprint of individual mosquitoes. DNA 
from five male and five female Ae. aegypti (Bangkok strain) adults was 
digested with EcoRI, size fractionated through 0.8% Agarose and 
transferred to nitrocellulose. The ethidium bromide stained gel and 
autoradiograph of the -corresponding Southern transfer probed using 
Ae. aegypti rDNA (insert from clone ), Aar7) are shown. Lanes 1-5; males, 
lanes 6-10; females. The restriction enzyme was omitted from the 
digestion shown in lane 10. 
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A; Analysis of 30 additional, randomly picked rDHA clones 

Thirty clones which showed hybridisation signal with the 

Drosophila rDNA probe were picked. Phage minipreps (see Materials 

and Methods) were performed and the DNA digested with EcoRI to 

determine insert sizes. The gel used for insert size determination 

was blotted and probed with Drosophila rDNA to confirm the clones as 

ribosomal. Sixteen clones were identified which contained 7.2 Kb and 

1.8 Kb rDNA fragments (the fragments expected from the major rDNA 

class), seven were found to contain only the 7.2 Kb EcoRI fragment 

and two contained insert fragments of approximately 9.0 Kb. These 

two clones containing inserts of variant length EcoRI fragments of 

rDNA were designated XAar29 and XAar35. 

B; Screening of'the de. aegypti genomic library for specific 

rDHA variants 

Approximately 8000 clones from the Ae. aegypti genomic library 

(amplified stock) were plated onto a single BRL bioassay tray. Three 

nitrocellulose replicas were taken of the plate (see Materials and 

Methods). A 'replica filter was then hybridised with one of the 

following hybridisation probes: 

a. pDm238 clone DNA (Drosophila rDNA) 

b. 1.2 Kb EcoRI/KpnI restriction fragment DNA from the clone XAar4 

(which contains the 7.2 Kb Ae, aegypti rDNA fragment only), 

corresponding to non-transcribed' spacer sequences. 
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C, 1.7 Kb, EcoRI/KpnI restriction fragment DNA from XAar4 which 

contains internal transcribed spacer sequences. 

Probes 'b' and 'c' were isolated by digesting XAar4 total clone 

DMA with EcoRI and KpnI followed by extraction of the appropriate 

restriction fragments from 1% low-melting Agarose as described in 

Materials and Methods. These restriction fragments correspond to the 

right and left ends respectively of the 7.2 Kb EcoRI fragment of Ae. 

aegypti rDNA (see Figure 2.5a). Within the Ae. aegypti genomic 

library (which contains EcoRI- fragmented Ae. aegypti DNA) the two 

ends of this restriction fragment would normally be cloned in unison. 

Separation of the two ends of the 7.2 Kb restriction fragment within 

the genomic library requires the presence of an extra EcoRI site 

within the rDNA, This situation could arise either via a sequence 

polymorphism or the insertion into the rDNA of a sequence containing 

an EcoRI recognition site. The pDm238 probe was used to distinguish 

clones containing 18S/28S coding sequences. 

Results 

The Drosophila rDAA probe gave a total of 254 positive clones. Of 

these, one clone was positive with probe 'c' (left-hand end of the 

7.2 Kb EcoRI rDNA fragment), but not probe 'b' (the right-hand end of 

the 7.2 Kb EcoRI rDRA fragment). This clone, designated XAavl, was 

picked for further analysis. One other clone showed hybridisation 

signal with probe 'b' (the Ae. aegypti non-transcribed spacer region) 

but not with probes 'a' and 'c'. (Drosopbila rDNA and the right-hand 
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end of the 7.2 Kb EcoRI rDNA fragment). This clone, designated XAasl 

(spacer-homologous) was also picked. 

Summary of isolated rDIA variants 

NARB INSERT SIZE (Kb) VARIANT CHARACTERISTICS 

XAar29 8.5 rDNA size variant 

XAar35 8.3 rDNA size variant 

XAavl 8.6 rDNA positive, N. T. S. negative 

XAaS1 5.1 + 3.5 rDNA negative. N. T. S. positive 

3.5. Restriction napping of Ae. aegypti rDHA variant clones 

The rDNA variant clones isolated in Section 3.4 were re-plated to 

give single plaques. A single plaque from each plate was then used 

to inoculate 500 ml cultures and DNA was prepared as described in 

materials and methods. Insert DNA was isolated from each of the 

variant rDNA clones by digestion of whole clone DNA with EcoRI 

followed by extraction of the insert DNA band(s) from low-melting 

Agarose, 

The insert DNA from the clones XAar29, XAar35 and XAavl was 

restriction mapped using single and multiple restriction enzyme 

digestions. The restriction maps were found to show considerable 

similarity with the normal rDNA repeat and were checked by running 

appropriately digested DNA in parallel with previously mapped 

ribosomal clone DNA. The derived restriction maps of these rDNA 



69 

variants are shown in Figure 3.5 together with the corresponding 

region of the normal Ae. aegypti rDNA repeat. 



Figure 3.5 (overleaf); Restriction maps of the 7.2Kb EcoRI fragment of 
Ae. aegypti rDHA (present in clones XAarl, 3,7 and 9) and of three variant 
rDNA clones: XAar29, XAar35 and XAavl. The extra Hinc II site present in 
clone XAar9 is shown as an inverted symbol. 

Key to restriction enzyme sites; 

EcoRI; PvuII; 

PstI; Sacl; 

KpnI; y Hincll; 

HindIIl; 
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Comments on rDIL variant clone restriction maps 

The clones XAar29, XAar35 and XAavl each contain a single EcoRI 

restriction fragment of 8.4,8.2 and 8.6 Kb in length respectively. 

All three clones were positive with the Drosophila rDNA and Ae. 

aegypti I. T. S. /5.8S rDNA probes used in Section 3.4 and clearly 

contain regions homologous to the Ae. aegypti normal rDNA repeat. 

The clone XAar29 is identical to the 7.2Kb EcoRI fragment of clones 

XAarl, 3 and 7 with-the exception of the 1.7 Kb HincII/KpnI fragment 

of the normal rDIA repeat. This is 1.2 Kb longer (2.9 Kb) and 

contains two extra restriction sites (one PvuII and one Hincll site) 

which are not present in the non-variant rDNA clones. Clone XAar29 

therefore contains 1.2Kb of extra sequence within the rDNA unit. It 

is not possible from the restriction map to judge whether this extra 

DNA is due to an insertion event, duplication of rDNA, or the 

presence of a longer non-transcribed spacer region in this clone. 

The restriction map of clone XAar35 differs from that of the 

normal rDNA repeat 7.2 Kb EcoRI fragment in only one region. The 0.8 

Kb EcoRI/PvuII fragment of, the clones XAar 1,3,7 and 9 is replaced 

by a 1.8 Kb long restriction fragment in XAar35. In addition, this 

region (corresponding to internal transcribed spacer and 5.8S coding 

sequences in the proposed transcription unit shown in Figure 2.5b) 

contains a Hincll site adjacent to the PvuII site which is not 

present in the normal rDNA repeat. XAar35 may therefore contain an 

extra 1.1 Kb of DNA within this region (insertion or duplication) or 

the region found in the normal rDNA repeat may have been largely 

replaced by a DNA segment containing the EcoRI site which forms the 

left-hand end of this clone (as shown in Figure 3.5). 
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The clone XAavl was isolated on the basis that hybridisation 

signal was not observed for this clone with the non-transcribed 

spacer probe used in the differential screening experiment (Section 

3.4) and therefore contains only part of the 7.2 Kb EcoRI restricion 

fragment found in the normal ribosomal clones. The restriction map 

of XAavl shown in Figure 3.5 confirms the absence of the non- 

transcribed spacer in this clone. This region is replaced by a 

longer DNA segment, which contains a PvuII site linked closely with a 

Hincll site, as observed in the altered region of clone XAar29. This 

clone may represent the end of a rDNA tandem repeat (terminating at 

the 3' end of the 28S rRNA gene) or a rDNA repeat containing an 

insertion, which in turn contains the EcoRI site which forms the 

right-hand terminus of this clone as shown in Figure 3.5. 

Bone of the three variant clones mapped contain the extra Hincll 

site present in XAar9 (see Figure 2.5a). XAar35 does however show a 

restriction polymorphism distinct from the alteration at the left- 

hand end of this clone. The KpnI site 1.7 Kb from the right-hand end 

of the other rDNA clone restriction maps shown in Figures 2.5a and 

3.5 is absent from XAar35. This polymorphism is located near the 3' 

end of the 28S rRNA gene as shown in the proposed transcription map 

shown in Figure 2.5b. The accuracy of the transcription map is 

insufficient to resolve the exact location of this polymorphism with 

respect to the 28S rRNA gene/N. T. S. Junction. 

XAasl 

This clone showed hybridisation to the N. T. S. probe, but not to 

the other rDNA probes used for the differential screening in Section 



72 

3.4. The insert DNA of this clone consists of two EcoRI fragments 

(5.1 Kb and 3.5 Kb). When EcoRI digested XAasl whole clone DNA was 

probed using Ae. aegypti rDNA, the 5.1 Kb EcoRI fragment showed 

strong hyridisation signal and the 3.5 Kb fragment showed zero 

hybridisation signal. (Results not shown). 

No restriction map of the 5.1 Kb restriction fragment of'XAas1 

was obtained due to problems encountered in digesting the DNA 

extracted from low-melting Agarose. Partial digestion data indicates 

that this fragment contains three Hincll sites, several KpnI sites, 

one Hindill site 0.64 Kb from one end, and a single Sacl site 1.8 Kb 

from one end. No sites were detected for the enzyme'PstI. 
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3.6; Further Analysis of the Variant Ribosomal Clone )Aavl 

, The clone XAavl was selected for further analysis because of the 

ease with which the variant segment of this clone could, be isolated 

(see below). The aim of the further analysis was to determine 

whether this variant represents the end of a tandem rDNA repeat or is 

the product of the insertion of non-ribosomal DNA (e. g. a 

transposable genetic element) into the rDNA repeat. 

The gel used for the restriction mapping of XAavl clone DNA was 

blotted onto nitrocellulose and probed using Ae. aegypti rDNA (the 

total insert DNA from clone XAar7). No hybridisation was detected to 

the 2.7 Kb EcoRI/PvuII fragment of this clone. This restriction 

fragment replaces the non-transcribed spacer region found in the 

other ribosomal clones. A quantity of this non-ribosomal DNA 

fragment was-isolated for more detailed analysis as follows; 200 pg 

of XAavl total clone DNA was digested to completion with the 

restriction endonucleases EcoRI and PvuII. After size fractionation 

through 1% low-melting Agarose, the 2.7 Kb and 5.9 Kb EcoRI/PvuII 

fragments which comprise the insert of XAavl were clearly resolved 

from vector DNA, Extraction of the DNA from these two bands (see 

Materials and Methods) yielded 7.5 pg and 14 pg respectively of. the 

purified fragments (approximately 50% recovery). 

The clones XAav1 and XAar29 both contain closely linked PvuII and 

Hincll sites which are not found in the normal Ae. aegypti rDNA 

repeat (see Figure 3.5). These sites are found at different 

distances from the next adjacent Hincll site in the two clones. To 

determine whether any homology existed between the variant regions of 
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the two clones, the 2.7 Kb EcoRI/PvuII fragment from XAavl was nick- 

translated and used to probe a Southern transfer of DNA from the 

other variant ribosomal DNA clones (XAar29, ), Aar35 and XAasl). No 

homology was detected between XAavl non-rDNA and any of the other 

variant rDNA clones under the hybridisation conditions employed (see 

4 Materials and Methods). (Results not shown). 

3.7; Genomic organisation and species specificity of sequences 

homologous to the non-rDIA segment of XAavl 

Genomic DNA from a range of dipteran species was digested with 

the restriction endonuclease EcoRI. size fractionated through 0.8% 

Agarose and transferred to nitrocellulose. This Southern transfer was 

then hybridised with nick-translated XAavl non-rDNA. The result of 

this experiment is shown in Figure 3.7a. Zero hybridisation signal 

was observed for all species with the exception of the species of 

origin of XAavl (Ae. aegypti, Bangkok strain). A list of the species 

which did not show hybridisation with this probe is given in the 

legend to Figure 3.7a. 

The observed pattern of hybridisation (to the entire genomic 

digest of Ae. aegypti DNA) is indicative of a repeated sequence which 

is interspersed with other sequences.. No discrete bands of 

hybridisation signal were evident when a number of different 

restriction endonucleases were used to digest Ae. aegypti genomic 

DNA. (Results not shown). 

To determine whether this type of hybridisation pattern was a 

consequence of the DNA used having been prepared from several hundred 
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pooled larvae, v1 non-rDNA was used to probe a Southern transfer of 

EcoRI digested DNA prepared from individual Ae. aegypti (Bangkok 

strain) adults. The hybridisation pattern obtained was again similar 

to that shown in Figure 3.7a. (Results not shown). 

Of the species tested in Figure 3.7a, only Ae. aegypti was found 

to contain sequences homologous to the XAavl non-rDNA fragment. To 

determine whether this specificity extended to the strain of Ae. 

aegypti used (Bangkok), vi non-rDNA was used to probe a Southern 

transfer of genamic DNA from different Ae. aegypti strains. Genomic 

DNA (1µg) from each strain was digested with EcoRI and size 

fractionated through 0.8% Agarose on two minigels (see Materials and 

Methods). The gels were blotted onto nitrocellulose and the filter 

hybridised with nick-translated v1 probe DNA. The result is shown in 

Figure 3.7b. Details of the different Ae. aegypti strains tested are 

given in the legend to Figure 3.7. As for the other experiments, the 

form of the hybridisation signal is a smear to genomic fragments of 

all sizes. On this autoradiograph however, some faint bands are 

visible superimposed over the genomic smear. These bands may 

represent a sub-fraction of the XAav1 non-rDNA homologues which are 

present in a tandemly repeated arrangement. These are probably 

visible in this instance due to the fact that minigels were used (and 

may give better resolution of some bands) and intensifying screens 

were not used (this usually gives sharper bands of hybridisation 

signal). The poor resolution of these bands precludes the evaluation 

of intraspecific differences in hybridisation patterns. 



Figure 3.7a; Result of probing a Southern transfer of EcoRI digested 
genomic DNA from a wide range of diptera with the non-rDNA restriction 
fragment from XAavl. Shown are Culex pipiens quinquefasciatus (TDK5 
strain), Aedes aegypti (Bangkok strain) and Aedes albopictus (Warwick 
cell-line). No hybridisation was observed to genomic DNA from Drosophila 
melanogaster (Canton S. strain), Ae. polynesiensis (Taveuni), Ae. 
psuedoscutellaris (cell-line), Ae. horrescens, Ae. togoi, Ae scutellaris, 
An. gambiae (Warwick cell-line), An. stephensi or Simulium sanctipauli 
(blackfly). (Results not shown). 

Figure 3.7b; Result of probing a Southern transfer of different 
Ae. aegypti strains with XAavl non-rDNA. DNA (1µg), was digested with 
EcoRI and size fractionaterd through 0.8% Agarose on two minigels prior 
to blotting onto nitrocellulose and hybridisation. Lanes 1-3; Bangkok 
strain adults, pupae and larvae, lane 4; London strain larvae, lane 5; 
Xos20A cell-line, lane 6; Porto-Novo larvae, lane 7; Cayenne larvae, 
lane 8; Liverpool larvae, lane 9; Warwick cell-line, lane 10; American 
ss. larvae. 
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3.8; Differential screening of genonic clones with XAavl non- 

ribosomal DNA and XAar7 ribosomal DNA hybridisation probes 

To investigate the distribution of sequences homologous to 

XAavi non-rDNA in the Ae. aegypti genomic library, 1800 clones were 

screened in duplicate using vi non-rDNA and XAar7 insert DNA (an 

intact Ae. aegypti rDNA) repeat as hybridisation probes. Results are 

shown in Figure 3.8.170 positives were obtained with the rDNA probe 

and approximately 16 clear positives were obtained using the v1 non- 

rDNA probe (10% and 1% of the total clones screened respectively). No 

correllation was evident between the clones which showed 

hybridisation signal with the two probes. One clone which did appear 

to show hybridisation signal with both probes was subsequently found 

to consist of two separate plaques when re-screened at low plaque 

density. The higher background of hybridisation to all plaques with 

the v1 non-rDNA probe is probably due to the short length of the DNA 

fragment (2.7 Kb) which was nick-translated, producing short probe 

fragments. 

These results clearly show that sequences homologous to v1 

non-rDNA are infrequently associated with rDNA in the Ae, aegypti 

genomic library. 

The pattern of hybridisation obtained on the Southern transfers of 

Ae. aegypti genomic DNA and the significant proportion of clones 

showing hybridisation with the v1 non-rDNA probe suggests that 

sequences homologous to vi non-rDNA are present in middle to high 

copy number in the Aedes aegypti genome. The proportion of clones 

(1%) which hybridise with the v1 non-rDNA allows a rough estimate of 

copy number to be made. 
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Figure 3.8; Result of screening replica phage lifts of approximately 
1800 Ae. aegypti genomic clones with a, XAavl non-rDNA and b, Ae. aegypti 
rDNA (insert from clone XAar7) as hybridisation probes. 
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Copy no. = genome size x proportion of positive clones 

ave. insert size 

Copy no. =8x 109 x 0.01 = 8000 

103 

This assumes the presence of one repeat only in XAavl non-rDNA 

and homologous clones and that the proportion of clones which were 

positive with this probe is representative of the number of copies in 

the genome. 

3.9; Detailed restriction mapping of the XAavl non-rDIA EcoRI/PvuII 

restriction fragment 

To obtain a detailed restriction map of the XAavl non-rDNA 

segment, three tetracutter restriction enzymes (HpaII, HaeIII and 

Taql) and HincIl (a hexacutter with reduced specificity) were used 

singly and in combination to restrict gel-purified XAavl 2.7 Kb 

EcoRI/PvuII fragment DNA. Digested DNAs were size-fractionated 

through 2% low-melting Agarose to resolve the small DNA fragments 

produced. HaeIII digested pAT153 plasmid DNA was used as a low 

molecular weight marker (see Materials and Methods). 

The derived restriction nap is shown in Figure 3.9. The 

positions of the restriction sites in base pairs from the PvuII 

terminus are listed in the figure legend. 

No internal repeat structure is evident within the non-rDNA 

restriction fragment of XAavl from the restriction mapping data. 



Fig. 3.9 11 
Kb 

Figure 3.9; Fine detail restriction map of the XAavl non-rDHA 
restriction fragment. The distances of recognition sites from the PvuII 
terminus (in base pairs) are as follows; HinclI; 100, TaqI; 1340, 
HaeIII; 1790, TaqI; 1340, HaeIII; 1790, TaqI; 1810, HpaII; 1860, TaqI; 
2110, HaeIII; 2300, TaqI; 2380, EcoRI; 2700. 

Key to symbols; 

PVUII; Y Hincll; 

TaqI; T HaeIII; 7 
HpaII; EcoRI; q 
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3.10; Isolation and preliminary analysis of genomic clones showing 

homology to XAavl non-ribosomal DHA 

Eight of the clones which showed strong hybridisation signal with 

XAavl non-rDNA in Section 3.8 were picked and re-plated to obtain 

single plaques. A single fresh plaque from each was used to 

inoculate 250 ml cultures. 1-2 mg of clone DNA was obtained from each 

lysate. 1µg of each clone DNA was digested with EcoRI and size 

fractionated through 0.8% Agarose. The sizes of the insert DNA of 

each clone (designated XAavll- XAavl8) were as follows; 

XAavll; 

XAavl2; 

XAavl3; 

XAavl4; 

XAavl5; 

XAavl6; 

XAavl7; 

XAavlB; 

8.2 Kb 

7.4 Kb 

4.4 Kb 

8.0 Kb 

9.1 Kb 

5.5 + 4.3 Kb 

8.8 Kb 

6.4 Kb 

The gel used for insert size determination was blotted onto 

nitrocellulose and the Southern transfer probed usng XAavl non-rDNA. 

All clones were confirmed as having v1-homologous inserts. Of the 

two EcoRI fragments contained in clone XAav16, only the 5.5 Kb 

fragment hybridised with the vl non-rDNA probe. (Results not shown). 

To compare the restriction enzyme digestion patterns of the eight 

XAavl-homologous clones with that of XAavl, total clone DNA was 

analysed as follows; 2µg of each clone DNA was double-digested with 
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EcoRI (to cleave the insert DNA from the vector DNA) and with one 

other enzyme (KpnI, XhoI, Sacl or HindIIl). The double-digested DNAs 

were then size fractionated through 1% Agarose. Photographs of the 

ethidium bromide stained gels are shown in Figure 3.10. The sizes of 

the XgtVESXB vector bands (common to all clones (are as follows. 

EcaRI + KpnI; 17.43,1.52,2.76 and 13.84 Kb. 

EcoRI + XhoI; 21.71,1.81 and 12.03 Kb. 

EcoRI + Sacl; 21.71 and 13.4 Kb (no Sacl sites in vector arms). 

EcoRI + HindIIl; 21.71,5.24,0.58,4.46 and 4.14 Kb. 

These vector DNA bands are clearly visible on the stained gels 

shown in Figure 3.10. Interestingly, no other restriction fragments 

produced are common between the nine different clones digested with 

the same combination of restriction enzymes. 

These results, together with the finding that all clones contain 

inserts of different sizes, is evidence that the segment of DNA 

common to these clones is either short or quite variable in sequence 

between the different clones. The library screening results and 

Southern blotting data, together with the finding that Ae. aegyptl 

has a short interspersed pattern of repeated sequences (see Section 1 

of this thesis) provide strong evidence that the non-rDNA segment of 

the clone XAavl contains one or more short interspersed repeated 

sequences. 
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Figure 3.10; Restriction enzyme digestion of total clone DNA from clone 
XAavl and clones showing homology to XAavl non-ribosomal DNA. m; X 
marker (see materials and methods) 1; XAavl, 11-18; XAavll-XAavl8. 
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3.11; Hybridisation characteristics of the restriction fragment 

adjacent to the non-rDBA restriction fragment of XAavl 

The 5.9 Kb PvuII/EcoRI restriction fragment which comprises the 

insert DNA of XAavl minus the non-ribosomal DNA of this clone (see 

Section 3.6) was digested with the restriction enzyme Hincll. After 

size fractionation through 1% low-melting Agarose, the 2.1 Kb 

PvuII/HincII fragment corresponding to the restriction fragment 

adjacent to the non-rDNA restriction fragment of XAavl was extracted 

as described in Materials and Methods. This DNA was then nick- 

translated and used to re-probe the Southern transfer shown in Figure 

3.3 of DNA from different Ae. aegypti strains digested with EcoRI. 

The result is shown in Figure 3.11. 

This shows that the restriction fragment adjacent to the non- 

rDNA restriction fragment of XAavl has hybridisation characteristics 

similar to those of ribosomal DNA. No extra bands of hybridisation 

signal are evident with this probe compared to the intact rDNA repeat 

probe used for Figure 3.3. Some bands of hybridisation signal are 

evident with the intact rDNA repeat probe, but absent with the probe 

used for Figure 3.11. These include the 1.8 Kb EcoRI fragment 

containing 18S rRNA coding sequences which are not contained in the 

probe used for Figure 3.11. Also, some minor rDNA bands are absent 

from the autoradiograph shown in Figure 3.11 (the 3.4 Kb band on the 

Cayenne strain digest shown in Figure 3.3. for example). These may 

represent variant rDNA fragments containing only part of the Ae. 

aegyptl 7.2 Kb EcoRI rDNA fragment. 

No hybridisation signal was observed when nick-translated XAavl 

2.1 kb PvuII/HincII fragment DNA was used to probe XAavl non-rDNA 
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immobilised on nitrocellulose (result not shown). This indicates that 

there is no repeated segment common to the two restriction fragments. 

These results show that the non-rDNA in the clone XAavl does not 

extend throughout the adjacent restriction fragment , which appears 

to consist of rDNA-homologous sequences. 
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Figure 3,11; Hybridisation characteristics of the restriction fragment 
adjacent to the non-rDNA fragment contained in clone XAavl. The Southern 
transfer used is the same as that used for figure 3.3a. 
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Further Analysis of the Variant Ribosomal Clone XAar35 

The variant ribosomal clone XAar35 was selected as being a 

variant on the basis of the size of the insert DNA in this clone (see 

Section 3.4). The restriction map of this clone (Figure 3.5) differs 

from that of the typical Aedes rDNA repeat in one region. The 0.8 Kb 

EcoRI/PstI fragment at the left-hand end of the normal rDNA repeat 

(as shown in Figure 3.5) is 1.8 Kb in length in XAar35 and contains 

an extra Hincll recognition site adjacent to the PstI site. It was 

decided that this 1.8 Kb restriction fragment represented a defined 

region of DNA amenable to more detailed analysis. The following 

sections describe the subcloning, hybridisation properties, fine- 

scale restriction mapping and partial DNA sequencing of this 

restriction fragment from XAar35. 
3 

3.12 Subcloning of the 1.8 Kb EcoRI/Pstl restriction fragant fron 

XAar35 into pUC12 and pUC13 

The 8.3 Kb insert DNA fragment from XAar35 was isolated from low- 

melting Agarose as described in Section 3.5.3 pg of insert DNA was 

digested with the restriction endonuclease PstI and then size 

fractionated through 1% low melting Agarose. Recovery of the 1.8 Kb 

EcoRI/Pstl restriction fragment (see Materials and Methods) yielded 
0.35 yg of DNA. This corresponds to a recovery of aproximately 50%. 
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The vectors chosen for sub-cloning this restriction fragment were 

pUC12 and pUC13 (103]. These plasmid vectors are almost identical, 

but contain a multiple cloning site (MCS) in opposite orientations 

with respect to the adjacent E. cola ß-galactosidase promoter. 

Ligation of insert DNA into the MCS usually disrupts the promoter 

function (although in some cases, read-through of the inserted DNA 

may give rise to an altered, but still functional polypeptide) and 

thus allows the direct selection of recombinants using the 'X-gal' 

substrate. In this assay, non-recombinants generate blue colonies 

whereas recombinants usually give colourless colonies. The pUC 

plasmids also contain suitably located M13 sequencing and reverse 

sequencing priming sites which allow the ends (e. g. 300 bp) of the 

insert DNA to be sequenced by the method of Sanger et al [104]. 

Plasmid DNA of pUC12 and pUC13 was double-digested with PstI and 

EcoRI (which both cut once within the MCS) and dephosphorylated using 

calf intestine alkaline phosphatase (see Materials and Methods). For 

each of the two vectors, 70 ng of insert DNA and 200 ng of vector DNA 

(1: 2 molar ratio) were ligated overnight at room temperature using T4 

DNA ligase (0.5 units, BCL) in a5 Al reaction volume. This ligation 

mixture was then used to transform competent E. cola MC1060 as 

described in Materials and Methods. 

using ampicillin (200 )jg/ml>. 

Transformants were selected 

Four transformants from each 

transformation were picked and plasmid DNA prepared` by the medium- 

size, quick plasmid preparation method described in Materials and 

Methods. In both cases, three transformants were found to contain 

1.9 Kb inserts and one to contain no insert DNA when subsequently 

digested with PstI and EcoRI. Digestion of one pUC12 and one pUC13 

recombinant with TaqI and Hincll restriction endonucleases confirmed 
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that these two clones contained the desired insert DNA, cloned in 

opposite orientations. These were designated pUC12-r35 and pUC13- 

r35. Large plasmid preparations of each clone (see Materials and 

Methods) yielded approximately 1 mg of each clone DNA. 

3.13. Hybridisation analysis of XAar35 1.8 Kb EcoRI/PstI 

restriction fragment DU 

To compare the hybridisation properties of XAar35 variant rDNA 

and normal rDNA. DNA from the clone pUC12-r35 was nick-translated 

and used to probe a Southern transfer of EcoRI-digested Ae. aegypti 

genomic DNA (Bangkok strain adult and pupae, and Mos20A cell-line) 

and also to screen 8000 Ae. aegypti (Bangkok strain) genomic clones. 

The 7.2 Kb EcoRI rDNA fragment from clone XAar7 was nick-translated 

and used to probe a replica Southern transfer and phage lift, thereby 

allowing a direct comparison of the results obtained with the variant 

rDNA and normal rDNA probes. 

The results of screening the 8000 Ae. aegypti genomic clones 

using the two different hybridisation probes was almost identical. 

All clones which were positive with the pUC12-r35 probe were also 

positive with the XAar7 insert DNA probe. One clone was positive 

with the XAar7 probe only. This clone, which may contain variant 

rDNA under the criteria discussed in Section 3.4 was picked and 

designated XAav2. No further analysis of this clone has been 

performed. 

The result of probing the two replica Southern transfers with the 

two different hybridisation probes was similar (see Figure 3.13). No 

additional bands of hybridisation signal are evident with the pUC12- 
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r35 probe compared with the XAar7 probe. Some minor bands are more 

prominent with the XAar7 probe compared to the pUC12-r35 probe (on 

the Xos20A DNA track for example). The additional hybridisation 

using the XAar7 probe here and for the genomic library screening is 

probably due to the presence of rDNA not represented by the pUC12-r35 

clone. 

These studies indicate that the 1.8 Kb EcoRI/PstI fragment from 

XAar35 contains at least some region homologous to rDNA, but no other 

DNA sequences represented at high frequency in the Ae. aegypti 

genome. To obtain more detailed information regarding this region of 

XAar35, it was decided to further sub-clone regions of the 1.8 Kb 

EcoRI/PstI restriction fragment for DNA sequencing and further 

hybridisation studies. 
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Figure 3.13; Comparison of the hybridisation properties of XAar35 
variant rDNA and a normal rDNA segment. Two replica Southern transfers 
of Ae. aegypti (Bangkok strain) pupae and adults and Mos20A cell-line 
DNAs digested with EcoRI were prepared. Figure 3.13a shows the result of 
probing one replica with the 7.2 Kb EcoRI fragment from XAar7 (normal 
rDNA probe) and figure 3.13b shows the result of probing the second 
replica with DNA from clone pUC12-r35, which contains the variant region 
of XAar35. 
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3.14. Detailed restriction mapping of the 1.8 Kb EcoRI/Pstl 

restriction fragment fron XAar35 

DNA from the clone pUC13-r35 (which contains the sub-cloned 1.8 

Kb EcoRI/PstI fragment from XAar35) was restricted with six different 

enzymes which do not cleave the vector DNA of this clone. Three of 

the enzymes used (Sacl, XbaI and BamHI) did not cut the plasmid DNA 

and three (AccI, Smal and Hincll) generated a single DNA band. The 

latter enzymes were then used in various, combinations to restrict 

pUC13-r35 DNA which was then size fractionated through 2% low-melting 

Agarose. DNA of the plasmid pAT153 digested with HaeIII was used as 

a low molecular weight restriction fragment marker (see Materials and 

Methods). The derived restriction map is shown in Figure 3.14. This 

shows that Hincll cuts the pUC13-r35 insert DNA twice (the 160 bp 

Hinc/EcoRI fragment was previously undetected). 

A discrepancy of 0.48 Kb occurs between the molecular weight 

estimate obtained for the intact EcoRI/PstI restriction fragment from 

XAar35 (1.8 Kb) and the sum of the restriction fragments sub-cloned 

into M13 (1.32 Kb). This significant difference may be due to one or 

more of the following factors. 

1, The generation of low molecular weight restriction fragments 

which were not detected on the restriction mapping gel used. 

2, The presence of doublet or triplet bands on the restriction 

mapping gel. (These may be expected if the region under investigation 

contains internally duplicated sequences). 

3, The difference in gels and molecular weight markers used for the 

intact fragment and sub-fragment estimates. ( 1% normal Agarose, 
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Xwt/EcoRI, HindIII marker and 2% low melting Agarose, pBR328/HaeIII 

marker respectively. ) 

To resolve the exact source of this discrepancy, the restriction 

mapping experiment-, should be re-examined. Other restriction enzymes 

should be used in addition to previously used enzymes to restrict 

isolated insert DNA from pUC13-r35 with the aim of generating an 

unambiguous restriction map. Low molecular weight restriction 

fragments may be detected by end-labelling the products of the 

digestions and size fractionating these through non-denaturing 

polyacrylamide (e. g. 4%) in conjunction with end-labelled molecular 

weight markers. The presence of doublet or tiplet bands on the 

restriction mapping gels could be resolved by examining the products 

of partial digestions. 

0 
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Figure 3.14; Fine detail restriction map of the insert DNA from pUC12- 
r35 containing the variant region of XAar35. The distances between the 
restriction sites are shown in base pairs. Restriction enzyme symbols 
are as shown in figure 3.9. 
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3.15. Subcloning and DNA sequencing of XAar35 1.8 Kb EcoRI/PstI 

restriction fragments 

DNA of the clone pUC12-r35 (12 µg) was digested with the 

appropriate restriction enzymes, size fractionated through 2% low 

melting Agarose and the desired restriction fragments (see Figure 

3.14 restriction map) extracted from low-melting Agarose as described 

in Materials and Methods. M13 replicative form (R. F) DNAs were also 

digested'using appropriate combinations of restriction enzymes and 

dephosphorylated using calf intestinal alkaline phosphatase. A 

summary of these cloning experiments is shown below. 

Restriction fragment 

1, Pst/AccI (500bp) 

2. EcoRI/Hincll (160bp) 

3. Hinc II (490bp) 

4. Accl/EcoRI (820bp) 

la. Pst/AccI (500bp) 

Method of sub-cloning 

PstI + AccI cleaved mp8 and mpg 

EcoRI + Hincll cleaved mp8 and mpg 

HincIl cleaved mpg 

AccI + EcoRI cleaved mp8 and mpg 

Made blunt, into SmaI cleaved mpg 

C 

The nomenclature of sequencing clones used is in the form; r35 

mp-restriction fragment. e. g. r35 mp8 AccI/EcoRI, The identity of 

the different orientations obtained in 'la' above was possible from 

the sequence of the first bases of the insert DNA ('G' for the PstI 

terminus, 'ATAC' for the AccI terminus). 

Fragments for '2' and '3' above were obtained from the same 

digestion. The blunt-ended Hincll fragment (490bp) was cloned only 

into mpg. Different orientations of this fragment were obtained by 



88 

randomly sequencing three clones from '3' above. 'la' above was 

performed due to difficulty in obtaining clones in '1'. 

Ligation of vector and insert DNA was performed overnight using 

T4 DNA ligase at room temperature. A 2: 1 molar ratio of vector (7.3 

Kb) to insert DNA was used for each reaction. 

Competent E. coli JM103 host cells were transformed with the 

ligation mixtures as described in Materials and Methods. 

Transformation reactions were plated onto X-gal indicator plates to 

distinguish recombinants (clear plaques) from cells containing 

religated vector (blue plaques) as described in Materials and 

Methods. The M13 bacteriophage minipreparation was used to prepare 

small amounts of single stranded recombinant DNA (e. g. 2-5 µg) 

suitable for DNA sequencing. DNA sequencing was performed by the 

method of Sanger et al (104] as described in Materials and Methods. 

Gels were run either until the bromophenol blue marker reached the 

bottom of the gel or until the xylene cyanol marker reached the 

bottom of the gel (short and long runs). Part of an autoradiograph 

of a sequencing gel (short run) showing the sequence of the simple 

repeated sequences found downstream of 3', end, of the Ae. aegypti 18S 

rRNA gene is shown in Figure 3.15. 
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Figure 3.16; DNA sequencing of clone r35 mpg-Hincll 'A' showing the 
sequence of the end of the Ae. aegypti 18S rRNA gene and the adjacent 
regions. I marks the end of the 18S rRNA gene in the corresponding 
region of Drosophila melanogaster rDNA. .' marks the position of the 
end of sequence homology of this region between Ae. aegypti and D. 

melanogaster (see Figure 3.17). 
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Making restriction fragments blunt-ended using T4 DNA polpmerase 

The 500bp PstI/AccI"restriction fragment from pUC12-r35 could not 

be cloned unidirectionally into M13 mp8 and mpg. This was due to 

difficulties encountered in preparing vector DNAs which gave 

sufficiently low backgrounds of non-recombinants when religated and 

transformed into E. coli JM103. One possible reason for this is that 

PstI generates recessed 5' termini which are less susceptible to the 

action of calf intestinal alkalinal phosphatase. To overcome this 

problem, this restriction fragment was made blunt-ended using T4 DNA 

polymerase (as described below) and cloned into M13 mpg which had 

been cleaved within the multiple cloning site with Smal (which 

generates blunt ends) prior to dephosphorylation using calf 

intestinal alkaline phosphatase. 

The enzyme T4 DNA polymerase possesses a 5' to 3' polymerase 

activity and a substantial 3' to 5' exonuclease activity (more than 

200 times that of E. coli DNA polymerase I). The net result of these 

activities is that under suitable reaction conditions, T4 DNA 

polymerase may be used to fill-in recessed 5' termini and 

simultaneously remove 3' overhangs. The reaction conditions used 

were: 100 mM NaC1,100 mX Tris-HC1 pH 7.5,10 mM MgC12,1mM each of 

dCTP, dTTP, dATP and dGTP, at 20'C for 30 minutes. 
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Examples: 

1. AccI terminus (recessed 3' end) 

-GT -' dNTPs + T4 DNA pol. -' -GTAT 
-CATA CATA 

2. PstI terminus (recessed 5' end) 

-CTGCA -3 dNTPs + T4 DNA pol. -ý -C 
-G-G 
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Figure 3.16; Summary of the sub-cloning and partial DNA sequencing of 
the ribosomal DNA variant XAar35. A= AccI, S= Sacl, other restriction 
enzyme symbols are as for Figure 3.5.4 mp8/mpg -4 indicate regions 
sequenced. 
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3.16 List of sequence data 

1. r35 mpg - EcoRI/Hincll (EcoRI 4 Hincll) complete sequence; 

0 10 20 30 

CCAGTAAGTGCGTGGTCATTATGCTAGCGT 

40 50 60 

T G A T T A A C GT C C C T G C C C T T T G T A C A C A TC 

70 80 90 

GCCCGTCGCTACTACCGATTGGATTATTTA 

100 110 120 

TGAGGTTCCTGGAGGTGAACATATTTTGCT 

130 140 

AGTCCCTGGGATTTGACATTTGAATC 

(146bp total) 

2. r35 mp8 - EcoRI/HincII (HincII 4 EcoR1). This was found to be 

the reverse complement of r35 mpg -EcoRI/HincII 
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3. r35 mp9-HincII 'A'; 

0 10 20 30 

GACCGAACTTGATGATTTAGAGGAGTAAAG 

40 50 60 

TCGTAACAAGGTTTCCGTAGTGAACCTGCG 

70 80 90 

G A A G G A T C AT T A C T G T A T GA A T C C C C C C CC 

100 110 120 

AAGAGAGAGAGATTAACAGGTATTACAGGT 

130 140 150 

CGAACGTGCG CCGTTGATGG CTGAAGCGTG 

160 170 180 

TCGTCCTCCTGACGGTCCCGCCTAGCCTAT 

190 200 210 

GGCCTCCCCCAAGGCACGGTTACCAGGGTT 

220 230 240 

GTTTGTTATTCTGAGGACATGCTGCACCGC 
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250 260 

TCACCGAGCA CGGCACACGC TTTGCA (266bp 

total) 

4. r35 mp8 - AccI/EcoRI and r35 - mpg HincIl 'B' (joined); 

0 10 20 30 

G T C T C A T T CA A T A T A T A T CA G G A C G G T T GC 

40 50 60 

A T C A A C T G AT T G T' T G T A T TC G G T T A A T C GC 

70 80 90 

T T A A T A T A TA T C A G T T C C TG C T T A A T A T AT 

100 110 120 

ATCAGGTTCCATAGAGCTAGGATGCTACTG 

130 140 150 

GTTCACTGCTGTGACAGACCTCCTCCATTA 

160 170 180 

GTATCCAGACTCATCGATATTGCTATACCA 

l 190 200 210 

CCAGCTGTGCATGTGGCGGCTCATGTGGAT 
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220 230 240 

TGAAGGATTAGAAAAAGATTTGTGGTTAAG 

250 260 270 

GAAGGTGGTGGGTGCCATTGACTCGAGCCG 

280 290 300 

GTAACTGATATGGACAGCATTAACCGCGAC 

310 320 

TATTTACGGA TCTCGTCGAG TACG (324 bp total) 

t Marks the beginning of the mp9-HincIIB sequence. The overlap of 

mp8-AccI/EcoRI sequence with mpg-HincIIB sequence (17 bases) is 

indicated by bold italics. The complement of the mp9-HincII B 

sequence is listed here. 

5. r35 mpg-PstI/AccI 'A' (AccI 4 Pstl); 

0 10 20 30 

A T A C G T T T GC A T T G G C G C TC C C A C T A C G GC 

40 50 60 

A A C' G T A G C GC C T T T G T A A TA T G G C A A C A TG 

70 80 90 

A C A T C C T T TT C T T G C G C A GA A G C C A A C A AG 
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100-1 110 " 120 

AGACTATCGGCAAGAGTTGCTCTGCCCTGT 

130 140 150 

TTGACAGTCA CATAGCCATG GAG (143bptotal) 

6. r35 mp9-PstI/AccI'B' (PstI -' Accl); 

0 10 20 30 

G C G G T T C T CC C G C C G G A C CG G T C C G C G A CA 

40 50 60 

CCTGGACCGTCCGAGCCTGACCGTGCGGGG 

70 80 90 

G C A C G C G T CT G A G G C A A A CC G C T C G G A C CG 

100 110 120 

CTCGGCTCCC CGTGGCCAAG CGCCGCGCGA 

130 140 150 

ACGGACCAGCCGACGGGAGTGCAACCGGAG 

TATAGCC (157 bp total) 
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3.17; Comparison of de. aegypti sequencing data with rDHA sequences 

from other species 

Sequence data was compiled into a DNA sequencing computer text 

file. The DNA sequence analysis software (University of Minnesota 

version 2.1) was then used to compare this data with data from other 

published DNA sequences. 

The dot matrix function of the computer program was used to 

search for homology between the sequence data obtained from XAar35 

and the following: 

1. The entire 18S and 28S rRHA coding sequences of Xenopus 

laevis [ 106,1073 . 

2. The 5.8S and 2S coding regions of D. melanogaster rDNA 

1 1081. 

3. The terminal 227bp of the D. melanogaster 18S rRNA gene 

together with 50 bp of adjoining internal transcribed 

spacer sequence [109]. 

4. The terminal 227bp of the Bombyx mori (silkworm) 18S 

rRNA gene and 18bp of the adjoining internal transcribed 

spacer region [110]. 
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T 

Homology of sequence data with 18S rRHA from other species 

Strong sequence homology was found between regions within the 

sequence of clones r35 mp 9- EcoRI/Hincll and r35 mpg - Hinc IIA and 

the terminal 220-230 bases of the 18S rRAA of other higher 

eukaryotes. Figure 3.17 shows a comparison of these homologous 

regions between Ae. aegypti (from XAar35 sequencing described here), 

another Dipteran; Drosophila meIanogaster and the Lepidopteran Bombyx 

mori. In this figure, only bases which differ from the Ae, aegypti 

sequence are shown on the D. melanogaster and B. mori sequences. An 

asterisk is used to denote the absence of a base. 

I 



Figure 3.17; Comparison of Sequenced Ae. aegypti rDHA, with that of 

D. eelanogaster and B. mori rDNA 

mry 

35-mpg EcoRI/Hincll; 

0 10 20 
Ae. aegypti CCAGTAAGTG CGTGGTCATT 
D. me1anogaster GTA 
B. mori c 

30 40 
Ae. aegyptt ATGCTAGCGT TGATTACGTC 
D. melanogaster A*C 
B. mori *C 

Ae. aegypti 
V. melanogaster 
B. mori 

Ae. aegypti 
D. melanagaster 
B. mori 

Ae. aegypti 
D. melanogaster 
B. mori 

Ae. aegypti 
D. melanogaster 
B. mori 

Ae. aegypti 
D. melanogaster 
B. mori 

r35-mp9 Hincll 'A'; 

50 60 
CCTGCCCTTT GTACACATCG 

C 
GACC 

70 80 
CCCGTCGCTACTACCGATTG 

90 100 
GATTATTTAGTG A'G GTTCCT 
A CT C 
AG CTTC 

110 120 
GGAGGTGAACATATTTTGCT 

CTCTGGACGC 
CCGAC GCGG GC 

130 140 
AGTCCCTGGGATTTGACATT 
CTGGGTTCGGTTGT 
TT*AGCCG C*** GGCG 

1 10 20 
Ae, aegypti * ýtýt *GACCGAACTT GATGATTTAG 
D. meIanogaster AGTTT 
B. mori AGTT AC 

30 40 
Ae, aegypti AGGAAGTAAA *GTCGTAACA. A 
D. melanogaster A 
B. mori A 



50 60 
Ae. aegypti GGTTTCCTAG *TGAACCTGCG 
D. melanogaster G 
B. mori, G 

Ae. aegypti 
D. melanogaster 
B. mori 

Ae. aegypti 
D. melanogaster 
B. mori 

Ae. aegypti 
D. melanogaster 

Ae. aegypti 
D. melanogaster 

70 1 80 
G A A G G A T C AT T A C T G T A T GA 

T A 
A C G G 

90 100 
ATCCCCCCCCAAGAGAGAGA 
TATTTAGTTATAAT 
TGGGAAGAAA (END) 

110 120 
GATTAACAGGTATTACAGGT 
ATGTATTATACATAA 

123 
CG 
AA (END) 

KEY; 
4 marks the position of the end of the Drosophila melanogaster 18S 
gene [109) 
* denotes the absence of a nucleotide at this position. 
Only bases which do not match the Ae. aegypti sequence are shown on 
the Drosophila and Bombyx sequences. 
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The two regions of strong homology between Aedes aegypti, D. 

melanogaster and B. mori are: 

A. The sequence from nucleotide 1 to nucleotide 96 of r35 

mpg- EcoRI/Hincll. This shows strong homology with the 

region 223 to 130 bp from the 3' end of the Drosophila 

18S rRNA and the corresponding region in B. mori. 

B. The sequence from nucleotide 1 to nucleotide 73 of r35 

mpg-HincIl A. This shows strong homology with the last 

75bp of Drosophila and Bombyx 18S rRNA. 

The region of r35 mpg- EcoRI/HinclI from position 97-146 shows 

little homology with the corresponding regions in Drosophila and 

Bombyx. Also, the corresponding regions in Drosophila and Bombyx 

show little homology over this region between these two species. 

This region, therefore represents an evolutionarily non-conserved 

region within the 18S rRNA gene. A comparison of the results 

obtained here with those of a detailed study of evolutionarily 

conserved and non- conserved regions within rRNA [111] shows that the 

two conserved regions described above correspond to two domains 

within 18S rRNA which are conserved in a wide variety of different 

species. These conserved domains in Xenopus laevis for example, 

extend from nucleotide 158.6 to nucleotide 1696 and from nucleotide 

1753 to nucleotide 1821 of the 18S rRNA of this species (1825 bp 

total). The sequence of the internal transcribed spacer segment of 

Drosophila does not show significant homology with the corresponding 

region of Ae. aegypti. This result is in agreement with the 
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observation that in the species studied, spacer sequences are not 

evolutionarily conserved [67]. 

Quantitation of levels of homology 

The levels of homology of the different regions described above 

were calculated as follows: 

% homology = no. of matching bases 
x 100 

total no. of bases 
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Results 

Regions compared 

1. Conserved region described in 'A' above 

a. Ae. aegypti/D. melanogaster 

b. Ae. aegypti/B. mori 

c. D. melanogaster/B. mori 

2. Conserved region described in 'B' above 

a. Ae. aegypti/D. melanogaster 

b. Ae. aegypti/B. mori 

c. D. melanogaster/B. marl 

3. Non-conserved region of r35 mp9-EcoRI/HincII 

a. Ae, aegypti/D. meIanogaster 

b. Ae. aegypti/B. mori 

c. D. melanogaster/B. mori a 

4. Internal transcribed spacer region 

Ae. aegyptilD. melanogaster 

homology 

91 

91 

89 

96 

93 

96 

38 

24 

34 

33 

No other regions of homology were detected between the sequenced 

region of XAar35 and the published rRNA sequences used for 

comparison. 
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Other features of sequencing data 

1. Repeated sequences downstream of the 3' end of the 18S 

rRIA coding region 

A short region of simple repeated sequences occurs after the 3' 

end of the 18S rRNA coding region in Ae. aegypti. This sequence (C C 

CCCCCCAAGAGAGAGAG A) from positions 83 to 101 in the 

r35 mp9-HincII A sequence) probably corresponds to part of the 

internal transcribed spacer region of this species. Also, adjacent 

to this repeated sequence, the sequence ATTAACAGGT is almost 

perfectly repeated to give two adjacent copies from positions 101 to 

119 of r35 mpg-HincIIA. 

2. ACCGCTCGGACCGCTCGG 

This 9 base-pair direct repeat occurs from positions 78 to 95 in 

the sequence of r35 mp9-PstI/AccI. 

3. AATATATATCAG 

This sequence is directly repeated three times in r35 mp8- 

AccI/EcoRI within the region from positions 10 to 102 of this clone. 

Two of these repeats have the sequence CAT near their 3' end. Some 

sequences adjacent to this repeat are also common between the 

different repeats, but are not perfectly repeated. 
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3.18; Further studies of the AATATATATCAG repeat 

This sequence shows some similarity with the 'TATA-box' of 

eukaryote RNA polymerase II promoters (reviewed in [112]). Also, 

some features of this repeat show similarity with the consensus 

sequence of the E. coil RNA polymerase promoter. This is shown below 

for one of the repeats. 

E. colt promoter: A-T rich - 

AT 

E. col i bases 

from start: -43 

TTGAC A----- TATAAT 

-35 -10 +1 

Ae. aegyptlrepeat: AATATATATCAGGACGGTTGCAT 

Regions of particular interest within the repeat sequence are 

underlined. The repetition of this sequence does generate A-T rich 

regions upstream from the 2nd and 3rd repeats and also places the 

sequence TTGCA (similar to the TTGACA of the E. cola 

promoter) 35 bp upstream from the TATA region of one of the 

repeats. 

To determine whether this isolated sequence did show cross- 

hybridisation with E. coli DNA or whether this sequence was in fact 

part of the normal rDNA repeat, an oligonucleotide probe was 

constructed. 
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Synthesis of an oligonucleotide probe of the XAar35 TATATA repeat 

An oligonucleotide probe 31 residues in length was constructed 

using an automated DNA synthesiser (Du Pont Coder 300), This machine 

uses a chemistry system based on the phosphite coupling method using 

$-cyanoethyl phosphoramidites. The 3' terminal nucleotide comes 

attached to the controlled pore glass resin column. A cyclical 

process of deprotection, coupling, and protection (capping and 

oxidation) steps yields the desired oligonucleotide, still attached 

to the column support. The high efficiency of each cycle 

(approximately 95% efficiency of coupling) together with the capping 

function at each step enables highly specific oligonucleotides (e. g. 

15-40 residues in length) to be synthesised in large amounts. The 

sequence of the oligonucleotide synthesised was; 

10 20 30 bp 

AATATATATCAGGACGGTTGCATAATATATA 

The scale of synthesis used was 1 micromole. The terminal capping 

group was removed by the machine at the end of the synthesis. 

Cleavage of the oligonucleotide from the column support, 

deprotection of the 3' hydroxyl group and cleavage of the protecting 

groups on the 'A', 'G' and 'C' residues was accomplished by 

incubating the column contents in 1.2 ml of concentrated ammonia in 

an airtight vessel for 2 days at 50'C. (Protecting group on 3' 

hydroxyl = cyanoethyl, protecting group on 'A' and 'C' residues = 

benzyoyl, protecting group an 'G' = isobutyrl>. The insoluble column 
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support material was removed by filtration through nylon filter wool 

packed into the bottom of a Pasteur pipette. 

This solution was then freeze-dried to remove most of the 

ammonia. The lyophilisate was then redissolved in 2 ml of 70% 

ethanol and freeze dried to remove any remaining ammonia. The 

lyophilisate was then redissolved in 200 yl of water and precipitated 

by the addition of 6 volumes of ethanol. After incubation at -20'C 

overnight, the precipitated oligonucleotide was pelletted (30 

minutes, Eppendorf microfuge) and redissolved in 50 µl of T. E. 

buffer. The yield was estimated by optical density to be 1.4 mg (1 

O. D. unit at 260 nm = 33 µg/ml oligonucleotide). Using an estimate 

for the molecular weight of the 31-mer oligonucleotide of 2x 10° 

Daltons, this corresponds to 0.07 micromoles of crude 

oligonucleotide. 

Gel purification of oligonucleotide 

A minute amount of crude oligonucleotide (1.4 pmoles/28 ng) was 

kinase labelled in 10 yl of Kinase buffer containing 10 jCi of a32P 

ATP and 4 units of T4 polynucleotide kinase for 1 hour at 37'C (see 

Materials and Methods). This reaction mixture was then fractionated 

through a Sephadex G100 column (2.5 ml column volume, 200 Al 

fractions) and the first four fractions which contained radioactivity 

(fractions 5-8) were separately ethanol precipitated and each 

redissolved in 10 µl of formamide. The counts per minute of these 

fractions were 5.7,5.2,10.7 and 9.2 x 105.105 counts from each 

fraction were run in 15% acrylamide (see Materials and Methods) 

Also, 4x 10' counts from fraction 5 were added to 8 O. D. units (264 
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µg) of crude oligonucleotide and this was electrophoresed over four 

wells of the same 15% Acrylamide gel. 

All samples were dissolved in formamide and boiled (100'C) for 

two minutes prior to loading. Xylene cyanol (which migrates with the 

mobility of a 25-mer) and bromophenol blue (which migrates with the 

mobility of an 18-mer) were used as markers. After electrophoresis, 

the gel was wrapped in cling-film and autoradiographed overnight at 

room temperature without an intensifying screen. The result is shown 

in Figure 3.18. This shows that most oligonucleotide is in the form 

of a 31-mer, although bands corresponding to shorter, terminated 

oligonucleotides are clearly visible. The separation of the 31-mer 

from the shorter oligonucleotides by Sephadex gel filtration was not 

efficient. 

The tracer labelled 31-mer oligonucleotide (lanes 5-8 of the 

autoradiograph) was excised, cut into small strips and incubated in 1 

ml of water at 500C for 12 hours to allow the oligonucleotide to 

diffuse out of the gel. 'The aqueous solution was then aspirated and 

passed through a long Sephadex G-25 column to separate the 

oligonucleotide from dissolved Acrylamide and urea. (The column used 

was 7 ml in volume, made in a 10 ml pipette). The fractions 

containing radioactivity were pooled and freeze dried. The 

lyophilisate was finally redissolved in 200 pl of T. E. buffer. The 

yield of purified 31-mer oligonucleotide obtained was 2 O. D. units 

(66 pg). 
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Figure 3.18 Gel purification of TATA oligonucleotide. Autoadiograph 
of a 15% Acrylamide gel. F5-F8; Sephadex G100 fractionated, kinase- 
labelled, crude oligonucleotide. C; crude oligonucleotide (2 O. D. units 
per lane) with added kinase-labelled tracer. 'X' = xylene cyanol marker 
position (25-mer equivalent). 
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Use of the TATATA oligonucleotide to probe Ae. negypti and H. Cali 

genonic DHAs 

Aedes aegypti (Bangkok strain) and E. cola (MC1060 strain) 

genomic DNAs (4 pg) were digested overnight at 37'C with a 2-fold 

excess of EcoRI restriction endonuclease. The MC1060 DNA was a gift 

from A. M. Warren of this department. The digested DNAs were then 

size fractionated through 0.8% Agarose and transferred to 

nitrocellulose as described in Materials and Methods. Purified 

oligonucleotide (300 ng) was kinase labelled as described previously. 

A specific activity of 6x 107 dpm/pg was obtained. This probe was 

then used to probe the Southern transfer described above. A probe 

concentration of 10 ng/ml was used in a hybridisation of high 

stringency (50% formamide, 3x SSC, 42'C, as described in Materials 

and Methods). The hybridisation time used was 18 hours. The result 

of this experiment was that no hybridisation signal could be detected 

after a low stringency post-hybridisation wash (20'C, 2x SSC) and 2 

day autoradiographic exposure at -? 5'C with intensifying screen. 

The Southern transfer was therefore re-hybridised using the same 

probe at a lower hybridisation stringency (in 50% formamide, 6x SSC, 

at 37'C). The filter was washed at low stringency, (2 x SSC,. 20'C) 

and exposed overnight at -75'C, with intensifying screen. The 

oligonucleotide probe showed hybridisation signal for Ae. aegypti DNA 

only. This was in the. form of a single 7.2 Kb band. This 

corresponds to the size of the major EcoRI fragment of Ae. aegypti 

rDNA and therefore confirms the oligonucleotide sequence as being 

derived from this part of the ribosomal DNA repeat. 
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The failure to obtain hybridisation signal under the stringent 

hybridisation conditions is probably due to the low G-C content of 

the oligonucleotide (264). The melting temperature (Tm) of this 

sequence is theoretically 56'C under, these conditions , (see, materials 

and -Methods), just 14'C above the temperature of hybridisation 

(42'C). Under the low stringency hybridisation conditions used for 

re-hybridisation, the Tm is increased to 60'C,, which is 236C below 

the hybridisation temperature (37'C). - 
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3.19 Section 3: SUJU(ARY 

Analysis of rDHA variation within Ae. aegypti and between closely 

releated species 

The rDNA 'fingerprints' of a number of different mosquito genomic 

DNAs digested with the restriction endonuclease EcoRI were compared. 

The results obtained show a significant level of interspecies 

differences, even- between the very closely related members of the 

Aedes scutellaris group. In general, the degree of variation between 

different species was consistent with the relatedness (as judged by 

classification) of the mosquito species compared. The rDBA of 

different Ae. aegypti strains and cell-lines is much less variable. 

No difference in the length or EcoRI restriction pattern of the major 

rDNA bands was detected. Some of the minor rDHA bands do show 

variation between different strains however. This indicates a low 

level of intraspecies rDHA polymorphism. One of the possible sources 

of such polymorphism has been identified at the molecular level: 

sequence heterogeneity within the non-transcribed spacer region of 

the rDNA repeat (as indicated by restriction site polymorphism within 

this region). No variation in rDNA 'fingerprint' was evident between 

genomic DNA prepared from Ae. aegypti larvae, pupae and adults. 

Isolation of variant rDIA clones 

The Aedes' aegypti genomic library described in Section 1 was 

screened to isolate variant*rDNA clones. Two methods were employed. 
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A number of randomly picked rDNA clones were analysed by EcoRI 

digestion to identify size variants. Also, differential screening 

using the two ends of the major rDHA EcoRI fragment was used to 

identify variants in which" the two ends had become' separated. '- Two 

rDNA variants were isolated using each' of these methods. The two 

size selected "variants XAar29 and XAar35' contained insert DNA 

fragments 'of 8.4"Kb and 8.3 Kb respectively. Restriction maps of 

these clones indicate that these contain the 7.2 Kb normal EcoRI rDNA 

fragment with a variant region (different in the two clones) caused 

by an insertion or duplication of DNA at this site. The two rDNA 

variants obtained by differential' screening (XAavl and XAasl) contain 

insert DNAs of '8.6 Kb' and (5.1 + 3.5 Kb) respectively. The 

restriction maps and hybridisation characteristics of these clones 

indicate that XAavl represents a 7.2Kb normal EcoRI rDNA fragment in 

which the non-transcribed spacer region has been replaced by a longer 

segment of non-rDNA, whereas XAasl contains non-transcribed spacer 

homologous sequences which are not associated with rRNA coding 

sequences. 

Further analysis of XAavl 

The hybridisation characteristics of the non-rDNA segment of this 

clone were studied. When this non-rDNA segment was radiolabelled and 

used to probe a Southern transfer of genomic DNAs from a wide variety 

of different dipteran species, hybridisation was detected only with 

Ae. aegyptl DNA. The form of this hybridisation (to DNA fragments'of 

all sizes) was suggestive of an interspersed repeated sequence, which 



I 

110 

might also be present in tandemly repeated arrays. Sequences 

homologous to XAavl non-rDNA were detected in all Ae. aegypti strains 

tested. 

The XAavl non-rDNA segment was used to screen the Aedes aegypti 

genomic library in parallel with a rDNA probe. Approximately 20 

strong positives were obtained using the vi non-rDNA probe (0.1% of 

the total clones screened). None of these clones showed 

hybridisation signal with the rDNA probe. This demonstrated that 

sequences homologous to the repeats within XAavl non-rDNA are not 

normally associated with rDNA. 

Eight of the Ae. aegypti genomic DNA clones which showed strong 

hybridisation signal with the XAavl non-rDNA probe were picked" and 

the clone DNA prepared. All were found to contain insert DNAs of 

different sizes. Preliminary restriction enzyme analysis of these 

clones indicates that the insert DNAs do not show any similarity with 

respect to the number and position of restriction enzyme sites within 

the insert DNA, 

The restriction fragment adjacent to the non-rDNA restriction 

fragment contained in XAavl was found to contain rDNA. This region 

did not generate bands of hybridisation signal in addition to the 

rDNA bands when used as' a hybridisation probe against Ae. aegypti 

genomic DNA. 

Further analysis of XAar35. 

The restriction fragment of XAar35 which showed a 1.1 Kb size 

increase in this clone relative to the normal rDNA repeat was sub- 

cloned into pUC12 and pUC13. The hybridisation characteristics of 
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this segment from XAar35 were found to be very similar to those of 

the 7.2Kb normal EcoRI fragment of Ae. aegypti rDNA. When these two 

DNA fragments were used to probe replica Southern transfers of EcoRI 

digested Ae. aegypti rDNA, no additional bands were visible with the 

XAar35 probe. Some bands of hybridistion signal were more prominent 

with the normal rDNA probe however. These probably correspond to 

rDAA sequences not present in the XAar35 probe (e. g. non-transcribed 

spacer sequences and 28S rRHA coding sequences). 

When genomic clones were screened using these two hybridistion 

probes, all clones which were positive with the XAar35 probe were 

also positive with the normal rDNA probe. One clone (XAav2) showed 

hybridisation signal with the normal rDNA probe only. A fine detail 

restriction map of the pUC12 insert DNA was prepared and a number of 

different restriction-fragments were sub-cloned from pUC into the M13 

bacteriophage vectors mp8 and mpg. Sequencing of single-stranded DNA 

from these vectors was 
. 

successful in obtaining sequence data 

representing approximately 80% of the 1.32 Kb region of interest from 

XAar35. (Only one DNA strand has been sequenced for 85% of the 

sequenced region). 

Analysis of the sequence data shows that the left-hand terminus 

of the variant fragment from XAar35 (as shown in Figure 3.14) 

contains two 
'regions of DNA sequence which show very strong homology 

with the 3' end of 18S rRNA. It was deduced that this corresponds to 

part of the 18S rRNA gene of Ae. aegypti. This therefore extends 

approximately 220 bp into the EcoRI/PstI fragment of XAar35, a 

finding which is in agreement with the proposed transcription unit of 

Ae. aegypti rDAA shown in Figure 2.5. 
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The Hincll recognition site 143 bp from the left-hand terminus of 

the EcoRI/PstI'fragment of XAar35 was not detected in the initial 

mapping of the total insert DNA of this clone. (DNA fragments of 

this size are not usually visualised in iZ Agarose gels). This 

Hincll site may also be present in the other rDNA clones (including 

the normal rDNA clones) due to the conserved sequence of 18S rDHA at 

this position. 

Comparison of the region of 18S rRNA of Ae. aegypti which has 

been sequenced with the corresponding regions in Drosophila 

melanogaster and Bombyx mori 18S rRNA sequenced by other workers 

(109,110], demonstrates the very high degree of sequence conservation 

of some regions of rRNA. Two regions showing very, strong homology 

(over 90%) with Drosophila 18S rRNA were identified within the Ae. 

aegypti rDNA region sequenced. These two regions (96 and 73 bp in 

length) are separated by a 50bp region which shows little or no 

homology between the different species. This finding is in agreement 

with the finding of other workers (111) that only certain domains 

within rRNA are conserved (approximately 10% of 28S rRNA coding 

sequences and 20% of 18S rRNA coding sequences) and that the position 

of these conserved regions does not vary between different species. 

Some repeated sequences have been identified within the remaining 

sequence of the XAar35 region of interest. Hybridisation analyses 

using both pUC sub-cloned DNA and a synthetic oligonucleotide of one 

of these repeated sequences as hybridisation probes has failed to 

identify any region of DNA within XAar35 with hybridisation 

characteristics which differ from those of rDNA. 



113 

Sections 2 and 3; CONCLUSIONS AND FUTURE PERSPECTIVES 

Preliminary studies of Ae. aegypti rDNA by Southern blotting 

analysis have shown that the rDNA repeat of this species is 

relatively short (9.0Kb) and homogeneous in length. The homogeneity 

of the rDMA repeats has allowed the construction of a restriction map 

of Ae. aegypti rDNA from Southern blotting data. The copy number of 

Ae. aegypti rDAA has been estimated as approximately 500 per haploid 

genome (8 x 109bp). Ribosomal DNA therefore comprises 0.6% of the 

total genome of this species (c. f. 2% of the Drosophila genome 

consists of rDNA [23]. As for all other higher eukaryotes studied, 

the rDAA of Ae. aegypti is tandemly repeated in a head-to-tail 

manner. 

Restriction mapping of cloned rDNA repeats has largely confirmed 

the homogeneity of rDNA in Ae. aegypti. The exception discovered is 

a polymorphic Hincll recognition site located in the non-transcribed 

spacer region. 

Comparison of the rDNA of different mosquito species has shown 

that one EcoRI fragment (1.8Kb in length, containing most of the 18S 

rRNA coding sequences) is conserved between different species of 

mosquitoes. This indicates that the two EcoRI sites within Ae. 

aegypti rDNA are present in evolutionarily conserved regions within 

the rDNA repeat. One of these is the conserved EcoRI site near the 

3' end of the 18S rRNA gene, which is also present in this position 

in D. melanogaster and B. mori rDNA [109,110]. The other EcoRI site 

is located near the 5' end of the 18S rRNA gene. 
'The large (7.2 Kb) 
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rDNA fragment produced by EcoRI digestion of Ae. aegypti DNA shows 

variation in length between different species. This occurs even 

between the closely related and morphologically very similar species 

of the Aedes scuteIlaris group. This restriction fragment contains 

the non-transcribed spacer of Ae. aegypti. This region is the least 

evolutionarily conserved region of rDNA (67]. 

Some minor rDNA bands which are evident when an homologous rDNA 

probe is used to probe Southern transfers are invariant between 

different stages of development, but show variation between different 

strains of Ae. aegypti. One source of these minor bands of 

hybridisation signal is a limited degree of intra-species 

polymorphism of rDNA, A study of the rDNA of individual mosquitoes 

indicates that this is probably due to polymorphism of a fraction of 

the rDNA repeats within each individual. The possible causes of 

these, minor rDNA bands are; restriction polymorphisms within the 

rDNA, variation in length of the rDNA repeat (including insertions 

into, and duplications of, rDNA) and the presence of sequences 

homologous to rDNA outside the ribosomal repeat. The restriction 

fragments produced at the ends of tandemly repeated arrays of 

ribosomal genes may also generate minor rDNA bands of variant length. 

Restriction mapping of rDNA clones and Southern blotting analysis of 

genomic rDNA has confirmed that restriction polymorphisms do 

contribute to variation of Ae. aegypti rDNA (the Hincll polymorphism 

in XAar9 and the KpnI, polymorphism in XAar35). 

Ribosomal variant clones have been isolated by' their variant 

lengths (XAar29 and XAar35) and hybridisation characteristics (XAavl 

and XAasl). XAasl contains sequences homologous to the non- 

transcribed spacer region of Ae. aegypti rDNA, but does not contain 
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any conserved rRNA coding region. This clone may therefore contain 

rDNA-homologous sequences which are not located in the rDNA repeat 

within the Aedes genome. Another possibility is that this variant 

was produced by the insertion of non-rDNA containing an EcoRI site 

into the NTS of a rDNA repeat. The length of the EcoRI fragment 

contained in XAasl which shows homology to a rDNA probe is 5.1 Kb. A 

minor band of 5.0 Kb is visible on Southern transfers of Ae. aegypti 

DNA digested with EcoRI and probed with rDNA. (Figure 3.3). 

The variant XAavl contains most or all of the rRNA coding regions 

of the 7.2 Kb EcoRI fragment of Ae. aegypti rDNA, but no sequences 

homologous to the NTS region. In place of the ITS, this clone 

contains a 2.7 Kb restriction fragment which is not homologous to 

rDNA. This non-rDNA is specific to the species Ae, aegypti and shows 

the hybridisation characteristics of an interspersed repeated 

sequence. Preliminary analysis of eight XAav1 non-rDNA homologous 

clones indicates that the non-rDNA sequences within this clone are 

not normally associated with rDNA., The different XAavl - homologous 

clones show no similarity in restriction enzyme digestion patterns. 

The conclusion made from these results is that the non-rDNA segment 

of XAavl contains one or more short interspersed repeats (see Section 

I of this thesis). XAavl may represent part of a rDNA unit at the 3' 

end of an array of tandemly repeated ribosomal genes. The non-rDNA 

region of XAavl would therefore be essentially unique. DNA (containing 

one or more short interspersed repeats) adjoining the rDNA tandem 

repeat. This would imply that the rDNA tandem repeat ends with the 

3' end of a 28S rRNA gene and not a non-transcribed spacer. 

Circumstantial evidence in support of this is that the NTS of 

eukaryote rDNA serves an important regulatory function for the rRNA 
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transcription unit downstream of the NTS (69,70]. Although the 

restriction fragment adjacent to the non-rDNA restriction fragment of 

XAavl contains rDNA, Si nuclease mapping (1131 or DNA sequencing of 

the rDNA/non-rDNA interphase of XAavi is required to identify 

precisely the '3' end of the " rDNA sequences within this clone. 

Further analysis of the hybridisation properties of the restriction 

fragments within the non-rDNA portion of XAavl is required to define 

the length(s) and number of repeated sequences in this clone. 

Identification a unique sequence region of non-rDNA in this clone 

would allow'' the flanking regions 'to be isolated 'from the Aedes 

aegypti genomic library. This may resolve whether XAavl does 

correspond to the end of ,a tandem repeat. 

The variant clone 'XAar35 contains part of a rDNA repeat with an 

extra 1.0 Kb of DNA in the region of the internal transcribed spacer. 

Detailed hybridisation studies have failed to identify any non-rDNA 

sequences within the variant region of this clone. DNA sequencing 

studies have shown that the left-hand terminus of this clone (as 

shown in Figure 3.5) is located 220bp from the end of the Ae. aegypti 

18S rRNA gene. This region of 18S rRNA is apparently normal, as 

judged by comparison with the corresponding regions of 18S rRNA from 

the distantly related dipteran Drosophila meIanogaster, and the 

lepidopteran Bombyx mori. The region of 18S rRNA sequenced contains 

two highly conserved regions (over 90% homology to Drosophila rRNA) 

separated by one non-conserved region which shows no significant 

homology with the corresponding region in Drosophila. These findings 

are consistent with the observed distribution of evolutionarily 

conserved regions within the rRNA of all organisms studied [67,111]. 

The conserved regions may be considered as sequence domains essential 
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to the function of the ribosome. Models of the secondary structure 

of rRNA have been proposed from the sequence of these domains (62]. 

The. non-conserved regions are also essential (their length and 

position is quite invariant between different species), but these are 

unlikely to serve a sequence-specific function. 

The region of strong homology between Ae. aegypti and D. 

melanogaster rDIA extends beyond the 3' end of the Drosophila 18S 

rRNA gene (as proposed by Jordan et al (1091) by six base-pairs. The 

proposed end of the Drosophila 18S rRNA gene corresponds to the end 

of the sequence homology between Drosophila and Bombyx rDNA. The 

extended homology between Aedes and Drosophila rDNA may indicate that 

the 18S rRNA gene of both species extends at least a further 6 bp 

than the reported terminus in Drosophila. 

Some repetitive DNA sequences have been identified downstream of 

the 18S rRNA gene of Aedes aegypti. This region probably corresponds 

to part of the internal transcribed spacer of this species. One of 

these repeated sequences is extremely A-T rich. Pavlakis et al (108] 

have proposed that A-T rich regions within the internal transcribed 

spacer (in this case between the 5S and 2S coding regions of 

Drosophila rDNA) may represent 'processing sites' essential for the 

maturation of pre-rRNA into the constituent rRNA chains of the 

ribosome. One feature of the 'processing site' which these authors 

describe is the potential to form a stem and loop structure. The 

repeated sequence within Ae. aegypti rDNA also has this potential. 

One of the possible stem and loop structures which could be formed is 

shown below. 
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Nucleotides in loop: 

Nucleotides in stem: 

CAG TT CCTGCTTA 
T-A 
A-T 
T-A 
A-T 
T-A 
A-T 
T-A 

Nucleotide position in -TAA TCA- 
r35-mp8 Acct/EcoRl sequence: 62 93 

The aim of the further studies of the ribosomal variant XAar35 

was to determine the source of the length increase observed in the 

restriction fragment of this clone (1.8 Kb) relative to, that of the 

normal rDNA repeat (0.8 Kb). Of particular interest in this study was 

the possible relationship between the extra DNA contained in XAar35 

and a' eukaryote TGE. The hybridisation properties of the variant 

region of XAar35 were examined to determine whether this region 

contains any non-rDNA. A comparison of the results obtained using the' 

variant restriction fragment of XAar35 and the corresponding 

restriction fragment from a normal rDNA repeat to probe Southern 

transfers of Ae. aegypti genomic DNA and to screen the Ae. aegypti 

genomic library, show that the variant region of XAar35 does not 

contain a moderately 'repeated, chromosomally interspersed segment of 

non-rDNA. 

The source of the length increase in clone XAar35 cannot be 

resolved from the data presented here. Fine detail restriction 

mapping 'and DNA sequencing of the corresponding region of a normal 

rDNA repeat 'is a prerequisite to the detailed analysis of the variant 

segment contained in XAar35. This omission also restricts other 

conclusions concerning the sequence data obtained from the-variant 

rDNA. The construction and use of the oligonucleotide'probe described 

in Section 3.18 was of limited value in view of the unknown nature or 
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source of the DNA for which the probe was constructed. Also, it 

should be noted that the sequence data of Ae. aegypti 18S rDNA used 

for comparison with D. melanogaster and B. mori rDNA (Section 3.16) is 

derived from a variant rDNA repeat and not a normal rDNA 

transcription unit. 

EcoRI restricted Ae, aegyptl rDNA gives a minor band of 

hybridisation signal on Southern transfers of 9.0 Kb. This may 

correspond to rDNA fragments produced from copies of XAar29, XAar35 

or XAavl cloned rDNA (8.3,8.2 and 8.6 Kb respectively) in the Aedes 

genome. 

Analysis of the hybridisation properties of the variant region of 

XAar29 (which contains an extra 1.2 Kb of DNA in the 28S rRNA coding 

region) is required to determine whether this variant was produced by 

an insertion or duplication event. Similarly, further studies on the 

structure of* XAasl and the distribution of sequences homologous to 

the non-rDNA contained in this clone are required to establish the 

nature of this variant. 

This study of a particular repeated gene family is the first 

undertaken for a species of mosquito. Ribosomal RNA comprises a 

large proportion (e. g. 80-90%) of the total RNA of a eukaryotic cell. 

It is evident from the studies performed in Section I of this thesis, 

that it is of great importance to be able to distinguish rDNA clones 

from other highly expressed sequences. Section I describes a means 

of constructing an Ae, aegypti genomic library largely devoid of rDNA 

using the information obtained concerning the structure and 

organisation of the rDNA of this species. Such a library would 

facilitate differential screening for clones containing highly 

expressed, non-ribosomal genes at high plaque density. 
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Ribosomal gene copy number may be used as an internal standard by 

which to compare the repetition frequency of other sequences (see 

Section 4 of this thesis for example). When screening genomic 

libraries using complex probes (e. g. total genomic DNA), 

identification of rDNA clones allows an estimate of signal intensity 

expected for a given repetition frequency (see Section I). 

The Aedes aegypti rDNA clone XAar7 is currently being used by R. 

Bonet of this Department as a marker to detect the region of the Ae. 

aegypti chromosme 3 containing the nucleolus organiser region in 

pulsed-field gel electrophoresis mapping experiments. 

Ribosomal DNA represents 0.6% of the total genome of Ae. aegypti. 

Thus rDNA represents 0.6% of the potential 'target DNA' for a 

transposition event in this organism. The highly ordered and 

homogeneous nature of the rDNA tandem repeat makes this an excellent 

marker of a transposition event, as indicated by the generation of a 

variant rDNA segment. The other sources of rDNA polymorphism which 

are discussed in this section are not so frequent that they would 

mask such an event completely, although an understanding of the other 

sources of rDNA polymorphism is essential if rDNA variants are to be 

analysed in an effort to isolate transposable genetic elements 

(TGEs). A number of TGEs have been identified inserted into the rDNA 

of other species (92-94]. The two Ae. aegypti rDNA variants studied 

in detail here (XAavl and XAar35) do not represent the products of an 

insertion of a TGE into rDNA based on the evidence available. The 

two other variants (XAasl and xAar29) have yet to be studied to this 

extent. 

Re-screening genomic clones for further rDNA variants by the 

methods described here will identify other interesting clones. These 
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may be distinguished from variants already analysed by running 

restriction enzyme digested DNA of new and previously mapped rDNA 

clones in parallel. Restriction mapping of new rDNA variants will be 

much simplified by the availability of the detailed restriction map 

of the normal rDNA repeat. 

Identification of a sequence which is thought to represent a TGE 

(isolated using a different method, e. g. (151) inserted into a 

ribosomal repeat will provide strong evidence that the sequence is 

transposable in origin. ' This could be accomplished by screening a 

large number of genomic clones in parallel with rDNA and the putative 

TGE as hybridisation probes. The identification of a TGE inserted 

into rDNA would greatly simplify the analysis of the TGE structure 

(e. g. size determination and definition of the ends of the element) 

due to the defined nature of the flanking rDNA regions compared with 

analysis of the TGE inserted into unique DNA. 

The absence of sequence conservation between different species of 

a large proportion (e. g. 80%) of the rDNA repeat is of significance 

to the isolation of species-specific DNA probes (see Section 4). The 

extent of variation in sequence of some regions of rDNA, particularly 

the spacer regions, may be sufficient to facilitate the 

differentiation of very closely related and morphologically similar 

species. The repeated nature of such a species-specific probe (500 

copies in the Ae. aegypti genome) would give good probe sensitivity 

compared to a unique sequence probe of the same length. 
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SECTION 4; Dlk Probes for Species Identification of Mosquitoes in the 

Anopbeles gambiae Complex 

4.1. Introduction 

A species complex is the term used to describe a group of 

distinct species which are morphologically very similar or identical. 

Many species complexes have been recognised within the insect order 

Diptera. Often the members of a species complex are only 

distinguished when a detailed study is made of what was formerly 

thought of as a single species. The scientific interest in 

Anopheline mosquitoes due to the medical importance of some species 

has. led to the recognition of a number of Anopheles species 

complexes. Of these, the best studied is the Anopheles gambiae 

species complex. Other notable species complexes include the An. 

culicifacies complex (the major vectors of malaria in India), the An. 

maculipennis complex, formerly responsible for malaria transmission 

in Europe, the An. punctulatus complex of Australasia and the 

oriental An. maculatus and An. balabacensis complexes. Ecological and 

behavioural differences observed between different populations of 

mosquitoes currently called a single species may prove to be the 

result of as yet unrecognised species complexes [115]. 

Species with different ecology and behaviour frequently exhibit 
differing capacities to transmit disease. Species which readily feed 

on humans (are anthropophilic) and which readily rest and feed 

indoors (are endophilic) are much more efficient vectors of human 

disease than physiologically similar mosquitoes which are more 
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zoophilic and exophilic. Mosquito ecology and behaviour also 

determines the efficacy of various control measures against a 

particular species. For example, a species which often rests inside 

buildings after taking a blood-meal is much more susceptible to 

control using residual spraying of insecticides in houses than a 

physiologically similar species which may feed indoors, but then goes 

to rest outside. 

Identification of species within a species complex is therefore a 

pre-requisite to understanding fully the ecological, behavioural and 

hence vectorial capacity variation within a species complex and the 

relation of these to the effective planning and assessment of vector 

control programmes. This section describes the An. gambiae species 

complex as it is known at present and surveys the methods currently 

available for species identification. The development of a novel 

method for species identification using DNA probes is then described 

and the possible application of this technique is discussed. 
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4.2. The Anopheles gambiae species conples 

Mosquitoes of the Anopheles gambiae species complex include the 

major vectors of human malaria in tropical Africa and secondary 

vectors of bancroftian fil, riasis and some arboviruses. Although it 

is impossible to assess properly the morbidity caused by malaria in 

tropical Africa, one million infant deaths per year are thought to 

result directly from malaria. In addition to this is the 

debilitating effect of the disease on the more resistant adult 

population and the resulting loss in economic output. 

Six different species within the An. gambiae complex have been 

identified on the basis of mating incompatibility (116-118]. Four 

are freshwater breeding species: An. gambiae sensu-stricto, An. 

arabiensis, An. quadriannulatus and An. bwambae (formerly known as 

species A, B, C and D respectively). Two species are usually 

restricted to saltwater breeding sites: An. melas and An. merus. The 

distribution and vectorial capacities of the six different species 

are summarised in Figure 4.2. 

The first recognition of differences within what was then called 

An. gambiae came in 1944 when An. melas was differentiated from An. 

gamblae on the basis of small morphological differences [119]. An. 

melas was defined as a separate species by crossing experiments in 

1948 [120]. Differences within freshwater breeding An. gambiae were 

discovered by chance in 1956 when male hybrid sterility was observed 

in a cross between an insecticide resistant An. gambiae isolate and 

an insecticide sensitive laboratory colony [121]. Extensive crossing 

experiments subsequently led to the identification of the six 

different An. gambiae species (see 11221 for review). 
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An. gambiae, s. s. and An. arabiensis are the most abundant and 

widespread of the An. gambiae species and are responsible for the 

majority of malaria transmission. Both species are found throughout 

tropical Africa with the exceptions that' An. gamblae"s. s. is not 

found in the arid regions of S. Arabia and the horn of Africa (where 

An. arabiensis is common) and An. arabiensis is absent from the more 

humid rain forests of V. Africa and the Congo basin where'An. gambiae j 

s. s. predominates. Where the two species do co-exhist, their 

relative abundance may vary considerably over time and by locality 

[115]. This is probably due to climatic variations, but may also 

involve differences in ecology within the two species. It is 

therefore important to assess mosquito populations and their ecology 

on a local basis, as generalisations concerning species distribution 

and behaviour may be misleading. 

The infectivity of An. gambiae s. s. and An. arabiensis for 

malaria sporozoites and Vuchereria bancrofti microfilariae is usually 

several percent of the specimens examined. An. gambiae s. s. has been 

observed to develop particularly high infectivity rates in some 

cases. One report for an area in 'Cameroon describes a 60% 

infectivity rate for malaria sporozoites [123], It is not clear 

whether An. gambiae s. s. is a physiologically more efficient vector 

than An. arabiensis or whether the areas where An. gambiae s. s. 

predominates (more humid in general) promote higher survival and thus 

infectivity of this species relative to An. arabiensis (1241. An. 

gambiae s. s. is generally considered to be more endophilic than An. 

arabiensis [ 1251 . 

The use of residual insecticides in houses is more effective 
against An. gambiae s. s. than An. arabiensis. The effect of spraying 
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houses with the insecticide fenitrothion in the Kisumu area of Kenya 

resulted in an increase in the prevalence of An. arabiensis relative 

to An. gambiae s. s. and an overall increase in exophily of the 

mosquito population 11261. In the Garki area of northern Nigeria, 

outdoor resting by both An. gambiae s. s. and An. arabiensis may have 

contributed to the failure of this efficient house spraying campaign 

to significantly reduce malaria transmission [127]. Coluzzi et al 

E1281 have reported significant correlation between intra-species 

inversion polymorphisms and the degree of, exophily exhibited by An. 

gambiae s. s. and An. arabiensis. 

An. arabiensis was the first of the Anopheles gambiae complex for 

which insecticide resistance was reported (to dieldrin in 1956 

(129]). This species now shows very widespread resistance in W. 

Africa and some resistance in E. Africa and Madagascar. In addition, 

DDT resistance occurs in Sudan and Senegal. Resistance of An. 

gamblae s. s. was first observed in 1962 to dieldrin (130] and this is 

now widespread in many', parts of W. Africa, Transvaal and Kenya. DDT 

resistance occurs in Burkino Faso and Togo. 

An. quadriannulatus is limited in distribution to Zanzibar, the 

Ethiopian highlands and South Africa (the Zambesi, Sabi, Lundi and 

Limpopo valley systems especially). An. " quadriannulatus is- very 

zoophilic and exophilic and therefore not thought to be' a vector of 

human malaria. In an area of Ethiopia where An. arablensis and An. 

quadriannuIatus are sympatric, only An. arabiensis was identified 

resting in houses - with no resident livestock, whereas An. - 

quadriannulatus made up a significant proportion of - resting 

mosquitoes outdoors and in animal shelters. While the human- blood 

indices of An. arabiensis was over 50%, that of An. quadriannulatus 
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was less than 1% [131]. No sporozoites were identified in An. 

quadriannulatus females.. An. quadriannulatus appears to exhibit less 

intra-species inversion polymorphism and is correspondingly less 

ecologically versatile than the two more polymorphic freshwater 

species [122]. Although medically unimportant, correct 

identification of An. ' quadriannulatus when present is highly 

pertinent. 

In several' control programmes, the failure to erradicate An. 

gambiae by house-spraying actually represented simply a failure to 

erradicate the exophilic and zoophilic An. quadriannnulatus sibling 

species [132,133] and spraying was continued longer than was 

necessary. An. quadriannulatus thus represents an obstacle to 

malaria vector surveillance if not identified precisely. 

An. bwambae is restricted in location to an area of the Semliki 

Forest in the county Bwamba, Uganda, where it breeds in mineral water 

swamps. An. bwambae is anthropophilic and endophilic and is 

therefore a local vector of malaria amongst the Bwamba pigmies [134]. 

Although ecologically interesting, the limited distribution of this 

species makes it avery minor vector. 

An. melas is sympatric with An. gambiae s, s. and An. arabiensis 

on the Vest coast of Africa between 16'N and 13'S of the equator, 

where it breeds prolifically in saltwater mangrove swamps. 

Similarly, An. merus is sympatric with the two common freshwater 

species on the East coast of Africa between 1'S to 29'S of the 

equator. An. merus may also spread in distribution inland along 

rivers during the dry season and has been reported up to 120 Km 

inland in Swaziland [135]. An. merus is also present on the East 

coast islands of Pemba, Madigascar and Maritius. 
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Both saltwater breeding species are physiologically resistant to 

salinities of -up to two times that of seawater and are also capable 

of breeding in freshwater. An. melas and An. merus have been shown 

to have a physiological capacity to sustain Plasmodium falciparum 

similar to that of An. gambiae s. s. and An. arabiensis [1361. In 

natural populations however, they do not develop such" high 

infectivity rates. Studies on An. merus on the Kenyan coast show 

that in this- area at the time of study, An. merus was a vector of 

secondary importance to An. gambiae s. s. and An. arabiensis (1361. 

Additionally, no inversion polymorphism was observed in An. merus 

(774 specimens examined). Similar studies at a location on the 

Tanzanian coast reported that although An. merus was more exophilic 

than An. gambiae s. s., An. merus was an important vector of Wucheria 

bancrofti (1371. Bryan (138,139) has demonstrated that in the 

Gambia, An, meIas has a consistantly much lower sporozoite'rate than 

An. gambiae s. s. (approximately one tenth). Possible reasons for 

this may be the shorter lifespan of An. znelas relative to An. gambiae 

s. s. (as judged by parous rates of biting females) and a higher 

degree of zoophily exhibited by An. melas. It is suggested that An. 

melas alone may be incapable of maintaining malaria transmission in 

the area studied. 

Crosses between different An. gambiae species may be performed 

easily in laboratory colonies. The male FI offspring of such crosses 

are sterile and the extent of sterility varies between different 

combinations of species [117]. In natural populations. sterile 

hybrid males are extremely rare [140], even in areas where two or 

more An. gambiae species are sympatric (in S. Mozambique, three 

freshwater breeding species and An. merus co-exhist). Hybrids 
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between An. gambiae species have been identified on the basis of 

polytene chromosome banding patterns at a very low frequency. In two 

studies of mosquitoes in the Gambia where An. melas and An. gambiae 

s. s. tare very common, Bryan (138,139] identified hybrids representing 

less than 0.01% of the specimens examined, White [141] reported a 

higher percentage (0.15%) of hybrids between An. gambiae s. s. and An. 

arabiensis in Tanzania. These results infer that in natural 

populations which breed eurygamously, pre-copulatory, i mating barriers 

exhist between species (i. e. there is assortive mating) and that 

these barriers break down readily in laboratory breeding 

(stenogamous) colonies. There is evidence against genetic exchange 

between An. gambiae s. s. and An. melas in areas where An. gambiae 

s. s. has become resistant to insecticides, but An. melas remains 

insecticide susceptible [122]. 

Comparisons of vectorial, capacity of freshwater An. gambiae and 

An, melas indicate that the different species have similar 

physiological susceptibilities to infection by P. faiciparum [142]. 

However, An. gambiae exhibits a higher human biting rate and develops 

a. larger number of oocysts than An. melas and may survive longer 

after infection [143].,. An, gambiae is therefore a more efficient 

vector than An. melas and usually exhibits a higher sporozoite rate 

[144]. 
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4.3. Species identification 

The definitive method for species identification of mosquitoes in 

the Anopheles gambiae complex is to perform crossing experiments of 

the offspring of the unknown specimen against laboratory colonies of 

known species identity-[117]. ; Although this method has been of great 

value in the elucidation of species within the An. gambiae complex, 

it is far too laborious and time consuming to use for routine 

identification of individuals. 

Xany external morphological characteristics of An. gambiae 

species have been examined in an attempt to identify species-specific 

features. Although some characteristics of An, melas are fairly 

reliable for separation of this species from freshwater An. °gambiae 

1119,120], no reliable features have been found to allow 

identification of the other species. 

The most reliable and widely used method for species 

identification is that of the polytene chromosome banding technique 

[145-149]. This allows the separation of the three freshwater 

species An, gamblae s. s,, An. arabiensis and An. quadriannulatus by 

diagnostic 'X' chromosome inversions and identification of the other 

species using more subtle autosomal features. The main disadvantages 

of this method are that identification is limited to fourth instar 

larvae or semi-gravid blood-fed females and that the technique 

reqiures skill to perform. The number of specimens which maybe 

processed easily is also limited. 

Isoenzyme typing [150-152] is also used routinely in some 

laboratories for species identification of An. gambiae. This method 

relies on different species having differing electromorphs of a 
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number of enzymes. Starch gel electrophoresis is usually used and in 

some cases, each gel is split to allow the assay of two different 

enzymes. This technique is time consuming and relatively expensive 

in terms of equipment and materials. The number of specimens which 

may be processed individually is also limited and some specimens give 

anomalous results. Specimens must be stored frozen in liquid 

nitrogen prior to identification due to the lability of the enzymes 

tested for. 

The use of cuticular and internal hydrocarbons to identify An. 

gambiae species has been investigated [153-155]. In this technique 

hydrocarbons are extracted using an organic solvent and analysed by 

gas chromatography. This method has not been fully, evaluated, but 

the requirement for sophisticated equipment 'to -'obtain and handle 

data, together with the time consuming nature, of identification by 

this procedure make this an unlikely technique for routine species 

identification. 

Some success in 'differentiating Anopheles &ambiae sibling species 

using the fluorescent stain Hoechst 33258 has been described 

1 156,1571. This stain preferentially stains A-T rich regions in DNA 

and so allows the position of heterochromatic blocks of DNA to be 

visualised on mitotic chromosomes. Unfortunately, in addition to 

major differences in banding patterns between species, a significant 

level of intraspecies variation is also, evident. This greatly 

reduces the potential of this method for routine species 

identification. 
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4.4. Strategy for the isolation of spocies-specific DNA sequences 

(see Figure 4.4) 

DNA sequences encoding functional proteins or structural RNAs are 

usually very highly conserved throughout evolution. Non-coding DNA 

sequences exhibit a much larger degree of variation however. Regions 

within ribosomal RNA coding sequences are highly conserved whereas 

non-coding spacer sequences are not evolutioarily conserved [67]. 

This reflects the evolutionary selection against most changes which 

occur in functional proteins and RNA species. A particularly 

variable component of eukaryotic genomes with respect to DNA sequence 

is the highly repeated DNA fraction [158]. It was therefore decided 

that a comparison of highly repeated DNA sequences between the 

different members of the An. gamblae complex would be the most 

efficient strategy for the isolation of species-specific DNA 

sequences. This approach also has the advantage that any species- 

specific DNA sequences which are isolated will be highly reiterated 

in at least some of the species studied and would therefore provide 

sensitive hybridisation probes. An alternative strategy to that 

described here would involve the study of a particular DNA species to 

identify a variable portion suitable for use as a species-specific 

DNA probe. This approach has been used to isolate species-specific 

sequences from the kinetoplast DNA of Leisbmania species (159). 

Genomic libraries of the four species available (An. gambiae 

s. s., An. arabiensis, An. meIas and An. merus) were constructed in 

the plasmid vector pBR328. Restriction endonuclease EcoRI limit- 

digested genomic DNA was used as insert. This gave a wide range of 

insert sizes, but most of the inserts were less than 5 Kb in length. 
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Short inserts are advantageous; in the strategy employed here because 

large genomic fragments may contain several short repeated sequences 

which may mask the hybridisation characteristics of other sequences 

(see Section 1). 

Genomic libraries were screened in duplicate using two different 

genomic DNA probes. For example, the genomic library of species 'A' 

was screened using total genomic DNA from species 'A' and species 

'B'. All clones showing hybridisation signal must contain at least 

some repeated DNA sequence, (see Section 1) which comprises 0.1-0.5% 

or more of the total genomic probe (48]. The autoradiographs for two 

probes were compared to identify clones which hybridise with only one 

of the two probes or show large differences in intensity between the 

two probes. These clones were picked and the plasmid DNA prepared and 

used to probe dot-blots of genomic DNA from the different sibling 

species. This confirmed whether the clone contained a species- 

specific repetitive DNA sequence or a sequence which varied in copy 

number between different species. Promising clones were then used to 

probe Southern blots of genomic DNAs to visualise species differences 

more clearly. 
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4.5. List of laboratory stocks and wild-caught materials 

Material from a number`of laboratory stocks was obtained from the 

London School of Tropical Medicine and Hygiene. These were supplied 

by C. Malcolm, R. G. Bonnington and B. Sawyer, ' as adults from 

laboratory colonies which had been checked by cytotyping. 

In. gambiae s. s. laboratory stocks 

NAME DATE COLONISED 

1. " PALA 1963 

2. G3 1975 

3.16CSS 1951 

4. KITA 1975 

5. BAD 1980 

6. REFMA 1979 

?. Zil 1984 ' 

8. KIL 1975 

9. ` ZAKU 1982 

10. IAN P20 1975 

11. TOGO 1974 

ORIGIN 

Pala, Burkina Faso 

McCarthy Island, The Gambia 

Lagos, Nigeria 

Kwale, A. of Tanga, Tanzania 

Badagry, Lagos, Nigeria 

From cross of LD (Sokoto, 

Nigeria) to 16CSS 

DDT resistant line selected from 

ZANU 

Marangu, 'Kilimanjaro1 Tanzania 

Zanzibar, Tanzania 

Iwaro, Nigeria 

Togo 
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In. arabtensis laboratory stocks 

NAME DATE COLONISED 

1. SENN Unknown 

2. POP 1985 

3. G-MAL 1978 

In. melas laboratory stock 

BREFET 1982 

An. merus laboratory stock 

ZULU 

ORIGIN 

Sennar, Gezira, Sudan 

Popo, Zanzibar, Tanzania 

Gezira, Sudan 

Brefet, Gambia 

Supplied from colony held at 

South. 

Vild caught material 

Vild caught material consisted of cytotyped adults or larvae 

reared from cytotyped adults, preserved in isopropanol. Material 

was collected from the following areas in 'Zambia by M. V. Service of 

this department; Adola (March 1985), Mushili (March 1985), Kafue 

(April 1985) and Kampumba (March 1985). All material was identified 

as An. arabiensis. A number of female An. arabiensis were also 

collected from the Mwea irrigation scheme (May 1985), Mgita Point 

(August 1985) and Kisumu (August 1985) in Kenya. 
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4.6. Construction and screening of An. gambiae s. s. and 

An. arabiensis genonic libraries 

Genomic libraries of An. gambiae s. s. (PALA) and An. arabiensis 

(SEHR) were constructed as follows. For each library, 2 µg of EcoRI 

digested genomic DNA was ligated with 2 pg of EcoRI-cleaved, 

dephosphorylated pBR328 DNA. Ligations were performed overnight at 

37'C using two units of T4 DNA ligase in a 10 µl reaction volume. One 

quarter of this reaction was then used to transform competent E. coli 

MC1060 (see Materials and Methods). Approximately 5000 colonies were 

obtained for each library when the transformations were plated onto 

tetracycline selective agar (12.5 µg/ml). The colonies obtained 

were washed off into L-broth. The cells were then pelleted by 

centrifugation and resuspended in 1.2 ml of 50% glycerol/50% L-broth. 

These glycerol stocks were then stored at -20'C. The titre of these 

stocks were as follows (11/1/85). 

Species Titre an tetracycline Titre on chloranphenicol 

An. gambiae s. s. 3.45 x 1010 per ml 1 x 109 per ml 

An. arabiensis 3.30 x 1010 per m1 7 x 107 per ml 

Insertion of genomic DNA at the EcoRI site of pBR328 inactivates 

the chloramphenicol resistance gene. Therefore the background of 

non-recombinants in the two libraries is 0.3% and 0.2% respectively. 

These values are approximate due to the possibilities of small, in- 

frame inserts allowing read-through and thus (altered) 

chloramphenicol acetyl transferase (CAT) production. Also, re- 
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ligation of vector DNA with damaged ends (e. g. due to nuclease 

activity) may cause inactivation of the CAT gene in some plasmids 

which do not contain inserts. 

The remaining ligation reactions were stored at -20'C and 

represent a potential further 15,000 recombinants. 

Total genomic DNA from each of the two species was nick- 

translated to a specific activity of 1-2 x 109 dpm/pg. Each of these 

probes was then used to probe replica filters of 500-1000 clones from 

each library (see Materials and Methods) on 9 cm diameter 

nitrocellulose discs. The autoradiographs from each set of replica 

filters were compared and any clones showing differential 

hybridisation were picked. The autoradiographs from one differential 

screening experiment are shown in Figure 4,6. Typically, six of the 

clones showing the most obvious differences were picked from each 

plate. These clones were then streaked out to obtain single colonies 

and one colony from each was used to inoculate 20 ml cultures for 

plasmid isolation (see Materials and Methods). 
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Figure 4.6; Differetial screening of approximately 500 clones from the 
An. arabiensis genomic library using A; An. gambiae s. s. and B; 
An. arabiensis total genomic DNAs as hybridisation probes. 
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4.7. Dot-blots: testing of putative species specific sequences 

Plasmid DNAs from clones containing putative species-specific DNA 

sequences were nick-translated and used to probe dot-blots of genomic 

DNA from various An. gambiae species. Dot-blots were prepared using 

a vacuum operated apparatus (Sleicher and Schuell "Minifold"). For 

each sample, 100 ng of DNA in 20 µl of T. B. buffer was denatured by 

boiling for three minutes, combined with 0.5 ml of 6x SSC, applied 

to the filter and rinsed in with 1 ml of 6x SSC. Filters were baked 

(2 hours, 80'C) prior to hybridisation. Controls were performed 

using-pBR328 vector DNA only to ensure that no hybridisation occurred 

with this probe. 

Of the clones originally picked in the differential screening 

experiments, less than half were confirmed as. showing species- 

specific distribution. A total of five clones were isolated from the 

An. arabiensis genomic library which showed strong hybridisation to 

An. arabiensis genomic DNA, but no hybridisation to An. gambiae s. s. 

genomic DNA. 



139 

4.8. Hybridisation characteristics of An. arabiensis species- 

specific sequences 

Plasmid DNA from the five clones which hybridised to An. 

arabiensis genomic DNA, but not An. gambiae s. s. were nick-translated 

and used to probe dot-blots of all available laboratory stocks and 

wild-caught material. 

The results for one clone (designated pAnaFI) are summarised in a 

simplified form in Figure 4.8. The other clones (pAna F3, A6, G2 and 

E3) showed identical hybridisation characteristics. No hybridisation 

was detected to any of the eleven different laboratory stocks of 

An. gambiae s. s. and strong hybridisation was observed to the An, 

menus laboratory stock, whereas only weak hybridisation signal was 

observed with An. melas genomic DNA. An important finding was that 

when DNA from An. gambiae s. s. and An. arabiensis individual males 

and females was probed (all laboratory stock DNA is usually prepared 

from several hundred pooled larvae), hybridisation signal was only 

observed to DNA derived from male An. arabiensis. Material was not 

available to test for sex-specificity of this sequence in An, merus 

and An. melas due to the loss of these laboratory stocks. Figure 4.8 

also shows the result of screening a replica filter with mosquito 

ribosomal DNA (XAar7 insert DNA, representing the entire rDNA repeat 

from Aedes aegypti, see Section 2 of this thesis). This serves as a 

control for normalising DNA loadings. No hybridisation signal was 

evident for any of the DNA samples when a replica filter was probed 

using pBR328 vector DNA only. 

The DNA probes pAna FI, F3, A6, G2 and E3 clearly distinguish 

male An. arabiensis and male An. ganbiae s. s. individuals. An. 
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Figure 4.8; Hybridisation characteristics of clones containing species 
specific DNA sequences. 100ng of genomic DNA from each laboratory stock 
or from individual adults (where sex is indicated) was used to prepare 
replica dot-blots. One replica was then hybridised with each of the 
probes shown. The rDNA probe used for normalising DNA quantities was the 
insert DNA from clone XAar7 which contains the intact rDNA repeat from 
Aedes aegypti (see section II). G1-G4; An. gambiae s. s. IAN P20, KWA, 
PALA and G3 laboratory stocks respectively, Ml; An. meIas (BREFET), Mn 
An. mer-us (ZULU), Al; An. arabiensis (POP), A2; An. arabiensis (SENN), S; 
An. stephensi. 
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gambiae s. s. is the only species that shows zero hybridisation signal 

with these probes and so males of this species may therefore be 

distinguished from males of the other three species tested. 

Similarly, An. melas is the only species to show weak hybridisation 

signal with these probes and so may be distinguished from the other 

species tested. An. arabiensis and An. `merus cannot be distinguished 

using these DNA probes. 

Re-screening An. gaabine s. s. and An. arabiensis genoiic libraries 

The An. gambiae s. s. /An. arabiensis differential screening was 

repeated using genomic DNA probes prepared from female adults only. 

This excluded the male-specific, repetitive sequences from An. 

arabiensis genomic DNA. Although a further 2000 recombinants were 

screened from each genomic library, no. species-specific -probes to 

distinguish the females of these two species were obtained. 

An. gambise specific sequences 

The majority of repetitive sequence clones from each genomic 

library did not show significant differences in hybridisation signal 

when screened with genomic DNA from different An. gambiae 'species. 

Five of'these clones were picked. Figure 4.8 shows the hybridisation 

characteristics of one of these clones (designated pAngl). 
Hybridisation signals are evident for all An. gambiae species and no 
differences are apparent between sexes. No hybridisation signal is 
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observed for An. stephensi DNA. This type of DNA probe may therefore 

serve as a means of checking that all mosquitoes analysed are An. 

gambiae.. 

4.9. Construction and screening of An. i las and An. aerus 

-" 11 genoaic libraries 

Al, ..,. j I 

To isolate DNA probes to distinguish An. arabiensis from An. 

merus-(not possible using probes described in -Section 4.8) and to 

improve the resolution of An. arabiensis and An., melas. 

An. melas and An. merus genomic libraries were constructed as 

: follows. 1 pg of EcoRI digested genomic DNA was ligated with 2 µg of 

EcoRI cuts dephosphorylated pBR328 vector DNA in a reaction,. volume of 

10 pl. Ligations were performed overnight at room temperature. The 

reaction mixture was then used to transform competent E. cola XC1060. 

Approximately 2000 transformants were obtained for each species when 

the transformation reactions were plated onto tetracycline agar. 

Glycerol stocks were prepared as described in Section 4.6. These 

gave the following titres (23/11/85). 

Species Titre on tetracycline Titre on chloramphenicol 

An. melas 1010 per ml 3x 106 per ml 

An. merus 8.5 x 109 per ml 3x 106 per ml 
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Backgrounds of non-recombinants.. were therefore approximately 

0.03% (An. melas) and 0.035% (An. merus). 

Approximately 1000 recombinants from the An. melas genomic 

library were screened in duplicate using 'a', An. meIas genomic DNA 

and 'b', An. arabiensis genomic DNA. Similarly, the An. merus 

genomic library was screened using An. merus and An. arabiensis 

genomic DAAs. 

Two clones were isolated from the An. melas genomic library which 

showed lower hybridisation signal with An. arabiensis DNA than An. 

melas DNA (designated pAnml 2 and pAnml 4). Also, two clones showed 

weak hybridisation signal with An. melas genomic DNA and strong 

hybridisation signal with An, arabiensis DNA. These were. designated 

pAnml 1 and pAnml 5. 

Three clones from the An. merus genomic library were isolated 

which gave a strong hybridisation signal with An. merus genomic DNA 

and weak hybridisation signal with An. arabiensis genomic DNA. These 

were designated pAnmr 1,2 and 3. 
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4.10. Hybridisation characteristics of clones isolated from 

An. i1as and An. merus differential screening 

The clones pAnml 2, pAnml 4 and pAnmr 1, pAnmr 2 and pAnmr 3 all 

showed identical hybridisation characteristics when nick-translated 

and used to probe dot-blots of genomic DNA from the four An. gambiae 

species. The results for one of these clones (pAnml 4) are shown in 

Figure 4.8. This clone shows weak hybridisation signal for all An. 

arabiensis and An. gambiae s. s. laboratory stocks (in total, 3 

different An. arabiensis and 11 different An. gambiae s. s. stocks 

were tested) and strong hybridisation to An. melas and An. merus 

genomic DNA. No difference in hybridisation signal was observed 

between the male and female An. arabiensis and An. gambiae s. s. 

genomic DHAs. Material was not available to test for sex-specificity 

in An. males and An. merus due to the loss of these laboratory 

stocks. 

The two clones pAnml 1 and pAnml 5 showed hybridisation 

characteristics identical to those of pAnaF1 and related probes 

(shown in Figure 4.8 for pAnaFl). 

The DNA probes pAnml 2, pAnml 4, and pAnmr 1,2 and 3 clearly 

distinguish the two saltwater species An. melas and An. menus from 

the two freshwater species An. arabiensis and An. gambiae s. s. The 

distinction of An. arabiensis and An. melas is better using these 

ß' 

I 
M 

probes than with the pAnaFI - type probes described in Section 4.8. 
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4.11. Probe Sensitivities 

To determine the relative sensitivities of one of each type of 

species-specific DNA probe, each was compared with the sensitivity of 

a ribosomal DNA (rDNA) probe. The ribosomal DNA used was a 7.2 Kb 

EcoRI fragment from the clone XAarl (see Section 2 of this thesis) 

which corresponds to the entire 28S rRNA gene and non-transcribed 

spacer region of Aedes aegypti. Although no information is available 

concerning the genome complexity and rDHA copy number in Anopheles 

gambiae, the rDBA probe used serves as a standard against which the 

other probes may be compared. In addition, the evolutionarily 

conserved 28S gene (4 Kb in length) represents a known middle- 

repetitive sequence class against which other sequences may be 

compared. 

Genomic DNA was serially diluted and used to prepare replica dot- 

blots as described previously. Cloned DNA of a species-specific 

sequence and the rDBA fragment were nick-translated to the same 

specific activity. This was achieved by using identical probe DNA 

concentrations in identical nick-translation reactions. Reaction 

products were monitored to confirm equal specific activities. A 

replica dot-blot was then hybridised with each of the probes at 

equal probe concentrations (50 ng per ml) as described in Materials 

and Methods). Filters were washed in 0.1 x SSC at room temperature. 

Autoradiographs of three experiments using pAnaF1 to detect An. 

arabiensis genomic DNA (mixed sexes), pAnml 4 to detect An. meIas 

genomic DNA and pAng 1 and pAnml 4 to detect An. arabiensis DNA are 

shown in Figure 4.11'x'. 
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Figure 4.11a; Comparison of the sensitivities of species specific DNA 
probes. Replicates of serially diluted An. arabiensis or An. Melas genomic 
DNAs were probed using species specific clone DNA and ribosomal DNA of 
equal specific activities. 
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To quantitate levels of hybridisation signal, the dot-blots were 

cut up and each dot counted in a scintillation counter. A background 

reading corresponding to the signal from a dot containing no DNA was 

subtracted from each value. These results are presented graphically 

in Figures. 4.11 'b', 'c' and 'd'. These graphs show that for low 

quantities of target DNA, the level of hybridisation signal is 

proportional to the quantity of target DNA on the filter. For large 

amounts of target DNA (80 ng per dot and above) hybridisation signal 

increases less with increasing target sequence. This may be due to 

two factors: probe depletion (the hybridisations were performed in 

stationary sealed plastic bags) and saturation of target DNA with 

probe (due to steric considerations not all target DNA is available 

for hybridisation at high concentrations of filter-bound DNA). 

The gradients of the linear sections of each curve were 

calculated using linear regression computer analysis. This value is 

proportional to the sensitivity of the hybridisation probe. The 

relative sensitivities of the different clones as hybridisation 

probes (expressed as a proportion of the rDAA probe sensitivity) are 

shown below. 
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Experiment Initial Correlation Relative 
Target / Probe gradient coefficient sensitivity 

An. arabiensis/pAnaFl 1.78 0.996 4.1 

An. arabiensis/rDNA 0.43 0.971 1.0 

An. melas/pAnml 4 174 0.993 27 

An. melas/rDNA 6.4 0.999 1.0 

An. arabiensis/pAng 1 1.59 0.9641 0.34 

An. arabiensis/pAnml 4 1.39 0.9410 0.30 

An. arabiensis/rDNA 4.60 0.9954 1.0 

ij 

Clearly the most sensitive probe is pAnml 4 when used to detect 

An. melas genomic DNA. Sequences homologous to this probe are highly 

repeated in the genomes of An. melas and An. merus and present in low 

to middle copy number in An. gambiae s. s. and An. arabiensis (as 

determined by previous dot-blotting experiments). The data here show 

that pAnml 4 detects An. melas DNA approximately 90 times more 

sensitively than An. arabiensis DNA (i. e. pAnml 4 homologues differ 

in abundance by a factor of 90 between the two species). The probe 

pAnaFI detects mixed genomic DNA of An. arabiensis with a sensitivity 

of approximately four times that of rDNA. Hence the sensitivity of 

detection of male An. arabiensis DNA should be approximately 8 times 

that of rDNA. 

The probe pAng 1 is only one third as sensitive as rDNA for the 

detection of An. arabiensis genomic DNA. This is therefore a low to 

middle abundance sequence. 
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4.12. Interrelation of cloned sequences 

The clones isolated and characterised in Sections 4.6 - 4.10 were 

investigated for cross-hybridisation of insert DNAs. Clone DNA (0.5 

µg) was digested with EcoRI and electrophoresed through 1.0% Agarose 

to separate insert and vector DNA. Three replica gels were prepared 

containing digested DNA from all clones. These were then blotted and 

probed with insert DNA from either pAnaFl, pAnml 4 or pAng 1. 

(Insert DNA from these clones was extracted from low-melting Agarose 

as described in Materials and Methods). This demonstrated that all 

clones with hybridisation characteristics similar to pAnaFI contained 

inserts homologous to insert DNA from this clone. Similarly, all 

pAnml 4- type clones contained inserts homologous to pAnml 4 insert 

DNA. Of five clones selected which hybridised to all An. gambiae 

species, three showed homology to pAng 1 insert DNA (including pAng 

1). No cross-hybridisation was evident between the three types of 

cloned sequence. (Results not shown). The insert sizes of the 

clones tested are listed below. 
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1. pAnaFI-homologous clones; 

pAnaFl 0.7 Kb 

pAnaF3 1.30 Kb 

pAnaA6 0.45 + 0.55 Kb (2 inserts) 

pAnaG2 2.50 Kb 

pAnaE3 0.45 Kb 

2. pAnnl 4-homologous clones; 

pAnml 2 0.4 Kb 

pAnm1 4 1.6 Kb 

pAnmr 1 0.6 Kb 

'pAnmr 2 2.4 Kb 

pAnmr 3 1.8 Kb 

3. pAng 1-hoaologous clones; 

pAngi 2.0 Kb 

pAngE1 '4.2 Kb 

pAngG1 6.5 Kb 
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4.13. Genomic organisation of pAaFI-homologous sequences 

To investigate the distribution of sequences homologous to pAnaFl 

in the Anopheles genome, clone DNA was used to probe a Southern 

transfer of various An. gambiae genomic DNAs (4 µg per lane) digested 

with the restriction endonuclease EcoRI. Figure 4.13a shows the 

ethidium bromide stained gel and Figure 4.13b shows the Southern 

transfer probed with pAnaF1 clone DNA. pAnaF1 hybridises strongly to 

the whole digest for the species An. arabiensis and An. merus, with 

some bands just visible superimposed on this. An. melas shows five 

bands of hybridisation signal with this probe (5.1,4.1,3.9,2.9 and 

2.7 Kb). This confirms that sequences homologous to pAnaFI are 

present in low copy number in the genome of this species. No 

hybridisation signal is observed to DNA from any of the An. gambiae 

s. s laboratory stocks. 

The pattern of hybridisation to An. arabiensis genomic DNA when 

the experiment was repeated using different restriction endonucleases 

was similar to that obtained using EcoRI (results not shown). To 

determine whether this type of hybridisation pattern was due to the 

fact that the genomic DNA used for the Southern transfer had been 

prepared from. several hundred pooled larvae, the experiment was 

repeated using individual adults. Figure 4.13d shows the result of 

probing a Southern transfer of EcoRI digested genomic DNA from six 

male and six female An. arabiensis with pAnaFI clone DNA. This 

clearly demonstrates that hybridisation occurs in the same form as 

for pooled genomic DNA and confirms the sex-specificity of pAnaFI- 

homologous sequences. 



Figure 4.13 A-C; Organisation of sequences homologous to pAnaFl and 
pAnml4 in the genomes of An. gambiae s. s., An. melas, An. merus and 
An. arabiensis. DNA (4µg) from each species was digested with EcoRI and 
size fractionated through 0.8% Agarose. Fig. 4.13'A' shows the ethidium 
bromide stained gel, 'B'; the corresponding Southern transfer probed 
with pAnaFI and 'C'; the corresponding Southern transfer re-probed with 
pAnml4. 
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Figure 4.13d, e; Result of probing a Southern transfer of EcoRI 
digested DNA from six female and six male An arabiensis (SENN) 
individual adults, using pAnaFI probe DNA. a; ethidium bromide 
stained gel and b; corresponding Southern transfer. 
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4.14. Genonic organisation of pAnml 4-honologous sequences 

To investigate the distribution of sequences homologous. to pAnml 

4 in the Anopheles genome, clone, DNA was radiolabelled and used to 

re-probe. the Southern transfer shown in Figure 4.13b (after the 

radioactive decay of the first probe). The results are shown in 

Figure 4.13c. This shows that hybridisation to the different An. 

gambiae s. s. laboratory stocks is qualitatively similar, consisting 

of approximately twelve distinct bands in the form of an oligomer 

series. The molecular weight difference between adjacent bands is 

450 bp and the bands visible range from approximately 10 Kb to 1 Kb. 

Hybridisation to An. melas and An. merus also consists of an oligomer 

series, visible for the low molecular weight bands on the 

autoradiographic exposure shown in Figure 4.13c. The size range of 

bands visible is from very large (e. g. 50 Kb) down to approximately 1 

Kb. No periodicity is observed for the hybridisation to An. 

arabiensis genomic DNA. This consists of five bands (7.5,7.0,6.3, 

5.8 and 5.4 Kb in length). 
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4.15. Identification of wild-caught specimens 

All wild-caught specimens were An. ara biensis (identified 

cytogenetically). These were collected prior to the discovery of the 

male-specificity of the An. arabiensis/An. gambiae s. s. 

distinguishing probe and were consequently mainly females. These are 

easier to identify cytogenetically than fourth instar larvae. Male 

adults cannot be identified cytogenetically. The number of males 

available for identification was therefore limited to five adults 

reared from a cytotyped female from Kafue, Zambia. These males were 

positive with the pAnaFI probe. All females tested were negative 

(results not shown). 
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4.16. Fly squashes; a simplified DNA extraction/immobilisation 

protocol 

The method normally used to extract DNA from a single mosquito 

adult, pupae or larva (see Materials and Methods) yields 1-2 µg of 

DNA of fairly high purity and high molecular weight. This method is 

however very time-consuming and laborious, involving homogenisation 

of individual specimens followed by several precipitation steps. The 

number of specimens which may be processed by a single worker per day 

is therefore limited to about 40. This'method also relies on the use 

of laboratory facilities such as pipettes, water-baths, a centrifuge 

and dot-blot apparatus. To enable larger numbers'of samples to be 

processed with a minimum requirement for `equipment, a method, of 

immobilising crude DNA liberated directly from squashed material was 

needed. Tchen et al [160] have described such a technique for 

hybridisation to Drosophila individual flies. This section describes 

a similar'=technique developed for 'simplified identification of 

mosquitoes using DNA probes. 

Frozen adults were cut into three portions; head, 'thorax and 

abdomen. -These were then placed on nitrocellulose soaked in 2x SSC 

and squashed using a glass rod. The nitrocellulose filter was then 

placed on a Whatmans filter paper soaked in 0.5 M NaOH, 1.5 M NaC1 

and left for 3 minutes to liberate and denature genomic DNA. The 

filter was then blotted dry and placed' on Whatmans filter paper 

soaked in '0.5 M Tris, 3K NaCl, ', pH` 7.0 for 5 minutes 

(neutralisation). The filter was then baked (2 hrs, 80'C) to fix the 

DNA to the nitrocellulose. ' To remove unbound material, the filter 
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was soaked in 0.1 x NaOH for 5 minutes and the debris rubbed off with 

a gloved hand. After rinsing in 2x SSC, the filter was 

prehybridised and hybridised as usual. 

Figure 4.16a shows the result of this experiment using ten male 

An. arabiensis and ten male An. gambiae s. s. adults probed with 

pAnaFI clone DNA. It was concluded from these results that any 

segment of the mosquito was suitable for preparation of a squash, but 

that the head gave highest hybridisation signal in relation to the 

amount of material used. The head is also very easy to squash and is 

not required for other analyses (e. g. age or infectivity 

determination, or blood meal identification) which are routinely 

performed on adult mosquitoes. 

To reduce the background hybridisation signal observed to the An. 

gambiae s. s. specimens observed in Figure 4.16a, the following 

modifications were derived from experiments using head squashes only. 

1. Heads were squashed onto nitrocellulose soaked in 10% S. D. S. 

by covering filter with plastic and applying downward 

pressure. 

2. Denaturing and neutralising steps were both carried out 

twice. 

3. After denaturation, chitinous. parts of heads were removed 

using forceps. 

Results from this improved protocol are shown in Figure 4.16b. 

This also shows the effects of using a nylon ("Gene-screen") filter 

instead of nitrocellulose and of omitting the NaOH washing step. The 

background of hybridisation to An. gambiae s. s. in this experiment is 
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effectively zero (overnight exposure). No difference is observed 

between the results obtained using nitrocellulose and nylon filters. 

Slightly higher hybridisation signals were evident for the filters 

subjected to the NaOH washing prior to hybridisation. 

This method may also be used on isopropanol preserved material 

subsequent to rehyrdration (soaking in T. E. buffer for five minutes 

for example). The ease of sample preparation using the technique 

described here would allow a single worker to prepare large numbers 

of fly squashes (e. g. several hundred) in a single day. These may 

then be baked, prehybridised and hybridised in a batch process. 
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Section 4; DISCUSSION 

Separation of species 

Although the morphological characteristics of mosquitoes in the 

Anopheles gambiae complex shows insufficient variation to allow 

identification of individual species, some repetitive DNA sequences 

show much more variation. 

The 'most important species to distinguish in the An. gambiae 

complex are the two main vectors; An. gambiae s. s. and An. 

arabiensis. When used as hybridisation probes, pAnaFI and homologous 

clones clearly distinguish the males of these species. An. gambiae 

s. s. (males) is the only species to show zero hybridisation signal 

with these probes and can therefore be distinguished from all other 

species tested. Similarly, An. melas is the only species to show 

weak hybridisation signal with this probe and so may also be 

distinguished from the other three species. An. arabiensis and An. 

merus (which both show 'intense hybridiation to pAnaFl) cannot be 

separated using this probe. The limitation of pAnaFI - homologous 

probes to distinguishing only the males of the species is a 

significant disadvantage, as the biting females must be identified in 

vector ecology and behaviour studies. The male-specificity of these 

sequences does not prevent their use for the species identification 

of populations however, as both adults and pupae may be sexed easily. 

Populations of larvae (which may be sexed only by dissection) may 

also be identified if a 1: 1 sex ratio is assumed. Probes homologous 

to pAnaFI therefore represent a potentially efficient means of 
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surveying vector populations before, during and after control 

programmes. II 

The pAnml 4- homologous probes clearly distinguish the two 

saltwater species An. melas and An. merus (which give a very strong 

hybridisation signal with these probes) from the two freshwater 

species An. gambiae s. s. and An. arabiensis -(which give, a weak 

hybridisation signal). Sequences homologous to pAnml 4 are not sex- 

specific in the species available for testing (An. gambiae- s. s. and 

An. arabiensis). 

DNA probes which hybridise to all An. gambiee species, but not to 

species-outside the An. gambiae complex (e. g. pAng 1) may be used-to 

eliminate false negatives caused by misidentification. of species. 

Further testing of such probes against a wide variety of species is 

required to: verify their potential. 

A combination of the three types of probe described here allows 

the identification of all four of the An. gambiae species available 

and gives a possible means of eliminating errors caused by 

misidentification of other Anopbeline mosquitoes as An. gambiae. The 

high sensitivity of these probes enables identifications to be made 

using a small portion of an individual (the head gives excellent 

results) or a fraction (e. g. one tenth or less), of the total DNA 

extracted from an individual. Several tests involving a number of 

different DNA probes coupled with other analyses (e. g. infectivity 

determination, age determination or blood meal typing) may therefore 

be performed on the same mosquito. 
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Genomic organisation of p&naFI - homlogous sequences 

I The hybridisation of pAnaFl to An. arablensls genomic DNA 

fragments of all sizes on Southern blots, irrespective of the 

restriction enzyme used to generate the fragments, infers that 

homologous sequences are interspersed with other sequences within the 

chromatin. It is also possible that a fraction of homologous 

sequences are tandemly repeated. 

The karyotype of An. gambiae consists of two pairs of autosomes and 

one pair of sex chromosomes -(XX : female, XY: male), The 'Y' 

chromosome is entirely heterochromatic in all An. gambiae species 

except An. nelas, which may have 'Y' chromosome euchromatic regions 

(1561. The detection of pAnaFI homologous sequences in An. 

arabiensis males, but-not females, and the high abundance of this 

sequence (or sequence family) in An. arabiensis males is compelling 

evidence for the supposition that pAnaFI homologous sequences are 

highly repeated on the heterochromatic 'Y' chromosome of this 

species. Material was not available to determine whether this is 

also the case for pAnaFI - homologous sequences in An. menus (in 

which homologous sequences are also present in high abundance) or An. 

melas (in which pAnaFI homologous sequences are present in low to 

middle- copy number). In-situ hybridisation to mitotic chromosome 

spreads could be used to confirm the 'Y' chromosome location of 

pAnaFI homologous sequences in An. arabiensis. 

It is- interesting to note that heterochromatic differences 

between An. - gambiae s. s. and An. arabiensis as visualised by use of 

the fluorescent stain Hoechst 33258 [156] are confined to the sex 

chromosomes of the two species. The 'Y' chromosome of An. arabiensis 

appears entirely fluorochrome dull, whereas that of An. gambiae s. s. 
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contains bright staining (A-T rich) regions. The distribution of 

bright-staining regions on the 'X' chromosome also differs between 

the two speices. In hybrid crosses between the two species, the 

fertility of the FI-backcross progeny is determined largely by the X 

Y chromosome composition of the males. Approximately-50% of males 

with an 'X' and 'Y' chromosome from the same species are fertile, 

whereas those with 'X' and 'Y' chromosomes from different species are 

100% sterile [1611. 

Differentiation of An. gambiae s. s. and An. arabiensis by the 

polytene_chromosome banding technique (using aceticorcein staining, 

which allows the visualisation of positional or quantitative, but not 

qualitative differences in heterochromatin) relies on differences 

between the 'X' chromosomes of, the two species. The 'Y' chromosome 

does not undergo polytenisation. 

Genetic and. cytogenetic differences between An. gamblae s. s. and 

An. arabiensis, are therefore most evident between the sex 

chromosomes of the two species. It is not possible to say whether 

these differences have resulted in the speciation process or whether 

these differences have arisen after speciation as a result of genetic 

drift. Evidence for sequence-specific functions of heterochromatin 

(e. g. fertility factors in Drosophila melanogaster 'Y' chromosome 

heterochromatin [162]) support the former possibility. 

Genomic organisation of sequences honologous to pAnml 4 

Hybridisation of pAnml 4 to An. gambiae s. s., An. merus and An. 

melas EcoRI digested genomic DNAs is in the form of an oligomer 

series with periodicities of 450 bp, 170 bp and 170 bp respectively. 
This type of hybridisation pattern has been observed for limit- 
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digested genomic DNAs from other species ((163] for example) and is 

indicative of a tandemly repeated sequence with polymorphisms between 

the individual repeats which alter the restriction enzyme recognition 

sequence in some of the repeats. It is interesting to note that the 

periodicity of pAnml 4 homologous sequences is the same in the two 

geographically isolated saltwater species. In the species An. 

arabiensis and An. gambiae s. s., pAnml 4 homologous sequences are 

present in much lower copy number. No differences in hybridisation 

pattern are evident between the different An. gambiae s. s. laboratory 

stocks tested. 

Lack of intraspecies variation 

For a DNA probe to be of general use for species identification, 

interspecies differences must be consistently high. whereas 

intraspecies variation must be absent or negligible. The DNA probes 

described here do show consistently large differences in copy number 

between difference species. No differences have been detected 

between different laboratory stocks of the same species. The eleven 

different laboratory stocks of An. gambiae s. s. used, represent 

isolates from a wide variety of areas in Africa (see Section 4.5). 

The absence of intraspecies differences with respect to these DNA 

probes is therefore likely to be confirmed for most, if not all An. 

gambiae s. s. isolates. The' three An. arabiensis laboratory stocks 

and the limited wild-caught material show no intraspecies variation, 

although further testing on wild-caught specimens is required. The 

finding that sequences homologous to pAnaFI are conserved in homology 

and copy number between the different species An. arabiensis and An. 

merus and sequences homologous to pAnml 4 are similarly conserved 
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between An. melas and An. merus is also evidence that these sequences 

are unlikely to show significant intraspecies variation. Testing 

against individual wild-caught specimens from a broad geographical 

range remains the only certain method of assessing intraspecies 

variation of a DNA sequence. 

Intraspecies variation of sex chromosome heterochromatin has been 

reported by Gatti et al [156], although no qualitative differences 

have been observed for the An. arabiensis 'Y' chromosome. 

Intraspecies differences are limited to the fluorochrome banding 

pattern of the 'X' chromosome of An. arrbiensis and An. gambiae s. st 

and to the 'Y' chromosome of An. gambiae s. s. The stocks used 

successfully for species identification with the DNA probes described 

here, include two (IAN and G3) which do show intraspecies 

polymorphism with respect to 'X' chromosome staining. Differences in 

sequence arrangement will not affect results obtained using DNA 

probes against DNA immobilised on dot-blots. 

Xosquito specimens may be preserved in isopropanol for long 

periods at ambient temperatures prior to species identification using 

DNA probes. This, coupled with the method of squashing specimens 

directly onto nitrocellulose to liberate the DNA prior to 

hybridisation using a highly sensitive radiolabelled DNA probe, 

enables this method of species identification to be used for large 

numbers of specimens collected in Africa and brought back to a 

laboratory. Future developments, such as the use of calorimetric DNA 

probes (see below) may soon make species identification using DNA 

probes possible in field laboratories. The strategy and techniques 

employed here may be applied to any species complex, providing the 
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members of the complex exhibit 'interspecies polymorphism of 

repetitive DNA sequences. 
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CURRENT DEVELOPMENTS 

Isopropanol preserved An. quadriannulatus individuals have 

recently been obtained. These were kindly supplied as adults reared 

from isoenzyme typed females by S. M. Mpofu of the Blair Research 

Laboratory, Harare, Zimbabwe. Construction of a genomic library 

and testing of DNA probes against this species is currently underway. 

The colorimetric hybridisation systems of Renz and Kurz (164] and 

Forster et al (165] are currently being assessed to ascertain the 

potential of these techniques for the routine species identification 

of mosquito specimens squashed onto nitrocellulose. 

A method of distinguishing female An. gambiae s. s, and An. 

arabiensis using the male specific pAnaFi DNA probe is currently 

being assessed. This method involves the removal of the spermatheca 

from blood-fed female adults. (This is an accessory sex organ used 

for the storage of sperm introduced by the male). The dissection is 

very easy to perform (the spermatheca is a distinctive chitinous 

'box' cotained within the posterior abdominal segment of Anopheles 

mosquitoes) and represents little extra work if other analyses, such 

as parous rate and infectivity determinations and blood meal 

identification are also to be performed on the specimen. The 

spermatheca is invariably packed with sperm in blood-fed females 

(M. V. Service, personal communication) and this represents an 

excellent source of male DNA. This may be liberated onto 

nitrocellulose by breaking open the spermatheca using a dissecting 

needle. The very rare occurrence of cross-mating of different An. 

gambiae species in natural populations (122,138,139,141] makes the 
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identity of this sperm DNA an excellent marker of species identy of 

the female from which it was obtained. 

Future Perspectives 

Further work using the strategy and techniques described in this 

section may be performed in the following areas: 

1. Further attempts to isolate a DNA probe to distinguish An. 

gambiae s. s. and An. arabiensis females. This, should include. the 

construction of larger genomic libraries of randomly sheared (e. g. 2- 

400 bp) DNA fragments in a bacteriophage vector to facilitate 

screening larger numbers of recombinants with genomic DNA from 

females only. 

2. Further differential screening combinations (e. g. An. gambiae 

s. s. and An. melas or An. merus). This may yield new and potentially 

useful probes. 

4. Testing for sex-specificity of DNA probes already isolated in 

the species An. melas and An. merus. 

5. Further studies on the nature of the sequences which are species 

specific. These 'could include restriction mapping of cloned 

fragments to identify repeat lengths, in situ hybridisation to 

ascertain chromosomal location, and melting curves to ascertain 

sequence divergence of different copies of the sequences. 

6. Evolutionary studies. Sequence comparisons of homologous repeats 

from the different species may be used to elucidate the route of 

species evolution in the An. gambiae complex. (At present it is 
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thought that the saltwater species and An. ' 'bwambe and An. 

quadriannulatus are the oldest species, with An. gambiae s. s. and An. 

arabiensis having evolved more recently and displaced the other 

species in many areas (122,128]). 

7. Field tests. Using fly squashes and calorimetric hybridisation 

probes to compare this method with that of cytogenetics or isoenzyme 

electrophoresis. Further refinement of the technique (e. g. using X13 

bacteriophage to give large amounts of single-stranded probe) and 

testing against large numbers of individuals from a wide range of 

localities is required. 

8. Testing of pAng 1- type sequences (which hybridise to all An. 

gambiae species) against a wide variety of non - An. gambiae species 

to test the specifity of these sequences. 
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Summary; A DJA Probe Key to the Anopheles gambise Coaplez 

SPECIES PROBE 

pAnaFI pAnn1 4 pAng 1 

An. gambiae s. s. -++ 

An. ara bi ensi s ++ ++ 

An. melas + +++ + 

An. merus ++ +++ + 

Hon-An. gambiae species --- 

KEY: - +++ = very strong hybridisation 

++ = strong hybridisation signal 

+= weak hybridisation signal 

-= zero hybridisation signal 

Notes 

1, Sex-specificity not tested for in An. melas and An. merus. 

2, Wide range of non-An. gambiae species not tested. 

3, pAng 1 should serve as DNA quantity normalisation guide. 

4, Positive control required (e. g. minute quantity of clone DNA or 

small quantity of An. arabiensls genomic DNA). 

5, Negative control required (e. g. An. stepbensi genomic DNA). 
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General Protocol for, use of DNA Probes 

Saaple preparation 

1. Take tissue (e. g. fresh, frozen, or rehydrated isopropanol 

preserved) and divide to give one part for each probe to be 

used. 

2. Place in an ordered array on nitrocellulose filter soaked in 10% 

S. D. S. (one filter-for each probe). 

3. Cover with plastic sheet and squash tissue using uniform, 

downward pressue. 

4. Remove plastic. Place filter sample-side up on Whatmans 

filter paper soaked-in denaturing solution (0.5 X NaOH, 1.5 M 

BaC1) for 3 minutes. Repeat on freshly soaked Whatmans. 

Remove any large chitinous body parts using forceps. 

5. Blot dry. Soak on Whatmans saturated with neutralising 

solution (0.5 M Tris, 3M NaCl pH 7.0). Repeat. Blot dry. 

6. Bake2 hrs, 80'C. 

7. Vash in 0.1 M NaOH for five minutes. Gently rub surface with 

gloved hand to remove unbound material. 

8. Rinse in water. Rinse in 2x SSC (0.3 M NaC1,0.03 M NaCitrate). 

Hybridisation and detection 

1. Prehybridise (e. g. 1-2 hours at 42'C, in 50% formamide, 3x SSC, 

10 µg/ml denatured herring sperm DNA, 500 yg/ml yeast tRNA, 50 mH 

HEPES pH 7.0,5 x Denhardts solution (1 x=0.1% Ficoll, 0.1% 

polyvinylpyrrolidine, 0.1% bovine serum albumin). 

2. Add labelled probe (e. g. to 50 ng/ml final concentration) and 

hybridise for 4 hours or longer at 42'C. 
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t 

3. Rinse filter three times in 0.1 x SSC. Wash in 0.1 x SSC 

(e. g. 3 times for 20 minutes) at room temperature. 

4. Detect probe (e. g. 2-4 hours autoradiography for radiolabelled 

probe of specific activity 109 dpm/µg). 

Notes 

1. Rehydration of isopropanol preserved material is necessary to 

facilitate squashing. Small samples (e. g. a mosquito head) may 

be rehydrated by soaking on 10% SDS for 5-10 minutes. Larger 

samples require immersion in aqueous solution until rigidity is 

lost. 

2. Prehybridisation, hybridisation and detection steps required 

may vary according to the sensitivity and specificity of the 

probe labelling/detection system used. 

3. Probe sensitivity may be increased, or hybridisation time 

decreased, by the addition of a volume exclusion polymer (e. g. 

polyethylene glycol 8000 to 6% w/v final concentration) to the 

hybridisation solution. This increases the effective probe 

concentration the hybridisation solution (164]. 
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MATERIALS AND METHODS 

SECTION PAGE NO. 

1. Isolation of mosquito DNA 170 

2. Mosquito DNA mini-preparation 172 

3. Preparation of mosquito cell-line DNA 173 

"4. Isolation and purification of mosquito RNA; 

a. Total cytoplasmic RNA by phenol/NETS 

extraction, 174 

b. Guanidine-hydrochloride extraction of 

total cellular RNA 175 

5. Selection of poly A+ RNA by oligo-dT- 

cellulose column chromatography 176 

6. Large-scale plasmid preparation 177 

7. Medium size, quick plasmid preparation 179 

8. Transformation of E. Coli with plasmid DNA 180 

9. Screening bacterial clones 182 

10. Growth of bacteriophage X 184 

11. Large-scale preparation of bacteriophage X 

DNA 185 

12. Rapid, small-scale isolation of 

bacteriophage X DNA 187 

13. Screening phage plaques 188 

14. In vitro packaging of X DNA 189 

15. Agarose gel electrophoresis of nucleic acids 191 

16. Southern transfer of DNA from Agarose to 

nitrocellulose or nylon filters 192 
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Cont.. PAGE NO. 

17. Radiolabelling of DNA and RNA; 

a, Nick-translation of DNA 194 

b) Kinase labelling of RNA 195 

18. Filter hybridisations 196 

19. Recovery of DNA from low-melting Agarose 198 

20. Protocol for DNA sequencing using chain- 

terminating inhibitors 

21. Polyacrylamide gel electrophoresis 

200 

203 

22. Growth of M13 bacteriophage 205 
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1. Isolation of Kosquito DIA Ref. [18] 

This simple method yields 100-400 µg of pure, high molecular 

weight genomic DNA from 100-400 fourth instar larvae, pupae or 

adults, Several modifications of the original method have been made 

to improve yield and purity of the DNA obtained. 

1. Grind 1-2 g of material in liquid nitrogen using a precooled 

mortar and pestle. 

2. Suspend grindate in 3.0 ml of TNESST (10 mM Tris-HC1 pH 7.5, 

60 mM NaCl, 10 mX EDTA, 0.15 mM spermidine, 0.15 mX spermine, 

0.5% Triton X 100). Homogenise in dounce homogeniser on ice, 

approximately 10 strokes. 

3. Collect nuclei by centrifugation (7000 rpm, 7', 0'C). 

Add 2.5 volumes of absolute ethanol to supernatent to 

precipitate crude total cytoplasmic RNA. Store at -20'C. 

4. Resuspend nuclei pellet in TAESST (5.0 ml). Respin 7000 rpm, 

7' 0'C, to wash nuclei. 

5. Resuspend pellet in TNESST (5.0 ml) and add 10% n-lauryl 

sarcosine to a final 2% concentration. 

Xix gently to lyse nuclei. 

6. Add 12.1 g 'of Caesium chloride (Analar) and make volume 

13.0 ml using THESST/2% sarcosine. Dissolve by gently 

inverting tube. 

7. Centrifuge 10000 rpm, 10', 4'C. Remove debris pellicle and 

transfer to ultracentrifuge tube. Check density is 1.68g/nl. 

Adjust if necessary. 

8. Centrifuge 40,000 rpm (Sorvall T865), 40 hours, 18'C. 
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9. Fractionate through wide-guage needle from base of tube (e. g. 

15 x 0.7 ml fractions). 

10. Spot 1 µl of each fraction onto 1% Agarose containing 

ethidium bromide (0.5 pg/ml). Dry, visualise DNA containing 

fractions over U. V. transluminator. 

11. Pool DNA containing fractions. Dialyse against T. E. (e. g; 3 

times against 2 litres) to remove Caesium chloride, - 

12. Extract gently with an equal volume of T. E. saturated phenol 

and once with an'equal volume of chloroform : isoamyl alcohol 

(24: 1) to remove any contaminating protein. 

13. Add NaCl to 200 nX, then 2.5 volumes of absolute ethanol. 

Incubate at -20'C for 20 minutesýor longer, spin 10,000 rpm, 

20', O'C. Wash pellet with 70% ethanol to remove salt. Dry 

under vacuum and redissolve overnight (4'C) in T. E. to give 

2-400 pg/ml concentration. 

Notes: 

a. Vigorous shaking'or pipetting through narrow tips should be 

avoided as this shears high'molecular weight DNA. 

b. Large amounts of starting material (more than 400 large larvae, 

pupae or adults) should be avoided to keep the viscosity of 

solutions low, prevent an excess of nuceleases relative to 

inhibitors in the TNESST and to prevent overloading of the CsC12 

gradient. 
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2. xosquito Dli Kinipreparation 

This method, cited in ref. [166], yields high quality DNA from as 

little as one adult, larva or pupa. 

1. Homogenise individual(s) in a 1.5 ml Eppendorf tube containing 

100 pl of 10 mM Tris-HC1 pH 7.5,60 mM NaCl, 5% sucrose, 10 nM 

EDTA using a glass rod. 

2. Add 100 µl of 1.25% SDS, 0.3 M Tris-HC1 pH 9,0.1M EDTA, 5% 

sucrose, 0.8% diethylpyrocarbonate (DEPC, added when required). 

Incubate 65'C, 30'. 

3. Chill on ice, add 30 µl 8M Potassium acetate. Mix. Incubate on 

ice for 45'. , 

4. Spin down precipitate (full-speed Eppendorf microfuge). To 

supernatent add 2 volumes of absolute ethanol. Mix. Incubate at 

20'C for 20'. 

5. Centrifuge 10'. 

6. Redissolve pellet in 100 Al of 0.1 x SSC (1 x SSC = 0.15 M NaC1, 

0.015 M Na citrate), 0.2% DEPC. Incubate at 20'C for 30'. 

7. Add 3 vols. 100% ethanol. 5', 20'C. Spin 10'. 

8. Redissolve pellet in 100 µl of 200 mX NaCl. Add 250 µl of 

absolute ethanol. Incubate 5', 20'C. Spin 10'. Wash pellet with 

70% 'ethanol . 

9. Redissolve dried pellet in 15 pl of T. B. buffer (overnight, 4'C). 

Expected yield; 1-2 yg of DNA per mosquito adult, pupae or fourth 

instar larva. Females are larger and yield 20-50% more DNA than 

males. 
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3. Preparation of Mosquito Cell-Line DIA 

1. Grow cells to near confluent lysis. (80cm2 Falcon flasks). 

2. Pour off medium, suspend cells in 5 ml of Hayes saline solution 

(9g NaCl, 0.26 g CaC122H20,0.2 g KC1,0. lg HaHCO3 per litre) 

using a rubber policeman (on ice). 

3. Pass suspension through a Pasteur pipette several times to break 

up clumps of cells (on ice). 

4. Spin down cells (1200 rpm, 5') and resuspend in 0.5 ml of Hayes 

saline., 

5. Add 4.5 ml of lysis solution (0.32 M sucrose, 10 mM Tris-HC1 pH 

7.5.5 MM MgC12,1% Triton X 100). Homogenise on ice using 

glass/glass homogeniser. 

6. Spin 10,000 rpm, 10', 4'C, to pellet nuclei. Precipitate 

supernatent to give crude total cytoplasmic RNA (see Materials 

and Methods 4 for purification of RNA). 

7. Resuspend pellet in 2.25 ml of 75mM NaCl, 24mM EDTA. Add 

125 pl of 10% SDS, 50 pl of proteinase K (10 pg/ml) and 75 p1 of 

H2O 

8. Incubate at 37'C for 1 hour 

9. Extract with phenol three times and chloroform twice. 

10. Add NaCl, to 200 mM and 2.5 volumes of ethanol. Mix. Spool 

out DNA' precipitate. Rinse in 70% ethanol, dry, and redissolve 

in T. E. buffer (overnight, 4'C). 

Expected yield: 100 µg of DNA per 80 cm2 Falcon flask. 
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Isolation and Purification of Xosquito BHA 

A- Total cytoplasmic RNA by Phenol/JETS extraction 

1. Spin down precipitated crude total cytoplasmic RNA (see Materials 

and Methods 3, step 3); 10,000 rpm, 10', 4'C. 

2. Resuspend in 3 ml of NETS (100 mM NaCl, 1mM EDTA, 10 mM Tris- 

HC1'pH B. O. 0.2% SDS). Homogenise to dissolve. 

3. Extract with an equal volume of NETS saturated phenol. Spin 

10,000 rpm, 10', 4'C. Retain aqueous phase. 

4. Repeat step 13' until no material is visible at interphase. 

5. Extract once with NETS saturated phenol/chioroform/isoamyl 

alcohol (25: 24: 1) Spin 10 000 rpm, 10', 4'C 

6. Extract with chloroform/isoamyl alcohol (24: 1) 

7. Add NaCl to 200 mM and then 2.5 volumes of absolute ethanol 

8. Spin down precipitate 10,000 rpm, 20', 4'C. Wash with 70% 

ethanol 

9. Dissolve dried pellet in 500 µl of water. Remove aliquot for 

yield determination or use. Store remainder under ethanol at 

-20'C. 

Expected yield; approximately 4 µg of RNA per fourth instar larva, 

pupa or adult. 
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B Guanidine-hydrochloride extraction of total cellular RNA 

I 
1. Grind 2-400 larvae, pupae or adults in liquid nitrogen. 

2. Suspend in 5 ml of 6M Gu-HC1/2M KAc. pH 5.0 (19 vols. /1 vol). 

3. Sonicate on ice until viscosity is low. 

4. Spin 10,000 rpm, 10', 4'C to clear. 

5. Add 0.5 volumes of absolute ethanol. Stand overnight at -20'C. 

6. Spin 10,000 rpm, 20,4'C, to pellet RNA 

7. Dissolve pellet in 0.5 ml of 6M Gu-HC1,2M KAc pH 5.0,500 mM 

EDTA ( 9.5 vols.: 0.5 vols.: 0.5 vols. 

8. Add 0.5 volumes of absolute ethanol. Stand for 1-2 hours at 

-20'C. 

9. Spin down precipitate. Repeat steps 7 and 8 (selective 

precipitation of RNA). 

10. Dissolve pellet in 0.5 ml of 20 mM EDTA. 

11. Extract with an equal volume of chloroform: butanol (4: 1). 

12. To separated aqueous phase, add 3 volumes of 4M NaAc pH 6.0. 

Stand at -20'C overnight. Spin down pellet. (This removes low 

molecular weight RNA and contaminating DNA). 

13. Dissolve pellet in water, add NaCl to 200 nM and 2.5 volumes of 

ethanol. Spin down, redissolve in 100 p1 of H-0. Store under 

ethanol at -20'C. 

Expected yield : 1-2 µg of RBA per mosquito. 

To prepare nuclear RHA: Prepare nuclei pellet (see mosquito DNA 

extraction protocols). Wash pellet thoroughly to remove cytoplasmic 

RNA. Dissolve washed nuclei in 1.0 ml of Gu-HC1 and continue as from 
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step 2 above using reduced volumes. N. E. Nuclei may be resuspended 

in a -small volume (e. g. 50 »1) of TNESST to aid subsequent sclvation 

in Gu-HC1. 

Total cytoplasmic RYA may be prepared by ethanol precipitation of the 

supernatent after pelleting of nuclei and then redissolving the 

resulting RNA pellet in 500 pl of Gu-HC1 and proceeding from step '2' 

above. 

r 

5. 'Selection'of poly A- RIA by oligo-dT-cellulose column 

chromatography 

1. Equilibrate oligo-dT-cellulose in binding buffer (0.4 M NaCl, 1 

mM EDTA, 0.1% SDS, 10 mM Tris-HC1 pH 7.5). Pour a1 ml column. 

2. Wash column with 3 volumes of water, 3 volumes of 0.1 M NaOH, 

and'then 3 volsumes of water. Wash column with 5 volumes of 

binding buffer. 

3. Dissolve RNA sample in 250 pl of binding buffer. Heat to 65'C 

for 2' (to reduce RNA secondary structure), cool to room 

temperature 'and 'apply to column followed by an equal vol. of 

binding buffer. (Flow rate should be less than 0.5 ml/minute). 

4. Reload void material followed by an equal volume of binding 

buffer. Reload total void material followed by 4 ml of binding 

buffer. 

5. Elute bound fraction with 2 ml of elution buffer (1 mM EDTA, 0.1% 

SDS, 10 mM Tris-HC1 pH 7.5). 

6. Make eluate 0.4 M with respect to NaCl. Heat to 65'C for 2'. 
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Chill, reapply to regenerated column (step 2 above). 

7. Vash column with 4 ml of binding buffer, then 4 ml of elution 

buffer to collect 'bound-bound' fraction. 

8. Kake eluate 200 mM with respect to NaCl, add carrier (2 pl of 10 

mg/ml glycogen) and ethanol precipiate by the addition of (2.5 

volumes of absolute ethanol. 

Notes: 

Up to 10-mg RNA may be loaded per ml of column. Expected yield; 6-30 

µg of poly A- RNA per mg of total RNA 

6. Large-scale Plasaid Preparation 

I. Inoculate a 500 ml L-broth culture using the contents of a single 

colony. Use appropriate antibiotic selection. For a 

chloramphenicol resistant strain grow overnight at 37'C with 

agitation. For a chloramphenicol sensitive strain, grow to an 

O. D. 6oonm of 1.0 and then amplify overnight at 37'C using 

choramphenicol (170 pg/ml). 

2. Spin down cells in 250 ml GSA bottles (7000 rpm, 10', 4'C). 

Drain pellet. 

3. Resuspend pellet in 4 ml of 50 mM glucose, 25 mM Tris-HC1 pH 

7.5,10 mM EDTA, 5 mg/ml fresh lysozyme. Incubate at 20'C for 

to,. 

4. Add 8 ml of 0.2 M NaOH/1% SDS. Mix gently. Incubate 10' on ice. 
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5. Add 4 ml of 3M K. Acetate pH 4.8. Vortex thoroughly, stand 

30', 0'C 

6. Centrifuge 7000 rpm, 10', 4'C. 

7. Carefully decant supernatent. Add a 60% volume of isopropanol. 

. 
Stand for 5' at. 20'C. 

8. Centrifuge 10,000 rpm, 10', 20'C. 

9. Redissolve pellet in 13 ml of T. E. buffer. Add 13.7 g of 

CsC12 (Analar) and 1.3 ml of 10 mg/ml ethidium bromide. Check 

density is 1.56 g/ml t 0.02 g/ml. 

10. Centrifuge 10,00 rpm, 10', 20'C to clear. 

11. Centrifuge 45,000 rpm, 40 hours, 20'C to band DNA (e. g. Sorvall 

T865 fixed angle rotor) 

12. Backlight centrifuge tube with U. V.. Remove the lower of the two 

bands visible using a syringe. (This should contain supercoiled 

plasmid whereas the upper band contains open-nicked plasmid and 

E. coli chromosomal DNA. 

13. Remove ethidium bromide by extracting three times with isoamyl 

alcohol. 

14. Dialyse 3 times against T. E. buffer to remove CsC12. 

Expected yield; -100-500 µg of plasmid DNA per 500 ml culture. 
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7. Xedium Size, Quick Plasmid Preparation 

This method is a convenient way to prepare 5-10 pg of clone DNA 

suitable for nick-translation'or restriction endonuclease digestion. 

1. Grow an overnight culture (10 ml), or grow a 20 ml culture to 

an O. D. 6oor, m of 1.0 and amplify using chloramphenicol (170 

»g/ml) overnight at 37 C. 

2. Harvest cells (3000 rpm, 20', bench centrifuge). Drain 

pellet. 

3. Suspend pellet in 0.35 ml of 50mM glucose, 25mM Tris-HC1 

pH7.5,10mM EDTA, 5mg/ml fresh lysozyme. Incubate R. T. 5'. 

4. Add 0.7 ml of 0.2M NaOH/1% SDS. Mix gently. Chill 0'C, 5'. 

5. Add 0.35 ml of 3M KAcetate pH 4.8. Vortex thoroughly. 

Incubate 30' on ice. 

6. Spin 5' (full speed, Eppendorf microfuge. ) 

7. Remove supernatent. Add a 60% volume of isopropanol. Stand 

at 20'C, 5'. Spin 5' as in '6' above. 

8. Redissolve pellet in 300 µl of T. E.. Digest on ice with RRase 

(30', 100 µg/ml RRase). 

9. Phenol extract twice, phenol/chloroform extract once, 

chloroform extract once. 

10. Add NaCl to 200 nM. Add 2.5 volumes of absolute ethanol. 

Snap freeze. Thaw. Spin down precipitate. 

11. flash peellet with 70% ethanol. Dry. Redissolve in 50 µl of 

T. E. buffer. 
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I. B. Phenol extraction at stage '6' may be included to reduce 

nuclease contamination if this is encountered in the final DNA. 

Glycerol stocks; Grow a small overnight culture with antibiotic 

selection. Take 0.5 ml and add to 0.5 ml of sterile glycerol. 

Xix. Store at -20'C. Renew yearly. 

8. Transformation of B. coli with Plasaid DHi 

This is a very simple protocol of the method originally developed 

by Mandel and Higa (167]. Control transformations (using 

supercoiled pAT153 plasmid DNA) typically yield 1x 106 -2x 106 

transformants per microgram of DNA. 

I. Grow 2x 10 ml cultures of the prospective host cells (e. g. 

E. coli MC1060) in L-broth to an 0. D. 600,, m of 0.6, The 

inoculum used should be from fresh, vigorous growth on L-agar. 

2. Spin down cells (3000rpm, 5', bench centrifuge). 

3. Resuspend cells in 2x5 ml of 0.1 M MgC12 on ice. 

4. Pellet as in '2' and resuspend combined pellets in 1 ml of 

0.1K CaC12, on ice, very gently. 

5. Leave on ice, 30'. 

6. Add 100 µl of competent cells from '5' to DNA in a small 

volume of T. E. or ligation buffer, with 10 gg of tRNA carrier. 

7. Leave on ice 40'. Gently agitate to prevent settling. 

8. Heat shock, 42'C, 2'. 

9. Leave on ice 20'. 
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10. Add L-broth to 1 ml. Incubate at 37'C for 50'. (This 

allows initiation of antibiotic resistance expression). 

11. Plate onto L-agar containing appropriate antibiotic to select 

transformants. 

Transforastion controls 

1. Supercoiled plasnid (e. g. 10 ng, 1 ng and 0.1 ng) to determine 

tranformation efficiency. 

2. No DNA added, to check for contamination of buffers etc. with 

plasmid DNA and selection of transformants. 

3. Digested vector DNA: linearised plasmid should tranform 10- 

100 fold less efficiently than supercoiled plasmid. This 

serves to check digestion efficiency. 

4. Religated cut vector. This serves to check the ligation 

reaction efficiency. 

5. Vector DNA (e. g. linearised, dephosphorylated plasmid) 

6. Re-ligated vector DNA. This should give a low level of 

transformants (e. g. less than 0.1% of supercoiled efficiency) 

A large number of tranformants in this control and a low level 

in '5' above, indicates poor dephosphorylation efficiency. 

Controls 1,4 and 6 are always required. The other controls may 

be omitted once a new batch of vector has been tested. 
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Removal of terminal 5' phosphates using calf intestinal alkaline 

phosphatase (CIAP) 

Enzyme used: BCL, 22 units/µl (1 unit of CIAP hydrolyses 1 pmole 

of p-nitrophenyl phosphate in 1 minute at 37'C under standard 

assay conditions). 

CIAP buffer: 10 mM Tris-HC1 pH 7.5,10 mH XgC12. 

Procedure: typically, 22 units of CIAP were used to 

dephosphorylate-. 5-10 µg of linearised plasmid DNA in a 20 µ1 

reaction volume at 37'C for 30 minutes. After incubation, CIAP 

was inactivated by heat (65'C, 30 minutes) followed by 

phenolisation. 

9. Screening Bacterial Clones 

This method, originally developed by Grunstein and Hogness [168] 

allows 500-1000 colonies. -to be screened per"9 cm diameter petri- 

dish. 

]taking Replicas 

1. Suspend diluted cells in 4 ml of L-broth. Apply evenly to 

sterile, moistened nitrocellulose disc using a Buchner funnel 

and a vacuum pump. Place filter on L-Agar plate. 

2. Grow colonies overnight at 37'C, or for high density 

screening, for 6 hours at 37'C, to give small colonies. 

3. Dry plate briefly. Place fresh nitrocellulose discs on L-Agar 

plates to moisten. Mark orientation spots on the master plate 

using a waterfast marker pen. 
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4. Remove master plate nitrocellulose disc and place colony side 

up on sterile Vhatmans 3 XX filter paper. Place fresh 

nitrocellulose disc from '4' on top, with Agar-contact surface 

face up. 

5. Place sterile Whatmans filter on top of nitrocellulose discs 

and glass plate on top of this. Press down. Mark orientation 

`spots on replica filter and peel filters apart. Place each 

on fresh L-Agar plates, colony side up. 

7. Reincubate master 2-4 hours. Incubate replica to give small 

colonies (e. g. 4-6 hours). 

A. B. Two replicas may be made of the master plate for duplicate- 

screening. Further replicas may also be taken after reincubation 

of the master plate. 

Fixing DlA 

1. Place filter colony side up on Whatmans 3MM soaked in 2.0 M 

NaCl/0.5 M NaOH, 10' to lyse cells and denature DNA. 

2. Place filter on Whatmans 3MM soaked in 3M NaCl, 0.5 M Tris-HCl 

pH 7.0. Leave 5'. Repeat on fresh filter paper. 

3. -Bake 80'C, 2 hours. 

4. Soak in 0.1 M NaOH for 5'. Gently rub surface with gloved hand 

to remove unbound material. 

5. Rinse in distilled water, then 0.5 M Tris-HC1 pH 7.0 to 

neutralise. Blot dry and store or prehybridise at usual. 



184 

10. Growth of Bacteriophage X 

Aaterials 

L-broth (1 litre); "Difco Bacto-Tryptone"; 10gß "Difco Bacto Yeast 

Extract"; 5g, NaCl; 5g, glucose; 1g. 

Tryptone Agar (1 litre); "Difco Bacto-Tryptone"; 12g, "Difco Bacto 

Agar"; 10g, xaCl; 10g. 

Tryptone top Agar - as for Tryptone Agar, but add only 6.5g/litre 

Agar and make 10 mM with respect to MgSO4. 

Phage buffer: KH2PO4; 3g, Na2HPO4; ? g, NaCl; 5g. Dissolve in 979 

ml of water, autoclave. Then add sterile 0.1 M MgCl2; 10 ml, 

sterile 0.01 M CaC12; 10 ml and sterile 1% gelatin solution; 1 ml. 

Plating Cells (e. g. E. coli LE392) 

Inocculate a5 ml culture of L-broth-magnesium-maltose (L- 

broth made with 4g/litre maltose, no glucose and made 10 mM with 

respect to MgSO4). Incubate overnight at 37'C. Use 400 µl of 

this to inoculate a 20 ml culture in same medium. Grow to an 

O. D. 6001, m of 0.3. Harvest cells and resuspend in 2 ml of sterile 

10 mM XgSO4. Use 200 Al of plating cells per petri-dish or 2 ml 

per bioassay tray when plating phage. Store for up to 4 days at 

4'C. 

Plating Phage 

Dilute phage stock in phage buffer (e. g. 100 Al). Add to plating 

cells. Incubate 37'C, 15' for preadsorption. Add to 3 ml of 

molten Tryptone top Agar (50'C). Mix gently and pour immediately 

onto a prewarmed (37'C), thick, dry, Tryptone plate. Allow to 
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set, dry briefly. Incubate inverted at 37'C. For bioassay tray 

use 25 ml' of Tryptone top Agar. Ensure plates and top Agar are 

poured on a flat surface. 

11. Large-Scale Preparation of Bacteriophage X DlA 

la. Use titred stock to give multiplicity of infection of 0.1- 

0.01. Use a 1/1000th culture volume of plating cells. Pre- 

absorb 15', 37'C. Inoculate L-broth made 10mM with respect 

to MgSO4. 

lb. (Alternative to la). Take single fresh plaque (e. g. using 

sterile Pasteur) and add to 100 µl of phage buffer. Incubate 

at 37'C for 20' to allow phage to diffuse out of Agar. Use 

this as inoculum as described in. 'la'. 

2. Grow overnight with good aeration. If no lysis (e. g. lumps 

of debris) is visible, add an equal volume of fresh medium and 

continue to incubation for 2-6 hours. 

3. Add a 1/100th volume of chloroform and shake for a further 10' 

to lyse infected cells. Stand for 10' to allow chloroform to 

settle. 

4. Decant lysate (avoiding chloroform) into GSA bottles. 

Centrifuge (8000 rpm, 15', 4'C) to pellet cell debris.. 

5. To supernatent, add XgC12 to 10 mM. For 500 ml of lysate; add 

17.5 g of NaCl and 62.5 g of polyethylene glycol 6000. 

Dissolve cold by shaking. Stand at 4'C overnight. 

6. Spin down phage precipitate (7500 rpm, 20', 4'C) and drain 

thoroughly on ice. 
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7. Resuspend phage pellet- in 5 ml of T. M. buffer (10 mM Tris-HC1 

pH 7.5,2 mM MgCla). Mix for 30' to ensure complete 

dispersion of phage precipitate. 

8. Centrifuge 10,000 rpm, 10', 4'C, to pellet debris. 

9. Add RHase to 50 µg/ml and DNase to 10 µg/ml. Incubate 20'C, 

60'. 

10. Prepare stepped CsC12 gradients. Dissolve 63g of 'Analar' 

CsC12 in 50 ml of T. X. buffer to give a density of 1.7g/ml. 

Take 20 ml of this and add 8 ml of T. M. buffer to give 1.5 

g/ml density and 10 ml and add 13 ml of T. M. buffer to give a 

density of 1.3 g/ml. 

Place 2 ml, of 1.3 g/ml CSC12 in a 13 ml ultracentrifuge tube. 

Layer 2 ml of 1.5 g/ml CSC12 underneath and 2 ml of 1.7g/ml 

CsC12 underneath this. Layer 2-5 ml of sample on top of 

stepped gradient and fill tube with T. M. buffer. 

11. Centrifuge in a swing-out rotor; 32000 rpm, 18'C, 2 hours, 

(e. g. Sorvall Tst 41 rotor, 'g' = 1.3 x 106). 

12. Collect pale blue phage band, usually visible between 1.5 and 

1.7 g/ml steps using syringe. 

13. Dialyse twice against 21 of 25 mM NaCl, 10 nM Tris-HC1 pH 

?. 5,1 m)( MgC12. 

14. Xake phage suspension 1% with respect to SDS and 10 mM with 

respect to EDTA. Heat to 65'C for 15'. 

16. Cool to 37'C. Add proteinase K to 50 µg/ml (from 10 mg/ml 

stock in 10 mM Tris-HC1 pH 7.5), Incubate . 37'C, 1 hour. 

17. Phenol extract twice. Phenol/chloroform extract once. 

Chloroform extract once. 

18. Dialyse three times against 21 of TE buffer. Store at 4'C. 
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12. Rapid. Shall-Scale Isolation of Bacteriophage DNA 

1. Pick a single fresh phage plaque into 100 }i1 of phage buffer: 

Incubate at 37'C for 10' to allow phage to diffuse out 

of Agar. 

2. Remove 75 }il from Ill and add to 5 µl of E. coil LE392 plating 

cells. Incubate at 37'C for 10' (preadsorption of phage). 

3. Add 2 ml of phage broth, incubate shaking, overnight at 37'C. 

4. Add 5 µl of chloroform and shake for a further 10' to 

complete lysis. i 

5. Transfer 1.5 ml to Eppendorf tube, spin 5'. Transfer 1.2 ml 

of supernatent to a fresh Eppendorf. 

6. Add 300 p1 of polyethylene glycol/NaC1 (20%/2.5 M). Incubate 

at room temperature for 20'. Spin 5'. Remove supernatent. 

Respin 2''and remove remaining supernatent. 

7. Resuspend pellet in TE (150 pl). Phenol extract once. 

Chloroform extract once. Add NaCl to 200 mN and 2.5 volumes 

of absolute ethanol. Incubate at -20'C for 20'. 

8. Spin 5', wash pellet with 70% ethanol. Redissolve dried pellet 

in 50 pl of TE/20 µg/ml RNase. 

Expected yield; 1-2 pg of DNA suitable for enzymatic reactions. 
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13. Screening Phage Plaques (Ref. (169]) 

1. Soak nitrocellulose filters in 3x SSC, blot briefly to remove 

excess liquid and sandwich between two sheets of clingfilm. 

Sterilise over U. V. transluminator. 

2. Chill phage plate at 4'C (this prevents top Agar from lifting 

off subsequently),. Dry briefly. Place orientation marks on 

underside of plate. 

3. Carefully lay nitrocellulose on top of phage plate. Avoid 

trapping air bubbles. Leave 1 minute (1st copy), 2 minutes 

(2nd copy), 3 minutes (3rd copy) etc. Mark orientation spots 

on filter, using a marker pen. 

4. Carefully remove filter and place on Whatmans 3MM filter 

paper soaked in NaOH/NaC1 (0.5 M/1.5 M) phage side up, for 3' 

to denature the DNA. 

5. Neutralise by briefly rinsing filter in 0.5 M Tris-HC1 pH 

7.4/1.5 M NaCl. Blot dry. 

6. Bake; 2 hours, 80'C. 
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14. In-Vitro Packaging of X DIA 

Preparation of Packaging Extracts (Ref. 120]) 

Strains: Freeze-thaw lysate: BHB2688 

Sonicated extract : BHB2690 

Checking strains: Baths grow at 32'C, but not 42'C due to cIts 857 

mutations and both strains are significantly more susceptable to 

U. V. damage than are recA' strains. 

Packaging buffers. Buffer ' A' ; 20mM Tris-HC1 pH 8.0,3mM XgC12, 

0.05% ß-mercaptoethanol, 1 mM EDTA. Buffer 'M1'; 6mM Tris-HC1 pH 

7.5,60 mM spermidine, 60 mM putrescine, 18 mM MgC12,15mM ATP, 

0.1% ß-mercaptoethanol. Both buffers should be filter sterilised. 

A. Freeze-thaw lysate (FTL) 

1. Streak out BHB2688 onto L-Agar and grow overnight at 32'C. 

2. Pick a single small colony and use this to inoculate a small 

overnight L-broth culture (32'C). 

3. Use a 1/100th volume of overnight culture to inoculate 3X 500 

ml cultures (L-broth minus glucose, plus 4g/litre maltose, 

10 m1K XgS04). Grow to 0. D. soonm of 0.3 (30T). 

4. Induce lysogen by maintaining cultures at 45'C for 15'. 

5. Grow for further 1 hour at 37'C with vigorous shaking. 

6. Chill on ice, harvest cells (9000 rpm, 10', 4'C) in sterile 

GSA bottles. 

7. Drain off all supernatent (5' on ice) 

8. Resuspend pellet from each 250 ml bottle in 0.5 ml of 10% 

sucrose, 50 mM Tris-HC1 pH 7.5. 
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9. Pool resuspended pellets. Add 75 µl of fresh lysozyme 

solution (2 mg/ml in 0.25 M Tris-HC1 pH 7.5). Mix gently. 

10. Snap freeze in liquid nitrogen. Thaw gradually to 4'C. Add 

150 µl of M1 buffer. Mix gently. 

11. Centrifuge 17000 rpm,, 50', 4'C. Distribute 50-100 pl aliquots 

of supernatent into pre-chilled, sterile Eppendorf tubes. 

12, Snap freeze in liquid nitrogen. Store at -75'C. 

B, Sonicated extract (SB) 

1. Streak out BHB2690 onto L-Agar. Grow overnight at 32'C. Pick 

a single small colony and use to inoculate a small overnight 

L-broth culture. 

2. Use a 1/100th volume of overnight culture to inoculate one 500 

ml L-broth-maltose-magnesium culture. Grow to an O. D. 600nm of 

0.3 (32'C). 

3. Induce'lysogen 15', 45'C. 

4. Grow for further 1 hour at 37'C with vigorous agitation. 

5. ° Chill on ice, harvest cells (9000 rpm, 10', 4'C, ). 

6. ' Drain thoroughly (5' on ice). Resuspend each pellet in 0.5 

ml of buffer ' A' . 

7. Pool resuspended pellets (1 ml). Add 2.6 ml of buffer 'A'. 

8. Sonicate on ice in short bursts until viscosity is low. 

9. Pellet debris (10,000 rpm, 10', 4'C). 

10. Distribute supernatent into sterile, pre-cooled Eppendorf 

tubes in 50 µl aliquots:, 

12, Snap freeze in liquid nitrogen. Store at -75'C. 
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Packaging-Reaction 

Thaw FTL and SE to 0'C. Mix in order: 7 iii of buffer 'A'. 1-2 

Al-, (100-1000 ng) of DNA to be packaged, 1 pl of Ml buffer, 6 p1 of 

SE and 10 Al of FTL. Incubate at 25'C for 1 hour. Stop reaction 

by diluting to 500 pl with phage buffer. Add 2 drops oX 

chloroform. Plate phage. 

11. B. Ratio of FTL to SE should be optimised for different extract 

preparations. Buffers should be aliquoted and thawed once only. 

ij 

15. Agarose gel electrophoresis of nucleic acids 

Apparatus 

Large gels; BRL series H4. Gel size 20 cm x 25 cm, volume 300 ml. 

Usually run overnight at 40 V (1.2 V/cm). 

Xinigels; BRL series H6. Gel size x7 cm, volume 30 ml. Usually 

run 1 hour, 70V (4V/cm). 

Materials 

Agarose; 0: 4-2% (Miles Lab. Ltd). Ethidium bromide; used at final 

concentration of 0.5 µg/ml in gel and electrophoresis buffer 

(Electran). Tris-acetate electrophoresis buffer; 4 mM Tris, 2nM 

EDTA,. 2mM-AaAcetate, pH adjusted to 7.7 with glacial acetic acid. 

Loading buffer; 0.2% Agarose, 20 mM EDTA, 10 mM Tris-HC1 pH 7.5, 

20% glycerol, 0.1% bromophenol blue (Melt, allow to set in 

syringe, pass through 24 guage needle three times). 
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Photographing gels , 

Gels were photographed over a short wavelength (302nm) U. V. 

transluminator (U. V. Products Inc. TM36) using a Polaroid MP4 land 

camera. The film used was 'Polapan 52' (400 ASA) instant film, or 

Illford FP4 (125 ASA). Exposures were 1-2S and 4-8S respectively. 

A 'Vratten' 2A and 15 filter was used for all photographs. 

DIA molecular weight markers 

A, - X/EcoRI + X/Hind III (separate digests); 23.7,21.8,9.46, 

7.55,6.60,5.93,5.54,4.80,4.20,3.38,2.20,1.90 and 0.53 Kb. 

B. pAT153/HaeIII; 587,458,434,339,267,234,213,197,192, 

184,122,89,80,64,57,51,32,21,18,11 and 2 bp. 

16, Southern transfer of DNA from Agarose to nitrocellulose or 

nylon filters 

The original method of E. M. Southern [1701 was used to 

transfer DNA from Agarose gels to nitrocellulose or nylon filters. 

(Schleicher and Schuell or 'Gene-Screen' respectively). 

Preparation of gel 

1. Mark positions of markers by injecting the U. V. visiualised 

DNA bands with normal scripting ink. 

2. Trim gel to size. Cut through centre of wells laterally. 

3. Denature gel in 3 volumes of 1.5K NaC1/0.5M NaOH; 20' for 

minigels (30 ml volume). 60' for large gels (100-300 ml 
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volume). Agitate gently. 

4. Aeutralise in 3 volumes of 3M NaCl/0.5M Tris-HC1 pH 7.0 for 

30' (minigels) or 60' (large gels). Agitate gently. 

Blotting Apparatus 

Place glass plate on four plastic bottle tops in the bottom 

of a tray. Cover in 3 layers of Whatmans 3MM filter paper, 

overlapping the edges of the plate. Fill tray to just below the 

level of the glass plate with 20 x SSC. 

Blotting 

1. Lay gel on platform, smooth away all air bubbles. 

2. Place glass'plates around gel, leaving a 0.5 cm gap between 

gel and plates. 

3. Soak nitrocelllose filter in 2x SSC and layer onto gel, 

overlapping onto glass plates. Smooth away all air bubbles. 

4. Soak 3 sheets of Whatmans 3MM in 2x SSC and layer over 

nitrocellulose filter. Place a thick wad of dry tissues on 

top of this and a brick on top of the whole apparatus. 

5. Leave overnight or longer. Top up with 20 x SSC if required. 

6. Uncover. Place nitrocellulose with gel on top, on a clean 

glass plate and mark position of wells. Number blot and trim 

off excess nitrocellulose. 

7. Discard gel. Mark positions of markers over U. V.. 

8. Rinse filter for 5' in 5x SSC. Blot dry. 

9. Bake 2 hours, 800C. Store or prehybridise. 
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17. Radiolabelling of DNA and RNA 

A. Nick Translation of DIA (Ref. 1171]) 

Solutions 

1x DHase buffer; 10 mM Tris-HC1 pH 7.5,5 mM MgC12,1 mg/ml 

bovine serum albumin (BSA). 

10 x nick-translation buffer; 500 mM Tris-HC1 pH 7.5,500 mM NaCl1100 

mM MgCl2,70mM ß-mercaptoethanol, 500 pg/ml BSA. 

dNTP'mix; 20 pM each of dGTP, dTTP, dATP 

G100 buffer: 20 mM Tris-HC1 pH 7.5.50 mM NaCl, 1 mX EDTA, 0.05% 

n-lauryl-sarcosine. 

a32P dCTP label: 10 NCi/µlß 3000 Ci/mmole. (Amersham Int). 

DHase: 1 mg/ml in 10 mM HC1 stored in small aliquots at -20'C 

(Sigma chemicals). 

Reaction 

1. ' Activation of DNase; dilute to 200 ng/ml in DNase buffer. 

Leave on ice, 2 hours (activation). 

2. Add to tube on ice; 10 x H. T. buffer (1 µl), dNTP mix (lµl), 

DNA (200 ng), DNase I; 200 ng/ml (1 )1l)ß a 32P dCTP (3 µl)ß 

DNA polymerase I; 2 units, H2O to l0pl. 

3. Incubate 2 hours, 15'C. 
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G100 Desalting 

Pour 2.5 ml Sephadex G100 column in a Pasteur pippete. Use 

nylon filter wool as base. Wash column with 2 column volumes of 

G100 buffer. Apply reaction mixture to column. Elute column 

using G100 buffer. Collect 10 x 200 µl fractions. Count. Pool 

first peak (usually F4 + M. Denature by boiling 5'. 

Specific activity: 1-2 x 108 dpm/µg. This may be varied according 

to DAA/dCTP in reaction. 

B, Kinase Labelling of RHA (Ref. (172]) 

Base cleavage: Take 200 pi of RNA at a concentration of 50 pg/ml 

or higher. Add 20 µl of 1X NaOH. Incubate on ice, 30'. (This 

generates fragments approximately 200 bp in length). Add 20 pl of 

1M Tris-HC1 pH 7.5 and 20 yl of 1M HC1. Ethanol precipitate. 

Redissolve at a concentration of 50 pg/ml in distilled water. 

Store at -20'C. 

Reaction; To tube on ice, add: 1.25 pg of base cleaved RNA (25 

pl) o 50 mM IigC12 (5 µl) ,1M Tris-HC1 pH 7.5 (2.5 µl) , 200 mM 

mercaptoethanol (2.5 pl), 1 unit of T4 polynucleotide kinase, 50 

µCi VIP ATP (5 pl ' Amersham' - 5000 Ci/mmole) . Incubate 1 hour, 

37"C. Desalt as In 'A' above. Collect front peak. Do not boil 

before use as hybridisation probe. 

Specific activity: 107 - 108 dpm/pg. 
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18. Filter hybridisations 

Hybridisation solution; 50% deionised formamide, 3x SSC (0.45 N 

NaC1,0.045 MNaCitrate), 50 »g/ml denatured, sheared herring sperm 

DNA, 10 }ig/ml polydeoxyadenine, 50 mM HEPES buffer pH 7.0,5 x 

Denhardts solution (1 x Denhardts = 0.02% Ficoll, 0.02% 

polyvinylpyrrolidone, 0.02% BSA). Store -20'C. 

Prehybridisations were performed in heat-sealed polythene bags 

at 42'C overnight using 100 µl of hybridisation solution per cm2 of 

filter. 

Hybridisations were usually performed using a probe 

concentration of 50 ng/ml in plastic bags at 42'C. When using 

heterologous probes, less stringent hybridisation conditions (e. g. 

400C ,5x SSC) were used. Hybridisations were usually left 

overnight, although for some probes (e. g. complex DNA or RNA 

mixtures) hybridisations were left for 2 days. Hybridisation 

conditions are discussed in Ref. (1733. 

Washing filters: After hybridisation, filters were rinsed three 

times in 2x SSC, washed three times for 20' , in 2x SSC and then 

once in 0.1 'x SSC at 50'C for 20' (homologous probes). When 

heterologous probes were used, filters were washed astringently 

(e. g. 2x SSC at 20'0 and if necessary, re-washed at increased 

stringency after autoradiography. 

Autoradiography was performed at -75'C in 'X-ograph' cassettes 

using 'Speed-X' intensifying screens and preflashed 'Fuji`RX' X-ray 

film. 
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Stringency of hybridisation 

The, stringency of a nucleic acid hybridisation reaction is 

determined by the proximity of the hybridisation conditions employed 

to the melting temperature (Tm) of the duplex (DNA/DNA or DNA/RNA) 

which is formed. 

The Tm of a duplex may be calculated using the equation; 

Tm = 81.5 + 16.6 (Log M) + 0.41 (% GC) - 0.72 (% formamide) 

inhere Tm = melting temperature in 'C 

M= molarity of monovalent cation in reaction 

%GC =% of guanine and cytosine residues in the duplex 

and % formamide =% of formamide in the hyrbidisation buffer. 

The hybridisation parameters used here (3 x SSC, 42'C, 50% 

formamide) correspond to a temperature of 20'C below the melting 

temperature of a perfectly matched DNA/DNA hybrid of 50% GC content 

under these temperature, salt and formamide conditions. (1% mis- 

match of hybrid sequences lower Tm by approximately 1'C). These are 

stringent hybridisation conditions which favour a high rate of re- 

association of matched sequences with a low level of reassociation 

of homologous, but not identical sequences. 

For hybridisations using an imperfectly homologous probe (e. g. 

Drosophila rDHA to detect Aedes, rDNA) the stringency of 

hybridisation was lowered to 6x SSC, 37'C, 50% formamide, These 

conditions increase the stability of a 50% GC rich, perfectly 
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matched hybrid by 9'C relative to the stringent hybridisation 

conditions described above. (i. e. under these conditions, the 

temperature of hybridistion is 29'C below the Tm of the duplex). 

19. Recovery of DNA from low melting agarose (Ref. 11741 

The method described is that of Langridge et al (Anal. Biochem. 

103,264-271,1980) with some modifications. The DNA yielded is 

suitable for nick-translation to very high specific activity, 

ligation into vector DNA, or digestion with most types of 

restriction endonuclease. The method relies on the partitioning of 

DNA into an organic phase, then re-partitioning into an aqueous 

phase devoid of Agarose. 

laterials 

Low-melting agarose: 'Seeplaque' (FMC corporation). Hexade- 

cyltrimethylammonium bromide ('CTAB', Sigma chemicals). 

Equilibrate butan-1-ol and distilled water: 150 ml/1150m1 and 

separate phases. Dissolve 1g of CTAB in 100 ml of butanol fraction. 

Equilibrate this with 100 ml of the aqueous fraction, separate 

phases. 
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Jethod 

1. Cut band out of LMA gel. Melt at 65'C for 15' 

2. Cool to 37'C. Add 10 pg of tRNA carrier per 200 pl Agarose. 

3. Add on equal volume of butanol/CTAB and the same volume of 

aqueous phase/CTAB, both at 37'C. Invert tube for 5'at 37'C. 

Spin in prewarmed Eppendorf 'microfuge' for 30 secsonds to 

separate phases. 

4. Remove top (butanol) phase. Re-extract aqueous phase twice 

with an equal volume of butanol/CTAB as in 13'. 

5. Pool the 3 butanol extracts and extract with an equal volume of 

aqueous phase/CTAB. Recover butanol phase. 

6. Extract butanol phase with a quarter volume of 200 mM NaCl. 

Repeat twice, retaining aqueous phases. 

7. Extract pooled aqueous phases at 0'C for 30' with 4 volumes 

of chloroform. (this removes C-TAB). 

8. To aqueous phase add 10 pg of glycogen carrier and then 2.5 

volumes of absolute ethanol. Stand at -20'C for 20'. 

9. Spin 10'. Wash pellet with 70% ethanol. Dry under vacuum. 

Redissolve in a small volume of TE buffer. 

1. B. This method may also be used to recover RNA from normal 

Agarose-urea gels by melting at 75'C and extracting with 

butanol/CTAB at room temperature. 
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20. Protocol for DIA Sequencing using chain terminating 

inhibitors (Ref. [104]) 

Reagents and stock solutions (stored at -20'C) 

a32P dCTP label: (Amersham International) 3000 Ci/mmole, 10 mCi/ml 

radioactive concentration, 3.33 nMol. dCTP concentration. 

Dli polymerase; (Amersham International) Klenow fragment of E. coil 

DNA polymerase I. 5.4 units per µl (one unit catalyses the 

incorporation of 10 nmoles of nucleotides into acid insoluble 

product in 30 minutes at 37'C). 

X13 universal primers; (BCL) sequencing primer: d(TCCCAGTCACGACGT) 

(15-mer), reverse sequencing primer: d(AACAGCTATGACCATG) (16-mer). 

Dissolved in TE buffer, pH 7.5, at a concentration of 0.5 pmoles/µl. 

10 x DHA polymerase buffer: 500 mM NaCl, 70 MM MgC12,70mM Tris-HC1 

pH 7.5.1 

Deoxynucleatide triphosphates and dideoxynucleotide triphosphates; 

(BCL) dissolved in double distilled water to give stock solutions of 

25 mM and 10 mM respectively. 

Dithiothrietol; (Sigma Chemicals) dissolved in double distilled 

water to give a 100 mM stock. 

Vorking dITP and ddlTP solutions (from stock solutions) 

dCTP/ddCTP : 0.05 mM/0.05 mM 

ddTTP : 0.5 mM 

ddGTP : 0.25 m1M 

dTTP : 0,5 mM 

dCTP : 0.5 mM 

dGTP : 0.5 mM 

ddATP : 0.5 mM dATP : 0.5 MM 
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Sequencing sizes 

'A' mix : 20 µ1 0.5 mX dTTP 

1 µl 0.5 mM dATP 

20 µl 0.5 mM dGTP 

20 µl 10 x DNA polymerase buffer 

'C' mix : 20 µl 0.5 mM dTTP 

20 µ1 0.5 mM dATP 

20 µl 0.5 mM dGTP 

20 Al 10 x DNA polymerase buffer 

'G' mix : 20 µl 0.5 mM dTTP 

20 Al 0.5 mX dATP 

1 µl 0.5 mN dGTP 

20 µl 10 x DNA polymerase buffer 

'T' mix :1 µl 0.5 nX dTTP 

20 µl 0.5 mM dATP 

20 Al 0.5 m]4 dGTP 

20 µl 10 x DNA polymerase buffer 
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Procedure 

Annealing: 200 ng single-stranded template DNA 

1 Al (0.5 pmoles) sequencing primer 

1 µl 10 x DNA polymerase buffer 

H2O to 10 µl 

Mix, boil for 5 minutes, leave at room temperature for 20 

minutes. Add: 1 µl of a32P dCTP (3.33 x 10-1s moles), 1 µl of 100 

mM dithiothrietol and 1 µl (5.4 units) of B. cola DNA polymerase I 

(Klenow fragment). (Add these to the side of the tube and spin down 

to mix). Pipette 3 µl of this mixture into each of the following 

tubes on ice: 

'A' tube : 1 µ1 'A' mix + 1 N1 0.5 mM ddATP 

'C' tube : 1 Al 'C' mix + 1 µl 0.05 mM ddCTP/dCTP 

'G' tube : 1 µ1 'G' mix + 1 Al 0.25 mM ddGTP 

'T' tube : 1 µl 'T' mix + 1 Al 0.5 mM ddTTP 

Incubate sequencing reaction 15' at room temperature, then add 1 

µ1 of 0.5 mM dCTP (as chase) to each tube. Incubate for a further 

15' at room temperature. Reactions may be stored frozen at -75'C 

for up to 3 days or size fractionated through 6% polyacrylamide 

immediately. Prior to electrophoresis, combine reactions with 6 pl 

of loading buffer (see polyacrylamide gel electrophoresis below), 

boil 2' and load 3-4 µl of this mixture immediately. 



203 

21. Polyacrylanide gel electrphoresis 

Stock solutions and buffers 

10 x Tris-borate electrophoresis buffer (TBE) 

Tris base (Sigma) : 108 g 

Borate (AnalaR) : 55 g 

EDTA (AnalaR) : 9.3 g 

}take volume up to 1 litre. (pH = 8.3) 

6% acrylamide stock 

Urea (BRL, enzyme grade) : 288 g 

Acrylamide (Electran) : 34.2 g 

A. N'-methylenebisacrylamide (Electran) : 1.8 g 

Dissolve in 500 ml volume at 37'C. Add 60 m1 of 10 x TBE. Make 

volume up to 600 ml. Store at 4'C in dark. 

15% acrylamide stock (250 ml); 33.75 g Acrylamide, 3.75 g bis- 

acrylamide, 144g urea, 25 ml 10 x T. B. E. buffer. 

Loading buffer: 80% deionised formamide, 0.01% xylene cyanol 

(Electran), 0.01% bromophenol blue (Electran), 50 mM Tris-HC1 pH 

8.3, lmM EDTA. 

Ammonium persulphate (AnalaR) 

Tetramethylethylenediamine 'TEMED' (Electran) 

1-(methacryloxy) propyltrimethoxysilane, 'silane' (Electran) 

Dimethyldichlorosilane (2% in 1.1.1. trichloroethane) (BDH) 
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Preparation of glass plates 
M1, Pý 

Long plate (20 cm x 41.5 cm). : clean with detergent, rinse in 

distilled water. Coat with dimethyldichlorosi lane, polish with 

distilled water. 

Short plate (20 cm x 38.5 cm) : clean with detergent, rinse in 

distilled water. To 10 ml of ethanol add 50 pl of silane. Mix. To 

this, add 300 µl of fresh 10% acetic acid. Pour over plate, allow 

to dry. Polish using ethanol. 

Spacers: 0.4 mm. Clean with detergent. Rinse in distilled water. 

Tape plates together using masking tape. 

Preparation of gel 

1. Prepare 1 ml of fresh 10% ammonium persulphate solution. 

2. Degas 60 ml of Acrylamide stock in-vacuo at 20'C for 2 minutes 

3. To Acrylamide stock, add 0.5 ml of 10% ammonium persulphate and 

28 µl of TEMED. Mix well. 

4. Pour gel immediately (e. g. at 45' inclination, to avoid air 

bubbles). Insert well-former. Clamp using 4 bulldog clips. 

Leave 1 hour to set. 

5. Trim excess polyacrylamide from around well-former. 

6. Set up electrophoresis tank. (BRL Si). Remove wellformer and 

rinse out wells with TBE. 
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Running gel 

Pre-electrophorese (e. g. 30', 1500 volts, Chandos P. S. U. ) to obtain 

50-55'C gel temperature. Rinse out wells with TBE. Load. Run at 

50-55'C (e. g. 1000-1200 V). 

Fixing and drying gel 

Separate plates. Fix gel in 10% acetic acid for 15 minutes. Rinse 

in tap water for 30 minutes to wash out urea. Place in 80'C drying 

oven forý1 -2 hours until, completely dry. Autoradiograph overnight 

at room temperature, without intensifying screen. 

22. ' Growth of X13 Bacteriophage 

Plates and media 

Enriched broth (EB); 25g Tryptone, 7.5g yeast extract, 6g NaCl, ig 

dextrose, 50 ml 1M Tris-HC1 pH 7.5 per litre. 

'X-gal' plates; Prepare fresh 'X-gal' (2o mg/ml in diethyl 

formamide) and IPTG (24 mg/ml in H20). Add 25 ul of each to 3 ml of 

molten top Agar (see Materials and Methods 10) at 50'C. Add plating 

cells/M13 mixture, mix and pour onto a Tryptone Agar plate prewarmed 

to 37'C. Recombinant M13 plaques are colourless whereas non- 

recombinant plaques are blue in this assay. 

Host cells; E. coil JM103 (containing F' episome required for 

infection of M13'via the sex pilus, and also required for growth on 

minimal media). 
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Plating cells: Take single small, colony of JM103 from minimal agar 

plate and use to inoculate a 20 ml� E-broth culture. Grow to 

0. D. 6oonm of 0.6 (approx. 6x 107 cells/ml>. 

Preparation of double stranded replicative fora (RF) DNA 

1. To 200 ml of plating cells, add M13 phage from a titred stock 

to give a multiplicity of infection of 50. 

2. Incubate 4 hours - overnight at 37 C, shaking. 

3. Harvest cells and continue as from stage '3' of a large-scale 

plasmid preparation (Materials and Methods 6). Retain 

supernatent for preparation of single-stranded DNA (see 

below) or to keep as high titre stock (e. g. 1011-5 x 1012 

pfu/ml). 

Expected yield: 50-200 pg of duoble stranded DNA. 

Preparation of single-stranded X13 DIA 

High purity single-stranded M13 DNA may be prepared from the 

filamentous phage liberated from infected cells into the growth 

medium (e. g. from the supernatent from step '3' above). 

1. Precipitate phage by addition of 0.2 volumes of 25% PEG 6000, 

2.5 X NaCl, followed by incubation on ice for 1 hour or 

overnight at 4'C. 

2. Spin down precipitate (e. g. 10,000 rpm, 10 minutes, 4'C, GSA 

rotor). 

3. Resuspend pellet in 10 ml of TE buffer. Phenol extract three 
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times, chloroform extract once. 

4. Ethanol precipitate DNA. Redissolve in TE buffer. 

Expected yield: approximately 1 mg of DNA per 200 ml culture (3 x 

loll phage particles contain 1 pg of single-stranded DNA). 

X13 minipreparation 

1. Take a single well isolated colourless plaque and add contents 

(slow-growing, recombinant infected cells) to 2 ml of EB. 

2. Incubate overnight at 37'C with shaking 

3. Proceed as from step '5' of the 'rapid, small-scale isolation 

of bacteriophage X DNA' protocol. This should yield 

approximately 5 µg of single-stranded DNA suitable for DNA 

sequencing. 

Supernatent from step '5' of this protocol may be used to 

give a high titre phage stock. The pellet from stage '5' 

above may be used to prepare double-stranded (RF) DNA using 

the 'medium size, quick plasmid preparation' protocol, scaled- 

down appropriately. 
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