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ABSTRACT

Metamorphosis is the critical link between the larval and adult forms in the

biphasic life cycle of many diverse metazoans. Metamorphosis in the marine gastropod

Phestilla sibogae is rapid (taking less than 24 hours) and results in a change in habitat

and feeding mode from larval facultative planktotrophs to benthic, carnivorous adults

feeding on the coral P. compressa. During metamorphosis larvae of P. sibogae lose

several structures such as the larval shell and operculum, the velum, larval kidney cells,

larval retractor muscles, nephrocysts, and foot glands. In addition, morphogenic changes

such as synthesis of the buccal mass and epidermal cell movement also occur during

metamorphosis. The goal of this dissertation was to elucidate mechanisms that regulate

metamorphosis in P. sibogae. A survey of agents with putative affects on transcription,

translation, and phosphorylation indicated that further investigation into the possible role

of transcription and translation in the progression of metamorphosis, and of

phosphorylation in both the induction and subsequent metamorphic response is

warranted. Pharmacological assays using transcription inhibitors to determine the

importance of gene expression before, during, and after metamorphosis in the marine

gastropod Phestilla sibogae indicated that no increase in the net rate of transcription

occurs during metamorphosis. However, changes that occur within the first 12 hours,

such as epidermal cells movement, degradation of larval musculature, and synthesis of

the buccal mass, plus completion of metamorphosis, and early juvenile development may

depend on de novo transcription. Additional approaches were necessary to measure

quantitative changes in specific transcripts during metamorphosis, and therefore cDNA

libraries were constructed and then a subtractive screen was performed to narrow the pool
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of possibly interesting candidate genes with a role in metamorphosis. Measurements by

Real Time RT-peR indicated that the relative abundance of a putative laminin receptor in

cDNAs isolated from a single metamorphosing larva was 8-fold greater than in an

individual competent larva. Together these studies add to the knowledge of what role

transcription plays during metamorphosis in P. sibogae.

vi



TABLE OF CONTENTS

Acknowledgements.. iii
Abstract v
List of Tables IX

List of Figures................................................................................. X

Chapter 1. A pharmacological search for mechanisms that have a role in
metamorphosis of a marine gastropod. .. . . . . .. . . . .. . .. . . . . . . . . . . . . . .. . . .. . . . 1

Introduction 1
Materials and Methods 5

Extent of metamorphosis , 5
Results 9

Transcription modulator........................................................ 9
Translation inhibitors........................................................... 9
Phosphorylation affectors. .. . . . . .. . . . . . . . . . .. . . . . . .. . . . . . . . . . . . . . . . . . . . . . .. .. ... 15
Mitosis inhibitor................................................................. 22
Nitric oxide synthase inhibitor................................................ 22

Discussion. .. . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . .. . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . .. .. .. 25
Transcription..................................................................... 27
Translation........................................................................ 27
Phosphorylation. .. .. . . . . . . . .. . . . . . . . .. . . .. . . . . . . . .. . . . . . . .. . . . . . . . . . . . . . .. . . 29
Mitosis..... 31
Nitric oxide synthase............................................................ 32

Chapter 2. The role of transcription during metamorphosis in the marine gastropod
Phestilla sibogae 34

Introduction 34
Materials and Methods.............................................................. 39

Larval culture.. 39
Net rate of uptake and transcription assays.................................. 39
Percentage metamorphosis assays 41
Metamorphic progression assays.............................................. 42
Net rate of oxygen utilization.................................................. 43

Results '" 43
Net rate of uptake 43
Net rate of transcription.................................................... 45
Metamorphosis assays... .. . . .. . . . .. .. .. .. . . . . . .. . . . . . . . . .. . . . .. . . . . . . .. . . .. . . .. 48
Metamorphic progression 54
Net rate of oxygen utilization.................................................. 56

Discussion............................................................................. 56
Progression and completion of metamorphosis............................. 59
Initiation of juvenile development............................................ 65

Chapter 3. cDNA libraries and subtraction screening................................... 67
Introduction... .. .. .. . .. .. .. .. . .. .. .. .. .. .. .. .. .. . .. .. .. . .. .. . .. .. . .. .. . .. . .. .. .. .. 67
Materials and Methods 69
Results 77
Discussion............................................................................. 87

vii



Chapter 4. Metamorphosis in a gastropod mollusc: quantitative evidence for changes
in transcript abundance identified by subtraction hybridization.......... 92

Introduction 92
Materials and Methods 97
Results " .. .. .. .. .. .. .. .. . .. .. .. . . . .. .. .. .. . .. . .. .. . . .. .. .. .. . .. . . .. .. . .. . 102
Discussion............................................................................. 108

Appendix....................................................................................... 1I2
References...................................................................................... 142

viii



Table

Table 1.1

Table 2.1

Table 3.1

Table 3.2

LIST OF TABLES

Page

Compounds tested for effects on metamorphosis 7

Timing of metamorphic progression 55

Yield and purity of RNA isolated for cDNA libraries 70

Titers of 3 cDNA libraries 78

Table 3.3A Competent cDNA library clones 80

Table 3.3B Competent cDNA subtraction clones 82

Table 3.3C Metamorphosing cDNA subtraction clones 84

Table 4.1 Competent cDNA library clones....................................... 103

Table 4.2 Metamorphosing cDNA subtraction clones 104

ix



Figure

LIST OF FIGURES

Page

Fig. 1.1. The effect of retinoic acid on the percentage metamorphosing...... 10

Fig. 1.2 The effect of anisomycin on the percentage metamorphosing........ 12

Fig. 1.3 The effect of cycloheximide on the percentage metamorphosing .... 13

Fig. 1.4 The effect of emetine on the percentage metamorphosing. .. . . . . . . . . . 14

Fig. 1.5 The effect of pactamycin on the percentage metamorphosing..... ... 16

Fig. 1.6 The effect of puromycin on the percentage metamorphosing 17

Fig. 1.7 The effect of quercetin on the percentage metamorphosing 18

Fig. 1.8 The effect of sodium orthovanadate on the percentage
metamorphosing. .. .. . . . . . . . . . . . . . .. . . . . . . . .. . . . . . . . . . . .. . . . . . . . . . . . . . .. . . . .. 20

Fig. 1.9 The effect of staurosporine on the percentage metamorphosing 21

Fig. 1.10 The effect of tyrphostin on the percentage metamorphosing. .. . . . . . .. 23

Fig. 1.11 The effect of colchicine on the percentage metamorphosing. . .. . . . ... 24

Fig. 1.12 The effect of aminoguanidine hemisulfate on the percentage
metamorphosing " .. .. . . . . . . . .. . . . . . . . .. .. . . . . . . . . .. . . . .. . . . .. . . . 26

Fig. 2.1 Net rate of uptake of tritiated uridine 44

Fig. 2.2 Net transcription rate 46

Fig.2.3 Integrated 8-hour net rate of transcription 47

Fig. 2.4 The effect of transcription inhibition on metamorphosis 49

Fig. 2.5 The effect of DRB on the percentage metamorphosing................ 50

Fig. 2.6 The effect of Actinomycin D on the percentage metamorphosing .... 52

Fig.2.7 The effect of DRB on oxygen utilization 57

Fig.3.1 Agarose gels with total RNA isolated for cDNA libraries 71

x



Figure Page

Fig. 3.2 Hybrid oligo(dT) linker-primer 73

Fig. 3.3 cDNA synthesis flow chart 74

Fig. 3.4 pBluescript plasmid diagram 76

Fig. 3.5 Phestilla sibogae partial l6s sequence 79

Fig. 3.6 Metamorphosing cDNA clones............................................ 85

Fig. 3.7 Zinc-finger containing clone form the metamorphosing cDNA
subraction screen 86

Fig.4.1 Codon usage in Phestilla sibogae 106

Fig.4.2 Putative laminin receptor transcript quantitative analysis............. 107

xi



Chapter 1. A pharmacological search for mechanisms that have a role

in metamorphosis of a marine gastropod

Introduction

Developmentally competent larvae of the gastropod mollusc Phestilla sibogae are

induced to metamorphose by a soluble product from the coral Porites compressa

(Hadfield and Karlson, 1969; Hadfield, 1977; Hadfield and Pennington, 1990). Receipt

of the metamorphic cue occurs at the apical sensory "organs (Hadfield et aI., 2000). The

neurotransmitters serotonin and dopamine are involved in the induction of

metamorphosis downstream of receipt of the metamorphic cue (Kempf et aI., 1997; Pires

et aI., 1997; Pires et aI., 2000). Additional regulatory mechanisms underlying

metamorphosis in P. sibogae are "poorly understood. In the present study, a

pharmacological approach was employed to search for evidence of additional regulatory

mechanisms at the level of transcription, protein synthesis, protein phosphorylation,

mitosis, and the nitric oxide pathway.

Due to its effects on morphogenesis in other aquatic invertebrates (Holland and

Holland, 1996; Irnsiecke et aI., 1994), the transcription modulator retinoic acid was tested

to see if it would either inhibit or enhance metamorphosis in P. sibogae. Retinoic acid

binds to retinoic-acid receptors, which regulate gene expression and thus modulate

growth and differentiation (Leid et aI., 1992). Retinoic acid inhibits adhesion, motility,

and growth of melanin-synthesizing cells, can cause epidermal cell separation, induces



differentiation of neural tumor cells, and induces apoptosis in some cancer cells (Thaller

and Eichele, 1990; Leid et aI., 1992).

Five pharmacological agents with putative affects on translation were tested to see

if inhibiting protein synthesis would inhibit metamorphosis in P. sibogae: anisomycin,

cycloheximide, emetine, pactamycin, and puromycin. Anisomycin inhibits protein

synthesis at the translocation step (Budavari, 1989). Anisomycin also activates protein

kinases in mammalian cells, and induces apoptosis in some human cells (Kochi and

Collier, 1993; Kyriakis et aI., 1994). Cycloheximide inhibits protein synthesis in

eukaryotes, but not in prokaryotes, by interfering with the translocation step (Obrig et aI.,

1971), and triggers apoptosis in some mammalian cells (Chow et aI., 1995).

Emetine inhibits the movement of ribosomes along messenger ribonucleic acid (mRNA),

and therefore irreversibly blocks protein synthesis (Schweighoffer et aI., 1991).

Pactamycin inhibits translation by blocking the binding of initiator transfer RNA (tRNA)

to the ribosomal complex (Cohen et aI., 1969). Puromycin causes premature chain

termination during translation, and deoxynucleic acid (DNA) fragmentation in some

human cells (Budavari, 1989; Chow et al., 1995).

Signal transduction is often regulated by phosphorylation and dephosphorylation

of proteins such as enzymes (Campbell and Reece, 2002). For example, protein tyrosine

kinases mediate the transduction and processing of many extra- and intracellular signals

critical in regulating cell growth and differentiation (Campbell and Reece, 2002). The

affects of 4 drugs with putative affects on phosphorylation were tested to see if inhibiting

phosphorylation or dephosphorylation would inhibit metamorphosis in P. sibogae: the

kinase inhibitors staurosporine, tyrphostin, and quercetin, and the phosphatase inhibitor
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sodium orthovanadate. Staurosporine inhibits protein kinase A, C, G, and calmodulin

kinase (Budavari, 1989). Staurosporine also induces apoptosis, and arrests cells at the G1

checkpoint during the cell cycle (Bruno et aI., 1992; Couidwell et aI., 1994). Tyrphostin

is a tyrosine kinase inhibitor, and an epidermal-growth-factor-receptor tyrosine kinase

inhibitor (Yaish et al., 1988; Bilder et aI., 1991). Tyrphostins also induce apoptosis in

some human cell lines (Bergamaschi et al., 1993). Quercetin is both a protein kinase C

inhibitor and a phospholipase A inhibitor, and has been reported to induce apoptosis in

tumor cell lines (Gschwendt et aI., 1983; Matter et aI., 1992; Wei et aI., 1995). In

addition, several studies with marine invertebrates have used quercetin to regulate

calcium concentrations by inhibiting ATPase. Sodium orthovanadate is a broad-spectrum

protein tyrosine phosphatase inhibitor (Swarup et aI., 1982; Huyer et aI., 1997). In

addition, sodium orthovanadate inhibits sodium- potassium ATPase (Hunke et aI., 1995).

Colchicine inhibits mitosis by disrupting microtubules and inhibiting tubulin

polymerization, colchicine also induces apoptosis (Salmon et aI., 1984; Bonfoco et aI.,

1995; Lindenboim et aI., 1995). Previous work with larvae of Phestilla sibogae indicated

that exposures to 25 f.lM, 250 f.lM, and 2.5 mM reduced metamorphosis to 75, 60, and 15

percent of controls, respectively (Bonar, 1973). Because these results were reported as

preliminary, we also tested colchicine for affects on metamorphosis to see if inhibiting

mitosis would inhibit metamorphosis in P. sibogae.

The nitric oxide synthase (NOS) inhibitor arninoguanidine hemisulfate was tested

to see if the production of nitric oxide was necessary for metamorphosis in P. sibogae.

Aminoguanidine hemisulfate inhibits both the constitutive and inducible NOS enzyme

activities in mammals (Laszlo et ai, 1995).
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Except for experiments with retinoic acid, four criteria were used to determine

whether a given drug affected metamorphosis without toxicity. (1) The first criterion was

that the concentrations of pharmacological agent used be within the range or less than

concentrations used in studies on other marine invertebrates. This helped insure that

concentrations used were unlikely to be toxic to larvae of P. sibogae. (2) The second

criterion required a significant decrease at 24 hours in the percentage metamorphosis in

the drug and metamorphic inducer treatments compared to the metamorphic inducer

controls. Alternatively, if there was no significant difference in the percentage

metamorphosis, 100 percent of the larvae undergoing metamorphosis in the presence of

the drug within 24 hours did not progress as far as larvae exposed to the metamorphic

inducer alone. (3) The third criterion was that the metamorphic responses to the

metamorphic inducer plus the pharmacological agent at 24 hours significantly decreased

with increasing drug concentration. This requirement of a dose-dependent response

added support that the pharmacological agent was working in a specific manner. (4) The

fourth criterion was applied in cases where a chronic 48-hour exposure was lethal. In

these cases, the results of a rescue determined whether toxic effects caused the decrease

in the percentage metamorphosis seen at 24 hours. If changing the solution from the

metamorphic inducer plus the drug to filtered seawater at 24 hours resulted in 100%

survivorship at 48 hours, then I concluded that the decrease seen at 24 hours was not due

to toxic effects. If deaths at 48 hours could not be prevented by such a rescue, the

concentration was considered toxic, and any affects seen at 24 hours were discounted.

Past studies have exposed metamorphosing larvae of marine molluscs to solutions

of pharmacological inhibitors with known affects in mammalian systems (Morse et aI.,
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1979; Morse et aI., 1980; Baloun and Morse, 1984; Coon and Bonar, 1986; Trapido

Rosenthal and Morse, 1986; Baxter and Morse, 1987; Bonar et aI., 1990; Fenteany and

Morse, 1993; Pires and Hadfield, 1993; Couper and Leise, 1996; Pires et aI., 1997;

Froggett and Leise, 1999; Pechenick et aI., 2002, Koon and Bonar). Caution must be

used in interpreting experiments of this nature, especially when the affects on the putative

site of action are not measured. I used results from these experiments to give an

indication of possible areas for future investigation.

Materials and Methods

Extent ofMetamorphosis

Larvae were obtained from populations of Phestilla sibogae maintained at the

Kewalo Marine Laboratory, University of Hawaii as previously described (Hadfield and

Scheuer, 1985; Pires and Hadfield, 1991). The metamorphic inducer (CI) was prepared

by soaking pieces of the coral Porites compressa in 0.22 11M filtered seawater (FSW) for

approximately 24 hours. The coral-conditioned seawater was then passed through a

paper cone filter. In all assays, metamorphosis was measured as the percentage of

competent larvae of P. sibogae that discarded their shells and velum after appropriate

exposure to CI containing a range of concentrations of the pharmacological agent being

tested, or the appropriate controls (CI only, and FSW only). The assignment of a

developmental stage to the metamorphosing larvae was based on previously defined

groupings (Bonar and Hadfield, 1974). For each treatment 990 I.d. of solution was added
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to four 2-ml. cell-culture wells, and 10 Itl of FSW containing approximately 20 larvae of

P. sibogae were added to each well.

Past studies exposing amphioxus for 12-hours to 10 nM to 10~ retinoic acid

resulted in concentration-dependent perturbations of larval morphogenesis (Holland and

Holland, 1996). In freshwater sponges exposure to 2~ retinoic acid interfered with

morphogenesis (Imsiecke et al., 1994). To test the affect ofretinoic acid (RA) on

metamorphosis, larvae of P. sibogae were exposed to one of 4 treatments: full-strength

coral inducer, 2 nM RA in filtered seawater, a suboptimal coral inducer for 1 hour

replaced with FSW, a suboptimal coral inducer for 1 hour replaced with 2 nM RA in

FSW. Because full strength coral inducer results in greater than 90% metamorphosis,

any enhancement of metamorphosis caused by the addition of RA was not detectable,

therefore larvae were exposed to a suboptimal coral inducer.

In addition to retinoic acid, eleven other pharmacological agents were tested for

their affect on metamorphosis in Phestilla sibogae. The putative affects of these reagents

are shown in Table 1. Larvae were exposed to FSW containing a range of concentrations

of the pharmacological agent being tested to see if the drug induced metamorphosis in the

absence of CI. Exposure time was either 24 or 48 hours. Under normal conditions,

metamorphosis is completed well within 24 hours of initial exposure to coral inducer (the

positive control), but in all treatments larvae were also exposed for an additional 24 hours

(for a total of 48 hours) to detect toxic effects that may have been a factor in any decrease

in metamorphosis seen at 24 hours. For each treatment half of the replicates were

rescued at hour 24 by replacing the original solution with FSW. In all cases, the

percentage metamorphosis was observed at 24 hours, and, except for tests with quercetin,
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Table 1.1. Compounds tested for effects on metamorphosis of larvae of PhestilJa
sibogae and their putative activity.

Compound affecting transcription Activity
Retinoic Acid Modulates transcription after binding

to retino;c acid receptors
Compounds affecting translation

Anisomycin Inhibits elongation during protein
synthesis

Cyclohexamide Interacts with the translocase
enzyme, interfering with the
translocation step of protein
svnthesis

Emetine Inhibits the movement of ribosomes
along the mRNA & irreversibly
blocks protein synthesis.

Pactamycin Blocks the binding of initiator tRNA
to the initiator complex

Puromycin Causes premature chain termination
Compounds affecting phosphorylation

Quercetin Protein Kinase C inhibitor
Sodium Orthovanadate Protein Tyrosine Phosphatase

inhibitor. Also inhibits NaiK ATPase
Staurosporine Protein Kinase A1C/G & Cam Kinase

inhibitor.
Tryphostin A23 Tyrosine kinase and EGF receptor

tyrosine kinase inhibitor. Binds to
the substrate bindino site.

Compound affecting mitosis
Colchicine Disrupts microtubules and inhibits

tubulin polymerization
Compound affecting the Nitric Oxide
pathway

Aminoguanidine Irreversibly inhibits both constitutive
and inducible nitric oxide synthase
enzymes
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again at 48 hours. Significant differences in the arcsine-transformed percentage

metamorphosis were evaluated by ANOVA statistical tests. Only significant differences

are reported and discussed in this paper. The following pharmacological agents are light

sensitive, and therefore all experiments with these drugs were light-protected: retinoic

acid, emetine, pactamycin, staurosporine, tyrphostin, quercetin, and colchicine.

In all experiments, concentrations of pharmacological agent used were within the

range or less than concentrations used in studies on other marine invertebrates. For

experiments with translation inhibitors larvae of P. sibogae were exposed to 100 nM to

500 nM anisomycin, or 100 11M to 500 11M cycloheximide, or 50 nM to 500 nM emetine,

or 10 11M to 250 11M puromycin, consistent with concentrations used in similar studies on

marine-invertebrate development (e.g., Haliotis rufescens, Fenteany and Morse, 1993).

Because of the difficulty in obtaining the translation inhibitor pactamycin, no previous

studies with marine invertebrates have used this pharmacological agent. However,

Crawford et al. (1973) used 35 mM to block protein synthesis in embryos of the fish

Fundulus heteroclitus. Larvae of P. sibogae were exposed to 10 nM to 50 nM

pactamycin. For experiments testing the affect of kinase inhibitors on metamorphosis

larvae were exposed to 20 nM to 50 nM staurosporine, or 10 11M to 100 11M tyrphostin,

or 10 11M to 200 11M quercetin. For experiments testing the affect of the phosphatase

inhibitor, larvae ofP. sibogae were exposed to 100 11M to 300 11M sodium orthovanadate.

The concentrations of kinase and phosphatase inhibitors used were consistent with

concentrations used in similar studies on marine-invertebrate development (e.g.,

staurosporine: Balanus amphitritie, Yamamoto et aI., 1995; tyrphostin: Sicyonia ingentis,

Lindsay and Clark, 1994 and Lytechinus pictus, Shen et aI., 1999; quercetin:
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Hemicentrotus pulcherrimus. Fujiwara et al., 1990 and Arbacia punctu!ata, Eckberg and

Perotti, 1983 and Leptogorgia virguJata, Kingsley and Watabe, 1985; sodium

orthovanadate: Actinopyga agassizi, Trotter and Chino, 1997) The mitosis inhibitor

colchicine was tested at concentrations (250 11M to 3 mM) consistent with those used

previously with larvae of P. sibogae (Bonar, 1973), and with other marine invertebrate

larvae (e.g., Pomatoceros lamarckii, Wilson et aI., 2002 and Mytilus edulis, McFadzen et

aI., 2000). Although previous experiments with a NOS inhibitor exposed larvae of P.

sibogae to 0.1 mM aminoguanidine hemisulfate for 4 days (Boudko and Hadfield, 19??),

in these experiments we exposed larvae for a shorter duration (24 or 48 hours) to

concentrations from ImM to 3 mM.

Results

Transcription modulator

In the retinoic acid (RA) assays, after 24 hours of exposure, greater than 90% of

the larvae metamorphosed in the coral inducer treatment (Figure 1). However, RA alone

did not induce metamorphosis (Figure 1). At 24 hours a significantly greater percent of

larvae that had been exposed to 2 nM RA after a I-hour exposure to a suboptimal

concentration of coral inducer (CI) metamorphosed when compared to larvae that were

only exposed for 1 hour to a suboptimal concentration of CI (Figure 1).

Translation Inhibitors

Anisomycin. At 24 hours a significantly lower percentage of larvae exposed to

coral inducer plus anisomycin metamorphosed compared to those larvae exposed to CI
9



_ Full Strength CI
E:ZZI 2 nM Retinolc Acid
[=:] 1 Hr 40% CI replaced by FSW
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Figure 1.1 Phestilla sibogae. The effect of retinoic acid (RA) on the percentage
metamorphosing. Variable numbers of competent larvae were exposed to 2 nM RA in filtered
seawater (FSW). Larvae were also exposed to full strength and 40% coral inducer (CI). The
percentage of larvae metamorphosing at 24 hours after initial exposure is shown as the mean
percentage metamorphosing + SE.
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alone for 24 hours (Figure 2). There was a significant decrease in the percentage

metamorphosing in larvae exposed to 250 nM and 400 nM anisomycin plus coral inducer

(Figure 2). At 48 hours in both the chronic exposure and rescued treatment 500 nM

anisomycin larvae died (Figure 2). In addition, unlike the CI positive control treatments,

100 percent of the metamorphosing larvae exposed to anisomycin plus CI did not develop

to stage G by 24 hours (Figure 2). A 24-hour exposure to anisomycin alone did not

induce metamorphosis, however a 24-hour exposure to 250 nM anisomycin that was

replaced with filtered seawater (FSW) resulted in a significant induction of

metamorphosis (Figure 2).

Cycloheximide. A 24-hour exposure of 100 nM cycloheximide resulted in a

significant decrease in the percentage metamorphosis compared to larvae exposed to CI

alone for 24 hours, however, there was no decrease in the percentage metamorphosis with

each increase in drug concentration (Figure 3). Some of the larvae exposed to both the

CI and cycloheximide only attained stage F by 24 hours (Figure 3). Cycloheximide alone

did not induce metamorphosis (Figure 3).

Emetine. When larvae were exposed to CI plus emetine, all concentrations

caused a decrease in the metamorphic response compared to treatments exposed to coral

inducer alone for 24 hours (Figure 4). In the presence of coral inducer there was a

decrease in percentage metamorphosis at 24 hours with an increase in emetine

concentration from 50 nM to 350 nM (Figure 4). In addition, unlike the CI positive

control treatments, 100 percent of the metamorphosing larvae exposed to emetine plus CI

did not develop to stage G by 24 hours (Figure 4). The 24 hour metamorphic response to

500 nM emetine plus CI was significantly greater than treatments exposed to 350 nM

11
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Figure 1.2. Phestilla sibogae. The effect of anisomycin on the percentage metamorphosing.
Variable numbers of competent larvae were exposed to a range of concentrations of anisomycin
(100nM, 250nM, 400nM, 500nM) in either coral inducer (CI) or filtered seawater (FSW). For each
treatment half of the replicates were rescued at hour 24 by replacing the original solution with
FSW (gray and hatched bars). The percentage of larvae in the stages labeled above the vertical
bars at 24 and 48 hours after initial exposure is shown as the mean percentage metamorphosing
+ SE.
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Figure 1.4. Phestilfa sibogae. The effect of emetine on the percentage metamorphosing.
Variable numbers of competent larvae were exposed to a range of concentrations of emetine (50
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L4



emetine plus coral inducer for 48 hours died, changing the solution to FSW at 24 hours

prevented the larvae from dying. After 48 hours, larvae exposed to 500 nM emetine in

coral inducer were dead, even if the emetine solution was removed at 24 hours (Figure 4).

Exposure to 250 nM emetine induced a low, but significant percentage of metamorphosis

compared to the treatments exposed to FSW alone (Figure 4).

Pactamycin. Concentrations of pactamycin greater than 10 nM caused a decrease

in the metamorphic response to CI at 24 hour hours compared to larvae exposed to CI

alone (Figure 5). There was a significant decrease in the percentage metamorphosis at 24

hours with increasing concentration of pactamycin (Figure 5). In addition, some of the

larvae exposed to both the CI and pactamycin progressed to stage F by 24 hours, but not

stage G (Figure 5).

Puromycin. Puromycin concentrations of 100 flM and 250 flM in coral inducer

caused a significant decrease in the percentage metamorphosis at 24 hours compared to

larvae exposed to CI alone (Figure 6). In addition, none of the larvae exposed to

puromycin plus coral inducer developed to stage G by 24 hours (Figure 6). However, at

250 flM the larvae at stage E were dead (Figure 6). There was a significant decrease in

percentage metamorphosis with increasing concentration of puromycin (Figure 6).

Phosphorylation Affectors

Quercetin. There was a significant decrease in the percentage of metamorphosing

larvae at 24 hours when larvae were exposed to both 100 flM and 200 flM quercetin plus

CI compared to larvae exposed to CI alone (Figure 7). In addition, none of the larvae
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Figure 1.5. Phestilla sibogae. The effect of pactamycin on the percentage metamorphosing.
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exposed to 100 J.lM quercetin plus CI developed to stage G by 24 hours, however this was

not the case for larvae exposed to 200 flM Quercetin plus CI (Figure 7). There was

no dose response seen in larvae exposed to 10 J.lM to 200 J.lM quercetin plus CI (Figure

7). At 200 flM plus CI, any larvae that had not metamorphosed by 24 hours were dead

(Figure 7).

Sodium Orthovanadate. At all concentrations tested, 100 J.lM to 300 !AM, sodium

orthovanadate in the presence of CI resulted in a significant decrease in the 24-hour

percentage metamorphosis when compared to larvae exposed to CI alone (Figure 8).

There was a significant decrease in the 24 hour response with an increase in drug

concentration from 100 J.lM to 250 flM (Figure 8). In addition, none of the larvae

exposed to sodium orthovanadate plus CI developed to stage G by 24 hours (Figure 8). A

48-hour exposure to either 250 flM or 300 J.lM sodium orthovanadate killed the larvae, a

result that was not altered by transferring the larvae to FSW at 24 hours (Figure 8).

Staurosporine. At all concentrations tested, the kinase inhibitor staurosporine in

the presence of CI, resulted in a significant decrease in the percentage metamorphosis at

24-hour when compared to larvae exposed to CI alone (Figure 9). In addition, there was

a significant decrease in the percentage of larvae initiating metamorphosis by 24 hours

with an increase in concentration of staurosporine plus CI, and none exposed to any

concentration of staurosporine plus CI reached stage G by 24 hours (Figure 9). At the

highest concentration tested, 50 nM, no metamorphosis occurred; at 48 hours the larvae

were all still alive (Figure 9).
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Figure 1.9. Phestilla sibogae. The effect of staurosporine on the percentage metamorphosing.
Variable numbers of competent larvae were exposed to a range of concentrations of
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Tyrphostin. At all concentrations tested, the 24-hour response to Tyrphostin plus

CI was significantly less than to CI alone (Figure 10). From 10 flM to 75 flM, there was

a progressive decrease in the 24-hour percentage metamorphosis in the presence of CI

(Figure 10). At both 75 flM and 100 flM plus CI the 24-hour metamorphic response was

not significantly different than the response in larvae exposed to FSW (Figure 10). At 50

flM and above, none of the larvae exposed to tyrphostin plus CI developed to stage G by

24 hours (Figure 10). At 100 flM plus CI a 48-hour exposure caused some deaths, but a

24-hour rescue prevented lethality at 48 hours (Figure 10). When rescued at 24 hours,

100 flM tyrphostin alone caused a significantly higher metamorphic response compared

to larvae exposed to FSW and then rescued at 24 hours (Figure 10).

Mitosis Inhibitor

Colchicine. Concentrations from 500 flM to 3 mM colchicine in the presence of

CI resulted in a decrease in the percentage of larvae that metamorphosed by 24-hours

compared to treatments exposed to CI alone (Figure 11). There was a decrease in the 24-

hour metamorphic response with increasing drug concentration, from 250 flM to 3 mM

colchicine in the presence of CI (Figure 11). In addition, none of the larvae exposed to

colchicine plus CI developed to stage G by 24 hours (Figure 11). Exposure to 3 mM plus

CI resulted in death by 24 hours, and whether or not the larvae were rescued at 24 hours,

resulted in death at 48 hours (Figure 11).

Nitric Oxide Synthase Inhibitor

Aminoguanidine Hemisulfate. There was a decrease in the percentage of larvae

exposed to 3 mM aminoguanidine hemisulfate plus CI that metamorphosed at 24 hours
22
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Figure 1.10. Phestilla sibogae. The effect of tyrphostin on the percentage metamorphosing.
Variable numbers of competent larvae were exposed to a range of concentrations of tyrphostin
(10 J..lM, 50 J..lM, 75 J..lM, 100 J..lM) in either coral inducer (CI) or filtered seawater (FSW). For each
treatment half of the replicates were rescued at hour 24 by replacing the original solution with
FSW (gray and hatched bars). The percentage of larvae in the stages labeled above the vertical
bars at 24 and 48 hours after initial exposure is shown as the mean percentage metamorphosing
+ SE.
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Figure 1.11. Phestilla sibogae. The effect of colchicine on the percentage metamorphosing.
Variable numbers of competent larvae were exposed to a range of concentrations of colchicine
(250 IlM, 500 IlM, 1 mM, 3 mM) in either coral inducer (CI) or filtered seawater (FSW). For each
treatment half of the replicates were rescued at hour 24 by replacing the original solution with
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+ SE.
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compared to larvae in the CI only treatments (Figure 12). There was a decrease in the

percentage of larvae that metamorphosed by 24-hours between 2 mM and 3 mM plus CI

(Figure 12). At 2 mM and 3 mM none of the larvae exposed to aminoguanidine

hemisulfate plus CI developed to stage G by 24 hours (Figure 12). A 48-hour exposure

to 3 mM aminoguanidine hemisulfate plus CI caused some deaths, but the rescue

treatment prevented lethality at 48 hours (Figure 12).

Discussion

Caution must be used in the analysis of experiments when whole larvae are

exposed to bath-applied pharmacological agents, especially when the process-specific

putative affects are not measured in the exposed animals. The risk of toxic effects is a

concern. To help insure that any effects that were considered valid were not due to

toxicity or non-specific effects, the results of each experiment had to pass four criteria

before they were considered useful in drawing conclusions. The possibility that the

pharmacological agents tested were affecting processes that are not specific to the

reported action of the drug must be acknowledged. In addition, it is possible that the

drugs were unable to affect their putative targets due to their inability to penetrate the

cells of P. sibogae (Pennington and Hadfield, 1989; Fenteany and Morse, 1993). For the

sake of analysis, in this discussion, we assume each pharmacological agent was affecting

its specific putative target/s, unless otherwise stated.

25



80
C)
c'en
0
~

a. 60...
0
E
<U-Q)

~ 40
~0

20

c::::::J A - 24 Hr.
[SSSl A· 48 Hr. not Rescued
_ B·24Hr
f;x,(i¥J B· 48 Hr Rescued

1>-..-1rn_M 2_mM 3m_M 1 1_
1
_rn_M__2_rn_M__3_rn_

M---Jl CI FSW

In CI InFSW

Treatment

Figure 1.12. Phestilla sibogae. The effect of aminoguanidine hemisulfate on the percentage
metamorphosing. Variable numbers of competent larvae were exposed to a range of
concentrations of aminoguanidine hemisulfate (1 mM, 2 mM, 3 mM) in either coral inducer (CI) or
filtered seawater (FSW). For each treatment half of the replicates were rescued at hour 24 by
replacing the original solution with FSW (gray and hatched bars). The percentage of larvae in the
stages labeled above the vertical bars at 24 and 48 hours after initial exposure is shown as the
mean percentage metamorphosing + SE.
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Transcription

Exposure of larvae of P. sibogae to the transcription modulator retinoic acid after

exposure to suboptimal cr, enhanced the metamorphic response. By itself, retinoic acid

did not induce metamorphosis. These results are very different from results with

amphioxus embryos where the presence of retinoic acid can prevent larval mouth and

gill-slit formation (Holland and Holland, 1996), and freshwater sponges where retinoic

acid inhibits the formation of the aquiferous system (Imsiecke et aI., 1994). The

enhancement of the metamorphic response in larvae of P. sibogae suggests transcription

may playa role in metamorphosis downstream of the initial inductive process.

Translation

Of the five translation inhibitors tested, results from two (pactamycin, emetine)

suggest that inhibiting translation affects metamorphosis, one (cycloheximide) suggests

that inhibiting translation does not affect metamorphosis, and the results from two others

(anisomycin, puromycin) were inconclusive. None of the translation inhibitors tested

completely blocked the induction of metamorphosis, suggesting that de novo translation

does not have a role in the induction of metamorphosis.

The results with anisomycin were inconclusive. The complete block of induction

at the highest concentration tested was due to toxic effects since the 48 hour lethality was

not stopped with a rescue. Although lower concentrations of anisomycin caused a

decrease in metamorphic response, an inconsistent 24-hr dose response suggests these

results might be due to non-specific effects such as depressing respiration. The results in
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P. sibogae are very different from those with H. rufescens where exposure to 200 f.LM

anisomycin was not toxic, and did not inhibit larval settlement, but did completely block

subsequent metamorphic progression (Fenteany and Morse, 1993).

Cycloheximide had no effect on metamorphosing larvae of P. sibogae. Among

the range of concentrations of cycloheximide tested there was an inconsistent decrease in

the percentage metamorphosing when compared to larvae exposed only to CI. In

addition, there was no trend in the percentage metamorphosing with an increasing

concentration of cycloheximide. Results with H. rufescens indicated that cycloheximide

was unable to inhibit protein synthesis (Fenteany and Morse, 1993). Fenteany and Morse

(1993) suggest that cycloheximide may be unstable in seawater because of the alkaline

pH. However, assuming cycloheximide was inhibiting protein synthesis in P. sibogae,

considering the high concentrations of cycloheximide used in these experiments, the

results suggest translation may not have a role in metamorphosis.

A decrease in the percentage metamorphosis at 24 hours occurred when larvae

were exposed to emetine at all but the lowest concentration tested, and the

metamorphosing larvae did not progress beyond stage E. Perhaps metamorphosis was

halted at stage E because de novo translation is critical for metamorphosis to stage F, or

perhaps the metamorphic progression to stage E was slowed by the inhibition of de novo

translation. An increase in the 24-hr response between the two highest concentrations,

along with inability to stop lethality with a rescue suggested toxic, andlor non-specific

effects were occurring at the highest concentration tested. The results in P. sibogae are

similar to those with H. rufescens where exposure to 9 f.LM emetine was not toxic, and did

not inhibit larval settlement, but did completely block subsequent metamorphic
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progression (Fenteany and Morse, 1993). These results with P. sibogae suggest that

translation may have a role in the metamorphic response.

The decrease in the percentage of larvae of P. sibogae metamorphosing at 24

hours in the presence of greater than 10 nM pactamycin, and the dose response, suggest

that translation may have a role in metamorphosis. In addition, either the metamorphic

progression to stage G within the first 24 hours was either slowed or blocked by 50 nM

pactamycin. Pulse (as short as 15 minutes) exposures of F. heteroclitus embryos to

pactamycin also caused morphogenetic disturbances such as inhibition of cleavage,

suggesting that morphogenesis is also regulated by translation in these aquatic embryos

(Crawford et aI., 1973).

The results with puromycin were inconclusive. Although 100 JAM suppresses the

percentage metamorphosis at 24 hours, toxic effects occurred at 250 JAM. Results with H.

rtifescens indicated that Puromycin was unable to inhibit protein synthesis (Fenteany and

Morse,1993). However, concentrations between 100 ~M and 250 JAM should be tested

with P. sibogae to see if a decrease in percentage metamorphosing at 24 hours occurs

with increasing concentration.

Phosphorylation

The affects of two kinase inhibitors (staurosporine and tyrphostin) on

metamorphosis of larvae of P. sibogae suggest that protein activation by phosphorylation

may have a role in both the induction and subsequent progression of metamorphosis.

However, exposure of larvae to the kinase inhibitor quercetin had no effect on

metamorphosing larvae, indicating that inhibiting phosphorylation has no affect on
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metamorphosis. The results of assays with an inhibitor of dephosphorylation (sodium

orthovanadate) were inconclusive.

The kinase inhibitor quercetin had no effect on metamorphosing larvae. The

decrease in percentage metamorphosis only seen at the highest concentration tested was

due to toxicity. These results suggest that phosphorylation by protein kinase C may not

have a role in metamorphosis.

Although a decrease in the percentage of metamorphosing larvae occurred at

lower concentrations of sodium orthovanadate compared to larvae exposed to CI alone,

the results with the phosphorylation inhibitor sodium orthovanadate were inconclusive.

The increase in the 24-hr metamorphic response of larvae exposed to the two highest

concentrations of sodium orthovanadate suggest the results at the highest concentration

might be due to non-specific effects, and the inability to stop lethality with a rescue

suggested toxic effects were occurring at both concentrations. In addition, the death of

any larvae that had not undergone metamorphosis at 250 j.lM and 350 j.lM suggest non

specific effects on processes such as respiration. These results also suggest larvae that

were not induced to metamorphose were more sensitive to non-specific effects produced

by high concentrations of sodium orthovanadate.

The induction of metamorphosis was completely blocked by the highest

concentration of staurosporine in the presence of coral inducer, suggesting that

phosphorylation by protein kinases A, C, G and calmodulin kinases may have a role in

the induction of metamorphosis in P. sibogae. Similarly, induction of metamorphosis by

phorbol esters in cyprid larvae of B. amphitrite is inhibited by staurosporine (Yamamoto

et aI., 1995). The lower concentrations of staurosporine caused a decrease in the 24-hour
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metamorphic response in larvae of P. sibogae, and the metamorphosing larvae had not

progressed beyond stage E or stage F. These results suggest phosphorylation by protein

kinases A, C, G, and calmodulin kinases may be critical to the normal timing of the

progression of metamorphosis to stages E, or critical to the transition from stage E to

stage F, or critical to juvenile development from stage F to stage G.

The tryrosine kinase inhibitor tyrphostin blocked the induction of metamorphosis

at the two highest concentrations tested, suggesting phosphorylation by protein tyrosine

kinases have a role in the induction of metamorphosis. The block by the highest

concentration tested was not due to toxic effects since lethality by 48 hours is prevented

with a rescue. A decrease in the 24-hour metamorphic response occurred in the presence

of lower concentrations of tyrphostin, and the larvae did not progress to stage F or G,

depending on the concentration of tyrphostin. These results suggest phosphorylation by

protein tyrosine kinases may also have a role in the normal timing of the progression of

metamorphosis to stages E, or in the transition from stage E to stage F, or in juvenile

development from stage F to stage G.

Mitosis

Assays with the mitosis inhibitor colchicine suggest that inhibiting mitosis affects

the metamorphic progression, but does not block the induction of metamorphosis. The

block seen at the highest concentration was due to toxic effects since the 48-hour lethality

could not be stopped with a rescue. A decrease in the 24-hour metamorphic response in

the presence of lower concentrations (500 IlM and 1 mM) of colchicine, and failure of the

larvae to progress to stage F or G, depending on the concentration of colchicine, suggest
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mitosis may be critical to the normal timing of the progression of metamorphosis to stage

E, or to the transition from stage E to stage F, or to juvenile development from stage F to

stage G. These results are similar to earlier results with P. sibogae showing a decrease in

percentage metamorphosis with increasing concentrations of colchicine, and an arrest of

postrnetamorphic development (Bonar, 1973).

Nitric Oxide Synthase

The results of applications of the NOS inhibitor aminoguanidine hemisulfate were

inconclusive. Although at the highest concentration tested, the metamorphic response

was decreased, there was a questionable dose response between the lower concentrations.

Future experiments using concentrations higher than 3 roM are needed to determine if

blocking the synthesis of nitric oxide synthase affects metamorphosis in larvae of P.

sibogae.

Seven of the pharmacological agents used have additional putative affects as

inducers of apoptosis in some mammalian cells: retinoic acid, anisomycin,

cycloheximide, staurosporine, tyrphostin, quercetin, and colchicine. One of these drugs

(retinoic acid) enhanced metamorphosis, three (staurosporine, tyrphostin, colchicine)

inhibited metamorphosis, two (cycloheximide, quercetin) had no effect on

metamorphosis, and larval responses to the remaining one (anisomycin) were

inconclusive. If apoptosis is critical to metamorphosis, we would expect drugs that

induce this process to enhance the metamorphic response, or at the very least, not to

inhibit it. However, it is possible that deleterious affects of inappropriate apoptosis
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caused an inhibition of metamorphosis. Therefore the results from these seven drugs

suggest that apoptosis may not playa role in metamorphosis of P. sibogae.

Further investigations into the roles of transcription, translation, phosphorylation,

mitosis, the nitric oxide synthase pathway, and apoptosis during metamorphosis in P.

sibogae are needed. Future studies combining pharmacological assays and measurements

of the mechanisms they affect in larvae of metamorphosing P. sibogae are warranted.

For example, measurements of the affects of retinoic acid on the levels of de novo

transcription, or measurements of the affects of translation inhibitors on the levels of de

novo translation would confirm or refute the effectiveness of these pharmacological

agents in metamorphosing larvae of P. sibogae. We suggest pursuing experiments with

retinoic acid, and with the pharmacological agents that completely blocked

metamorphosis and/or inhibited the metamorphic response: emetine, pactamycin,

staurosporine, tyrphostin, and colchicine.
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Chapter 2. The role of transcription during metamorphosis in the

marine gastropod PhestiUa sibogae

Introduction

Many benthic marine invertebrates have a biphasic life cycle consisting of a

swimming larval phase that undergoes a metamorphic transition to a bottom-dwelling

juvenile stage (Chia and Rice, 1978). Metamorphosis is a dramatic rearrangement of an

animal's body, and is often associated with a change in habitat, feeding mode, and a loss

of larval structures. One of the most critical steps in the life cycle of a benthic marine

invertebrate is its passage through metamorphosis as it abandons planktonic life and

assumes a benthic existence. Successful completion of metamorphosis and juvenile

development to the adult is required for sexual maturation, and thus survival of the

species.

Metamorphosis is common in a variety of metazoan groups including fish,

amphibians, terrestrial insects, and marine invertebrates. Classical studies on

metamorphosis have focused on the frog as the vertebrate model system, and on fruit flies

and moths as invertebrate model systems. Not surprisingly, the information gained from

these studies form most of the basis of our understanding of the metamorphic process in

animals. In these model systems metamorphosis occurs over an extended period of time

(days to weeks), and is controlled by hormone-responsive transcription factors (see

papers in Gilbert et. a\., 1996). The effects of these hormones are tissue specific and dose

dependent (Shi, 1996). For example, in the frog tadpole, when the hormone thyroxine is

present at low levels, the development of adult structures is stimulated but only at peak
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thyroxine levels does the resorption of larval structures (i.e., tail and gills) occur. This

resorption of larval structures can be prevented with transcription inhibitors (Fristrom,

1981). In both insects and amphibians, transcription is necessary for metamorphosis

(Tata, 1966).

Despite the superficial similarity of metamorphosis across animal phyla, the

underpinning physiological and genetic mechanisms are very different among animal

groups. In a 1978 paper, Hadfield suggested that we should not expect the processes that

control metamorphosis in larvae of many benthic marine invertebrates to be the same as

those processes that control metamorphosis in amphibians. In most benthic marine

invertebrates, metamorphosis is initiated by an exogenous cue as opposed to an

endogenous hormonal cue. A slow (sometimes taking months), dose-dependent and

tissue-specific response is often seen in the well studied model systems, as opposed to the

rapid (often less than 24 hours), all-or-none response in many marine invertebrate larvae.

Lastly, in insects and amphibians, the loss of larval structures and development of adult

structures often occur simultaneously. In many marine invertebrates the loss of larval

structures occurs during metamorphosis and is followed by development of the remaining

adult structures. In fact, much of the larva persists in juvenile structures. Given these

differences between metamorphosis in larvae of many benthic marine invertebrates and

model systems, it has been hypothesized that everything necessary for metamorphosis is

present in competent benthic-marine-invertebrate larvae, and therefore no new

transcription may be required once the inductive cue is received (Hadfield, 1998; 2000).

The life history and metamorphosis of the marine gastropod mollusc Phestilla

sibogae have been previously described (Bonar and Hadfield, 1974; Hadfield, 1978;

35



Miller & Hadfield, 1986). The larvae of P. sibogae attain metamorphic competence

when they are a minimum of 8 days old (raised at 25°C), meaning they are able to

metamorphose if they receive the correct cue. Changes that accompany development to

competency include development of the pedal mucous gland, enlargement and

condensation of pedal ganglia, and an increasingly noticeable presence of peripheral

nerve fibers (Bonar and Hadfield, 1974). The metamorphic cue is a soluble metabolite

from the coral Porites compressa, upon which adult P. sibogae feed (Hadfield and

Pennington, 1990). As in many other benthic marine invertebrates, metamorphosis in P.

sibogae is rapid (taking less than 24 hours) and results in a change in habitat and feeding

mode from larval facultative planktotrophs to benthic, carnivorous adults feeding on P.

compressa (Bonar and Hadfield, 1974; Harris, 1975).

The rapid rearrangement of larval tissues has been divided into stages that aid in

communication and comparison of P. sibogae development (Bonar and Hadfield, 1974).

In stage A the larva is not yet metamorphically competent, meaning it cannot be induced

to metamorphose, while in stage B the larva has attained metamorphic competence

(Bonar and Hadfield, 1974). After exposure to the metamorphic inducer, metamorphosis

begins as the Stage C larva attaches to the substratum, and due to loss of extracellular

adhesion, the ciliated velar cells falloff and are ingested (Bonar and Hadfield, 1974).

Soon after velar loss the right retractor muscle begins to dissolve, and the larval body

detaches from the shell. The visceral mass squeezes through the shell aperture freeing

the larva, which leaves behind the shell and operculum (stage D) (Bonar and Hadfield,

1974). Using Phalloidin to stain actin, Croll (pers. comm.) found that before the larva

leaves the shell, there are signs of buccal mass formation and breakdown of the right
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retractor muscle. In addition, within an hour of losing the shell, epidermis from the

lateral surfaces of the foot replaces the epidermal cell layer covering part of the visceral

mass, and the visceral hump flattens (stage E) (Bonar and Hadfield, 1974). By the end of

Stage E further muscle degeneration has occurred (Croll, pers. comm.). Additionallarval

structures that are lost during metamorphosis include the larval kidney cells and the

nephrocysts (Bonar and Hadfield, 1974).

During the transition from stage E to stage F the buccal mass continues to develop

and the retractor muscle cells dissolve (Croll, pers. comm.). In Stage F the larva has

completed metamorphosis. During stage F the early juvenile body flattens as the

digestive organs and nervous system are reoriented (Bonar and Hadfield, 1974; Kempf et

aI., 1992). Stages F and G are distinguished by body length; a stage F juvenile is stubby,

while a stage G juvenile is elongate (Bonar and Hadfield, 1974). During stages F and G

development of a new digestive system (Kempf et aI., 1992) and body wall musculature

occurs (Croll, pers. comm.). During stage G the enclosure of the epipodial epidermis

over the dorsal portion of the body is completed, and tentacles, rhinophores, cerata, and a

heart begin to develop (Bonar and Hadfield, 1974).

Metamorphosis, from the time of initial exposure to the coral inducer to

progression to Stage F can be completed in as little as 13 hours. Unlike the subsequent

juvenile development, an increase in the size of the larva does not occur during

metamorphosis. However, because cytological changes occur, I was interested in

determining if a molecular cascade underlies the events of metamorphosis in P. sibogae.

Few studies of benthic marine invertebrates have assessed the possible role of

RNA transcription in metamorphosis. Lambert (1971) found that in the tunicate Ascidia
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callosa RNA synthesis levels increase through metamorphosis. However, in the

polychaete Hydroides elegans, no changes in the net transcription rate were found during

metamorphosis (Carpizo-Ituarte and Hadfield, 2003). Although not marine, glochidia

larvae of the freshwater mussel Utterbackia imbecillis have high levels of RNA synthesis

during the first 4 days of metamorphosis as the larval adductor muscle degenerates and

the larval mantle cells form the mushroom body (Fisher and Dimock, 2002). In addition,

high levels of RNA synthesis were measured during the subsequent 3 days of

metamorphosis when juvenile structures such as digestive organs and nerve cords

developed (Fisher and Dimock, 2002). These data suggest that transcriptional activity

may playa role in metamorphosis of at least some molluscs. However, early preliminary

results indicated that larvae of P. sibogae were able to initiate and complete

metamorphosis in the presence of the transcription inhibitor Actinomycin D, and the

translation inhibitors Puromycin and Cycloheximide (Hadfield, 1978).

In this study, the issue of whether transcription has a role during metamorphosis

of P. sibogae was pursued by conducting experiments to answer the following 4

questions: 1) Do the transcription inhibitors 5,6-Dichloro-l-f3-D

ribofuranosylbenzimidazole (DRB) and Actinomycin D affect the percentage of larvae

that metamorphose? 2) Does DRB or Actinomycin D affect either the induction or

subsequent progression of metamorphosis? 3) Does the net rate of transcription change

upon the induction of metamorphosis? and 4) Does DRB affect the net rate of

transcription in metamorphosing larvae of P. sibogae?
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Materials and Methods

Larval Culture

Larvae were obtained from populations of Phestilla sibogae maintained at the

Kewalo Marine Laboratory, University of Hawaii as previously described (Hadfield and

Scheuer, 1985; Pires and Hadfield, 1991). Sterile metamorphic inducer (SCI) was

prepared by soaking pieces of the coral Porites compressa in 0.22 flM filtered seawater

(FSW) for approximately 24 hours. The coral-conditioned seawater was first passed

through a paper cone filter and then through a sterile 0.22flM Millipore® filter. Sterile

seawater (SSW) was prepared by passing FSW through an additional sterile 0.22flM

Millipore® filter. For each experiment, although larvae were added to sterile solutions,

the larvae contained their natural bacterial fauna, and therefore all experimental

conditions were axenic, but not sterile.

Net Rate of Uptake and Transcription Assays

Measurements of both the uptake and incorporation of tritiated uridine were made

at 0, 1,2,4,6,8, or 12 hours after initiation of the appropriate treatment. Uridine is an

RNA precursor, and therefore the amount of tritiated uridine incorporated into RNA over

time provides a measure of the net rate of transcription. Measurements of the amount of

tritiated uridine taken up were used to insure that any changes in incorporation rates were

not due to changes in the ability of larvae to absorb more or less uridine under different

experimental conditions.
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Ten to 50 precompetent or competent larvae were exposed to one of 4 treatments:

SCI, SCI plus 10 flM DRB, 10 flM DRB in SSW, or SSW. To reduce bacterial growth,

each solution contained 50 flgfml Gentamycin sulfate. At the appropriate time (0, 2, 4, 6,

8, or 12 hours after initiating the treatment), 0.5 flCi 3H-5,6-uridine (38 Ci/mM,

Amersham) was added for a 45 minute period, after which the larvae were plunged into

liquid nitrogen and stored at -70°C until processed. The sample processing protocol that

follows is a combination of methods published by Lambert (1971), Kroiher, et al., (1991),

and Fisher & Dimock (2002).

While thawing, the treated animals were spun at 13,000 X g for 10 minutes, and

the pellet was resuspended in 52 fll HEPES pH 7.1. The remaining radioactivity in the

medium was determined by analyzing a 1 fll sample diluted in 5 ml ScintiSafe 30%

(Fisher Scientific, Fairlawn, NJ) in a scintillation counter. The animals in the remaining

51 fll were sonicated (Branson Sonifier 450) in an ice bath until they had disintegrated.

A second 1fll sample was removed and analyzed for radioactivity as described. The

difference between the disintegrations per minute of the two samples is the uptake of 3H_

uridine into the animals per 45-minute period.

To evaluate the incorporation of uridine into nucleic acid polymers larger than

approximately 20 nucleotides (http://www.ambion.comltechlib/misc/tcapptn.htrnl).

trichloroacetic acid (TCA) precipitation was performed as follows. A 500 fll solution of

O.lmgfml bovine serum albumin and 0.02% Sodium Azide was added to the remaining

50fll of homogenate. Nucleic acids were then precipitated overnight at 4°C with TCA

(final concentration 10%). The precipitate was collected on glass-fiber filters (GF-A

Fisher Scientific, Fairlawn, NJ), washed 2 times with 10% TCA, and washed 2 times with
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100% ethanol. The filters were allowed to dry for a minimum of 30 minutes, added to 5

ml ScintiSafe 30% (Fisher Scientific, Fairlawn, NJ) and then analyzed for radioactivity

in a scintillation counter. Differences in net rates of uptake and incorporation within and

among treatments were evaluated by analyses of variance (ANOVA). For both

precompetent and competent larvae, ANDVAS were also used to detect differences

between the integrated averages for each treatment.

For the net rate of transcription assays, the percentage of individuals that

underwent metamorphosis was determined 24 hours after treatment in parallel cell

culture-plate voucher assays as explained below. All experiments were done in triplicate,

and differences in percent of larvae metamorphosing at 24 hours were detected by t-tests.

Percentage Metamorphosis Assays

Metamorphosis of competent P. sibogae was gauged as the percentage of larvae

that discarded their shells and velum after appropriate exposure to SCI containing a range

of concentrations of either 5,6-Dichloro-I-I3-D-ribofuranosylbenzimidazole (DRB) or

Actinomycin D, or the appropriate controls. The assignment of developmental stage of

the metamorphosing larvae was based on previously defined stages (Bonar and Hadfield,

1974). DRB inhibits messenger RNA (mRNA) synthesis by inhibiting RNA polymerase

II activity at the level of transcript elongation (Tarnm and Sehgal, 1978; Zandomeini et

aI., 1983; Yamaguchi et al., 1998). At low concentrations, Actinomycin D primarily

prevents ribosomal RNA elongation by complexing with DNA via deoxyguanosine

residues and inhibiting RNA polymerase I (ribosomal RNA, rRNA)(Iapalucci-Espinoza,

S. and M.T. Franze-Fernandez, 1979; Verheggen, C. et aI., 2000; Utama, B. et al., 2002).

41



At higher concentrations Actinomycin D also inhibits polymerases II and III, and

therefore mRNA and transfer RNA (tRNA) elongation (Sobell, 1985; Martin et aI., 1990;

Betzel et aI., 1993; Nakajima et aI., 1994; Wu et aI., 1994). Larvae of P. sibogae were

exposed to one of the following 14 treatments: 1) SSW only, 2) SCI only, 3) lO)1M DRB

in SSW, 4) 25 11M DRB in SSW, 5) 50 11M DRB in SSW, 6) SCI plus 1OI1M DRB, 7)

SCI plus 25 11M DRB, 8) SCI plus 50 11M DRB, 9) 111M Actinomycin D in SSW, 10) 5

11M Actinomycin D in SSW, 11) 8)1M Actinomycin D in SSW, 12) SCI plus I)1M

Actinomycin D, 13) SCI plus 5 11M Actinomycin D, 14) SCI plus 8 11M Actinomycin D.

Exposure time was either 24, or 48 hours. For each treatment half of the replicates were

rescued at hour 24 by replacing the original solution with SSW. In all cases the

percentage metamorphosis was observed at 24 hours, and again at 48 hours. Significant

differences in the arcsine-transformed percentage metamorphosis were evaluated by

ANDYA statistical tests.

Metamorphic Progression Assays

The progression of metamorphosis was followed in quadruplicate assays, each

with 30 to 60 larvae in 1 ml of either SCI, SCI plus 10 11M DRB, or SCI plus 1 11M

Actinomycin D, in 2.5 ml cell culture plates at approximately 24°C. Again, the

assignment of developmental stage of the metamorphosing larvae was based on

previously defined stages (Bonar and Hadfield, 1974). Significant differences in the

timing of metamorphic progression were determined with ANDYAs.
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Net Rate of Oxygen Utilization

The net rate of oxygen utilization was measured with a Rank Brothers Oxygen

Electode and recorded with a Kipp and Zonen BD40 chart recorder. The rate of oxygen

utilization in SCI without larvae, 10 IJM DRB in SCI without larvae, 10 larvae in SCI, or

10 larvae in 10 lAM DRB and SCI was observed for 4 hours. All rates were corrected for .

meter drift by subtracting the rate of oxygen utilization of SSW alone. In addition, the

rate of oxygen utilization by SCI alone was subtracted from the rate for SCI plus 10

larvae, and the SCI-plus-lO IJM-DRB rate was subtracted from the SCI- plus-IO 1JM

DRB-plus-10-larvae rate. The corrected net rates of decrease of oxygen levels for SCI

plus 10 larvae and SCI plus 10 IJM DRB plus 10 larvae were compared for the first hour

and for the subsequent 3 hours of each treatment, and significant differences in oxygen

utilization rates were detected with at-test.

Results

Net Rate of Uptake

For precompetent larvae, the net rate of uptake of tritiated uridine never varied

within and among the 4 treatments (SSW, 10 f.lM DRB, SCI, SCI plus 10 f.lM DRB) over

the first 12 hours during which measurements were made (Fig. 1). However, at 24 hours,

the net rate of uptake in precompetent larvae exposed to SCI was significantly greater

than all other uptake rates in precompetent larvae (P < 0.00005) The net rate of uptake in

competent larvae exposed to 10 f.lM DRB for 12 hours was significantly greater than all

other uptake rates in competent larvae (P < 0.00005). With the exception of this 12 hours
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Figure 2.1. Phestilla sibogae. Precompetent (A) and competent (B) larvae were exposed to
sterile sea water (SSW), sterile coral inducer (SCI), 10 JlM 5,6-Dichloro-1-~-D

ribofuranosylbenzimidazole (ORB), or SCI plus 10 11M ORB (SCI + ORB) starting at 0 hrs.
Tritiated uridine was taken up for 45 min. starting at the 5 indicated timepoints. The net rate of
uptake is expressed as disintegrations per minute (DPM) + 95% confidence interval. Variable
numbers of larvae were tested in each replicate, and therefore the rates were adjusted to
represent 1 larva.
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exposure to 10 11M DRB, in competent larvae the net rate of uptake never varied within

and among the 4 treatments (SSW, 10 11M DRB, SCI, SCI plus 10 11M DRB) (Figure I).

Net Rate of Transcription

The net rates of transcription (measured as incorporation) from the first five 45

minute periods (measured at 0,2,4,6, and 8 hours after initial exposure) for both

precompetent and competent larvae within each of 4 treatments were not significantly

different (Fig. 2). Metamorphosis is completed as quickly as 13 hours after initial

exposure to SCI. To insure that no juvenile animals were included in the analysis of the

net rate of uptake or transcription during metamorphosis, the integrated 8-hour rates were

used when comparing affects of the four treatments (SSW, IO~DRB, SCI, SCI plus

10 !1M DRB) on precompetent and competent larvae (Fig. 3). In addition,

metamorphosing larvae were not synchronous between experiments and among each

experimental replicate exposed to SCI, and therefore the integrated 8-hour net rate of

transcription was used.

For precompetent larvae, the average net rate of transcription in disintegrations

per minute (DPM) per 45 minutes per larva when exposed to IO 11M DRB (41) was

significantly less than when exposed to SSW alone (54) (P < 0.006) (Fig. 3). And in

competent larvae, the average net rate of transcription in SSW (72 DPMl45 min.llarva)

and in SCI (80 DPMl45 min.llarva), was significantly greater than in both 10 11M DRB

(15 DPMl45 min.llarva) and SCI plus 10 11M DRB (6 DPMl45 min.llarva) (P < 0.002)

(Fig.3). Comparisons within treatments between net rates of transcription of

precompetent and competent larvae indicated that the average net rate of transcription of
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Figure 2.2. Phestilla sibogae. Precompetent (A) and competent (B) larvae were exposed to
sterile sea water (SSW), sterile coral inducer (SCI), 10 ~M 5,6-Dichloro-1-p-D
ribofuranosylbenzimidazole (ORB), or SCI plus 10 ~M ORB (SCI + ORB) starting at 0 hrs.
Tritiated uridine was taken up for 45 min. starting at the 5 indicated timepoints. The net
transcription rate is expressed as the mean incorporation measured as disintegrations per minute
(DPM) + 95% confidence interval. Variable numbers of larvae were tested in each replicate, and
therefore the rates were adjusted to represent 1 larva.
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Figure 2.3. Phestilla sibogae. Precompetent (white bars) and competent (black bars) larvae
were exposed to sterile sea water (SSW), sterile coral inducer (SCI), 10 IlM 5,6-Dichloro-1-~-D

ribofuranosylbenzimidazole (ORB), or SCI plus 10 IlM ORB (SCI + ORB) starting at°hrs.
Tritiated uridine was taken up for 45 min. starting at 0, 2, 4, 6, and 8 hours after hour O. The net
incorporation rates are expressed as the mean over 8 hours measured as disintegrations per
minute (DPM) + 95% Confidence Interval. Variable numbers of larvae were tested in each
replicate, and therefore the rates were adjusted to represent 1 larva.
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competent larvae in SCI (80 DPMJ45 min./larva) was significantly greater than the net

rate of precompetent larvae in SCI (31 DPMJ45 min.llarva) (P < 0.02) (Fig. 3).

Metamorphosis Assays

When exposed to SCI for 24 hours, 69 percent of competent P. sibogae larvae

metamorphosed beyond Stages E and F to Stage G (Fig. 4). Exposures to SCI plus 10

IJM DRB for 24 hours blocked the induction of metamorphosis in greater than 40 percent

of the larvae (Fig. 4). Greater than 50 percent of the larvae exposed to SCI plus 10 IJM

DRB were induced to metamorphose, and there was a significant decrease in the percent

metamorphosis to Stage E (52% versus 84%) observed 24 hours after initial treatment (P

< 4e-8) (Fig. 4).

Additional experiments were conducted to test the effect of 24-hour and 48-hour

exposures of a range of concentrations of DRB on the percent metamorphosis of

competent larvae. In these experiments exposure to the SCI control for 24 hours caused

an average of 82 percent of competent larvae to metamorphose to Stages F and G by hour

24 (Fig. 5). For all treatments, at 24 hours larvae in half of the replicate wells were

rescued by changing the solution to SSW. Induction of metamorphosis was not blocked

when competent larvae were exposed to 10,25, or 50 J.lM DRB in the presence of SCI for

24 hours (Fig. 5). However, a significantly lower average percentage of larvae exposed

to 10, 25, or 50IJM DRB in SCI metamorphosed to Stage E (55%, 36%, 11%,

respectively) in 24 hours compared to larvae in SCI (83%) (P < 4e-5) (Fig. 5). The 24

hour average metamorphic response to 10, 25, and 50 IJM DRB in SCI significantly

decreased with increasing concentration (P < 0.0003) (Fig.5). The 48-hour average
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Figure 2.5. Phestills sibogse. The effect of 5.6-Dichloro-1-~-D-ribofuranosylbenzimidazole
(ORB) on the percentage metamorphosing. Variable numbers of competent larvae were exposed
to a range of concentrations of ORB (10J.l.M, 25J.l.M. 50J.l.M) in either sterile coral inducer (SCI) or
sterile seawater (SSW). For each treatment half of the replicates were rescued at hour 24 by
replacing the original solution with SSW (gray and hatched bars). The percentage of larvae in
the stages labeled above the vertical bars at 24 and 48 hours after initial exposure is shown as
the mean percentage metamorphosing + SE.
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metamorphic response to 10, 25, and 50 llM DRB in SCI, whether rescued (74%, 48%,

23%, respectively) or not (74%, 46%, 5%, respectively), significantly decreased with

increasing concentration (P < 4e-5) (Fig. 5).

The developmental stage at 24 and 48-hours was effected by the presence of

DRB. At 24 hours, unlike the larvae in SCI, the larvae in SCI plus DRB did not

developed to Stage G (Fig. 5). The larvae in 10 llM DRB plus SCI developed to Stage G

by hour 48 (Fig. 5). Furthermore, the larvae in 25 llM DRB plus SCI progressed to Stage

G only if the DRB solution was replaced with SSW at the end of the 24-hour exposure.

Without rescue, these larvae developed only to Stage F by hour 48 (Fig. 5). Larvae

exposed to 50 llM DRB plus SCI were unable to progress beyond Stage E unless the

solution was changed to SSW at hour 24, and then a low percentage (23%) of larvae

developed to Stage F by hour 48 (Fig. 5). These treatments showed that interference with

transcriptional activity impaired larval ability to progress through metamorphosis.

A 24-hour exposure to 10, 25, or 50 llM DRB in SSW did not induce

metamorphosis (Fig 5). However in larvae that were rescued with SSW at 24 hours after

exposure to 10,25, or 50 11M DRB, the 48-hour metamorphic response (47%, 47%, and

63%) was significant when compared to larvae in the control treatment of SSW that was

rescued with new SSW at hour 24 (P < 5e-5) (Fig. 5).

Competent larvae were also exposed to a range of concentrations of a second

transcription inhibitor, Actinomycin D, in the presence of SCI for either 24 or 48 hours.

In these experiments exposure to the control SCI for 24 hours resulted in an average of 69

percent of competent larvae to metamorphose to Stage G by hour 24 (Fig. 6). Induction

of metamorphosis was not blocked when competent larvae were exposed to 1 or 5 11M
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Figure 2.6. Phestilla sibogae. The effect of the transcription inhibitor Actinomycin D (AD) on the
percentage metamorphosing. Variable numbers of competent larvae were exposed to a range of
concentrations of AD (1 J.LM, 5J.LM. 8J.LM) in either sterile coral inducer (SCI) or sterile seawater
(SSW). For each treatment half of the replicates were rescued at hour 24 by replacing the
original solution with SSW (gray and hatched bars). The percentage of larvae in the stages
annotated above the vertical bars at 24 and 48 hours after initial exposure is shown as the mean
percentage metamorphosing + SE.
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Actinomycin D in the presence of SCI for 24 hours (Fig. 6). At 24 hours, in the

treatments that were not subsequently rescued, there was no significant difference in the

percentage metamorphosing between the larvae in SCI (and the larvae in SCI plus I 11M

Actinomycin D (Fig. 6). However, at 48-hours, the average percentage metamorphosis in

larvae that had been exposed to SCI plus I 11M Actinomycin D and then rescued with

SSW (96%) was significantly greater than in larvae exposed to SCI for 48 hours (77%) or

24 hours and then rescued with SSW (79%) (P < 3e-5) (Fig. 6). Larvae exposed to SCI

plus 8 11M Actinomycin D failed to metamorphose at levels significantly different from

larvae in SSW control, and by 48 hours some of the larvae were dying in treatments that

were not rescued at 24 hours. The 24-hour and 48-hour metamorphic responses, whether

rescued or not, to I, 5, and 8 11M Actinomycin D in SCI decreased significantly with

increasing concentration (P < 4e-5) (Fig.6).

The developmental stage at 24 and 48-hours was affected by the presence of

Actinomycin D. The larvae in I 11M Actinomycin D plus SCI developed to Stage G by

hour 24 (Fig. 6). However, unlike the larvae in SCI alone, at 24 hours the larvae in SCI

plus concentrations greater than I 11M of Actinomycin D had not developed to Stage G

(Fig. 6). Larvae exposed to 5 11M Actinomycin D plus SCI were unable to progress

beyond Stage F by hour 48, and those chronically exposed to 811M Actinomycin D plus

SCI were dying by hour 48 (Fig. 6). Exposure to I, 5, or 8 11M Actinomycin D in SSW

did not induce metamorphosis (Fig 6). Actinomycin D was better able to both block and

delay metamorphic progression than DRB.
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Metamorphic Progression

We looked closely at the timing of the metamorphic progression in larvae

chronically exposed to SCI plus 10 ilM DRB, or SCI plus 1 ilM Actinomycin D.

Phannacological assays showed an absence of stage-G larvae when exposed to SCI plus

10 ilM DRB for 24 hours (Fig. 5), and a reduction of stage-G larvae when exposed to SCI

plus 1 ilM Actinomycin D for 24 hours (Fig. 6). Metamorphosing larvae exposed to 10

ilM DRB in SCI or 1 ilM Actinomycin D in SCI were compared to metamorphosing

larvae exposed to SCI alone to determine if the significant differences in attainment of

stage-G by 24 hours were due to a pennanent arrest in development, or a slowing of

progression through metamorphosis. The number of larvae at each developmental stage

was noted each hour after initial exposure to SCI alone, SCI plus 10 ilM DRB, or SCI

plus 1 ilM Actinomycin D, for a total of 27,50, or 25 hours, respectively. The hour after

initial exposure to SCI at which 50% of the larvae had developed to a particular stage was

used as a reference point to gauge the rate of progression of metamorphosis. Progression

to 3 post-metamorphic-induction stages (E, F, G) was significantly delayed in the DRB

treatment (24 hours, P < 6e-6; 31 hours, P < 4e-7; 50 hours, P < 0), and progression to the

first post-metamorphic-induction stage (E) was significantly delayed in the Actinomycin

D treatment (15 hours, P < 0.05) (Table 1). The first tractable gross morphological sign

of metamorphosis is the animal's exit from the larval shell. The timing of this event is

somewhat variable within a cohort of larvae, and the first larva was seen exiting its shell

as early as 11 hours, and as late as 18 hours after initial exposure to SCI. The average

times after initial exposure to SCI to 50% in stages E, F, and G were 13, 16, and 27

hours, respectively (Table 1). The average times after initial exposure to SCI plus 10 ilM
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Table 2.1. Phestilla sibogae. Timing of metamorphic progression after induction
with SCI, or SCI + 1OJ,tM 5,6-Dichloro-1-~-D-ribofuranosylbenzimidazole (ORB),
or SCI + 1J,tM Actinomycin D at hour O. Averages are based on 3 trials, each
with 4 replicates. Standard errors are given in parentheses.

Average Time to Average Time to Average Time to
Treatment 50% Stage E 50% Stage F 50% Stage G

Hours Hours Hours

Sterile Coral 13 (1.1) 16 (2.8) 27 (4.5)
Inducer

Sterile Coral
Inducer + 24 (5.2) 31 (5.2) 50 (4.0)
10J,tM DRB

Sterile Coral
Inducer + 1J,tM 15(1.8) 18 (0.6) 25 (1.3)
Actinomycin D
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DRB, to 50% in stages E, P, and G were 24, 31, and 50 hours, respectively (Table I). The

average times after initial exposure to SCI plus I flM Actinomycin D, to 50% in stages E,

P, and G were IS, 18, and 25 hours, respectively (Table 1).

Net Rate ofOxygen Utilization

To evaluate whether the delay in metamorphic progression seen in larvae exposed

to SCI plus 10 flM DRB was due to the possible non-specific effect of DRB slowing

metabolic rate, we measured the effect of 10 flM DRB on oxygen utilization in larvae

exposed to the metamorphic inductive cue. Measurements of the net rate of oxygen

depletion within the first hour of treatment were inconclusive (data not shown).

However, the average rates measured in pmollarva-l h-I for hours 1 through 4 indicated

a significant increase in the net rate of oxygen utilization in larvae exposed to SCI plus 10

flM DRB (9,735) when compared to larvae exposed to SCI alone (407) (P < 5e-3) (Figure

7).

Discussion

Experiments with larvae of the gastropod mollusc Phestilla sibogae were

conducted to broaden our understanding of metamorphosis and the role of transcription in

this developmental process beyond the well-studied insect and amphibian metamorphosis

systems. Our data suggest that the progression and completion of metamorphosis, and

initiation of juvenile development may be dependent on transcription, however further
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Figure 2.7. Phestifla sibogae. The effect of 10 J.tM 5.6-Dichloro-1-[3-D
ribofuranosylbenzimidazole (DRS) on oxygen utilization. Ten competent larvae were exposed to
sterile coral inducer (SCI) (white box), or SCI plus 10 J.tM DRS (black box) for 4 hours. The
oxygen depletion rate during the last 3 hours is expressed as the mean pmole of oxygen used
per larva per hour ± SE.
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investigation is necessary to confirm or refute the absolute necessity of transcription for

these metamorphic processes.

Two pharmacological inhibitors of transcription were used to test the affect of

inhibiting transcription on metamorphosis in competent larvae of P. sibogae. Because

whole organisms were exposed to bath-applied pharmacological agents, the possibility of

non-specific affects must be acknowledged. For both DRB and Actinomycin D, I

attempted to avoid non metamorphic-specific side affects in several ways. I) A range of

concentrations equivalent to concentrations previously used to inhibit transcription in

other marine invertebrates were used (Koill, et aI., 1974; Koumenis, et aI., 1996;

Delalande et aI., 1999; Green et aI., 2002). 2) The range of concentrations used in the

analyses resulted in concentration-dependent trends of the affects on metamorphosis. 3)

Only concentrations for which 24 hours of constant exposure could be rescued (i.e., the

larvae were viable for an additional 24 hours) by changing the solution to SSW, were

used. In addition, in the case of 10 lAM DRB, the affects on net transcription rate were

measured. Nevertheless, if effects on metamorphosis seen as a result of exposure to

Actinomycin D or DRB were due to the inhibition of processes not specific to

metamorphosis (e.g., respiration), then the data are not relevant to the question of

whether or not transcription is necessary for metamorphosis.

Early comparisons of metamorphosis in larvae of P sibogae and metamorphosis in

insect and amphibian systems focused on 1) exogenous initiation versus endogenous

initiation and, 2) the rapid loss of larval structures followed by development of any

remaining adult structures versus the slow, simultaneous loss of larval structures and

development of adult structures (Hadfield, 1978). Such comparisons led to the
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conclusion that the rapidity with which many marine invertebrates underwent

metamorphosis suggested the implausibility of de novo transcription and translation.

Twenty-five years later, we now know that de novo transcription and protein synthesis

can occur in less than I hour. For example, the mRNA of c-Myc, a transcription factor

important in mammalian cell proliferation and differentiation, has a half-life of less than

30 minutes, and its protein product has a half-life of 20-30 minutes (Fachinni and Penn,

1998; Rabbits et aI., 1985; Zhou et aI., 2000). Therefore, in cells expressing c-myc

protein, de novo transcription must occur in less than I hour (Fachinni and Penn, 1998).

Although metamorphosis in P sibogae is very different from metamorphosis in

amphibians and insects, our results suggest that progression of the complexly

orchestrated process of loss and gain of structures during metamorphosis in P sibogae

may also be dependent on transcription. More specifically, the results shown in this

paper are relevant for two phases during metamorphosis of P. sibogae: 1) the progression

and completion of metamorphosis, and 2) the initiation of juvenile development.

Progression and completion o/metamorphosis

Because uridine is an RNA precursor, the incorporation of tritiated-uridine was

used as a quantitative indication of transcriptional activity during metamorphosis.

Between experiments, the timing of metamorphosis varied with the batch of larvae used,

and the batch of SCI used. In addition, within each experiment the progression of

competent larvae through metamorphosis was not synchronous among replicates exposed

to SCI. Due to this asynchrony, the integrated 8-hour net rate is a more prudent

indication of the effect that different treatments (SSW, 10 J.lM DRB, SCI, SCI plus 10
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).lM DRB) had on the net transcription rate of precompetent and competent

metamorphosing larvae. In addition, the 12 and 24 hour net rates may have been

influenced by the presence of juveniles that had completed metamorphosis.

Measurements of the incorporation of tritiated uridine indicated that 10 !!M DRB

significantly inhibits the integrated 8-hour net transcription rate in metamorphosing

larvae. Initial observations of the effect of 10 !!M DRB on the percentage of

metamorphosing larvae were made after 24 hours of exposure, and indicated no

significant difference in the percent metamorphosis. However, when looking more

closely at the stage of development attained by the metamorphosing larvae, a

significantly lower percent of stage E larvae were seen in treatments exposed to 10 !!M

DRB. Therefore it was not clear whether the larvae were slowed in their progress

through metamorphosis, or if their progress had actually been halted before completion of

metamorphosis (stage F), or the beginning of juvenile development (stage G). Hourly

observations of metamorphosing larvae revealed that the effects of both DRB and

Actinomycin D are manifested before the larvae exit their shells (stage D). These results

suggest that the first affects of transcription on metamorphosis begin within

approximately 12 hours of exposure to the metamorphic inducer. And therefore

transcription is necessary for normal metamorphic progression to the stage where the

larva has exited its shell, epidermal cells movement is occurring, there are only remnants

of the right retractor muscle left, and organization of the buccal mass has been initiated

(stage E).

DRB also slowed the completion of metamorphosis (progression to stage F),

indicating that transcription of mRNA is also necessary for progression beyond stage E.
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The concentration of Actinomycin D (l J,lM) that slowed progression to stage E, did not

slow the completion of metamorphosis (stage F). In higher concentrations of

Actinomycin D less than 50% of the larvae progressed to stage E in 48 hours, and

therefore the timing of progression to stages F could not be measured. However, only a

small proportion of these larvae completed metamorphosis (stage F), adding further

support to the necessity of transcription for the completion of metamorphosis. Additional

assays measuring the affects of the entire concentration range of both DRB and

Actinomycin D on the progression of metamorphosis are necessary to confirm or refute

the need for transcription during the progression and completion of metamorphosis in P.

sibogae.

I wanted to know if the delay in metamorphic progression was due to the non-

specific effect of DRB slowing metabolic rate. Therefore, measurements of the rate of

oxygen consumption of competent larvae exposed to SCI and competent larvae exposed

to SCI plus DRB were performed. The increase in the net rate of oxygen utilization in

larvae exposed to 10 JlM DRB in SCI compared to larvae exposed to SCI alone does not

support to the possibility that delays in metamorphic progression were due to DRB,

slowing metabolic rate. The measured net rate in larvae exposed to 10 JlM DRB in SCI

was nearly 2 orders of magnitude greater than rates measured in Dendraster excentricus

larvae (Hoegh-Guldberg and Manahan, 1995). These unusually high levels of oxygen

utilization suggest that a decoupling occurred, and therefore the affect of 10 JlM DRB on

metabolic rate could not be determined by these assays.

The integrated 8-hour net rate of transcription in competent larvae exposed to SCI

was significantly greater than the net rate of transcription in precompetent larvae exposed
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to SCI, suggesting that in competent larvae, the metamorphic signal may induce a change

in the transcriptional machinery that is not seen in precompetent larvae. However, if

transcription is necessary for normal metamorphic progression, then why did the net

transcription rate in competent larvae exposed to SCI not differ from the rate in larvae

exposed to SSW? There are several possible interpretation of this result. One

interpretation is that metamorphosis may not depend on a change in the net rate of

transcription. Measurements of the incorporation of tritiated uridine give the combined

net rate of mRNA, rRNA and tRNA transcription. Because mRNA makes up only 1-5%

of the RNA found in a typical eukaryotic cell, whereas rRNAs make up at least 80% of

the RNA the incorporation measurements may not have detected any subtle changes in

mRNA involved in metamorphosis (Sambrook and Russel, 2001). Another possibility is

that specific mRNAs being transcribed do change when competent larvae are exposed to

SCI, but a change in the net rate of the transcriptional machinery is not necessary.

Measurements of the net rate of mRNA transcription alone were performed by Green et

al. (2002) on metamorphosing larvae of the ascidian Herdmania curvata by isolating

mRNA after allowing larvae to incorporate tritiated uridine. Perhaps measurements of

the net rate of mRNA transcription alone will provide the finer resolution necessary to

determine if a change in the net rate of mRNA transcription occurs when competent P.

sibogae larvae undergo metamorphosis.

If quantitative changes in transcription of specific genes are occurring, further

investigation is necessary to identify the specific mRNA transcripts and the events during

the progression and completion of metamorphosis that require de novo synthesis. Using

suppressive polymerase chain reaction subtractions, Davidson and Swalla (2002) isolated
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132 protein coding transcripts that were differentially expressued during metamorphosis

in the ascidian Boltenia villosa. In P. sibogae several different metamorphic events may

require de novo transcription. Although it is clear that the movement of the lateral

epidermal foot cells over the dorsal surface of the larva involves the underlying

musculature (Bonar and Hadfield, 1974), this process and the accompanying changes in

cell shape may also involve de novo transcription and translation of genes, such as matrix

matelloproteinases, that have a role in cell migration. Matrix metalloproteinases are

extracellular enzymes that facilitate cell migration during development, tissue growth,

and morphogenesis by degrading extracellular matrix (Thiennu and Werb, 2000).

The loss of larval structures during metamorphosis may require de novo

transcription. Apoptosis may control muscle cell degeneration during metamorphosis in

P. sibogae. In the hydrozoan cnidarian Hydractinia echinata signs of apoptosis appear as

early as 20 minutes after metamorphic induction (Seipp et aI., 2001). Actinomycin D and

DRB have been shown to both induce (Martin et aI., 1990; Chang et aI., 1997; Poehle et

aI., 1999;), and inhibit (Nakajima et aI., 1994; Miao et aI., 1999; Lam et aI., 2001)

apoptosis. Although the progression of muscle degeneration was not followed in larvae

exposed to either agent, a change in the timing of the progression of metamorphosis

might have been expected if apoptosis was controlling muscle degeneration during

metamorphosis in P. sibogae. Further investigation is necessary to determine if apoptosis

has a role in degeneration of the larval musculature during metamorphosis in P. sibogae.

The synthesis of adult structures during metamorphosis may also require de novo

transcription. Formation of the adult feeding apparatus, the buccal mass, is initiated

within the first 12 hours after metamorphic induction, and involves differentiation of
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muscle cells. In the ascidian Eoltenia villosa, a subset of the genes expressed during

metamorphosis has a putative role in differentiation of muscle cells (Davidson and

Swalla, 2002). Development of the buccal mass during metamorphosis is not unusual

since in some marine invertebrates adult structures begin to develop during the larval

period (Seipp et aI., 2001). Perhaps development of adult structures during

metamorphosis is a heterochronic shift that softens the abrupt transition from the larval to

adult phases (Raff and Wray, 1989). Synthesis of additional structures related to changes

in the gut may be necessary during metamorphosis as P. sibogae transforms from a

facultative planktotroph to a carnivore. Indeed, Kempf (1982) found changes in the right

digestive diverticula following metamorphosis in the nudibranch Aplysiajuliana. Further

investigation is necessary to determine if specific mRNA transcripts are needed for

epidermal cell movement, apoptosis of larval structures, or synthesis of adult feeding

structures.

Metamorphic induction by DRB alone after a 24-hour rescue with SSW is

puzzling (Fig. 5). The response was due to the synergistic effect of DRB plus mechanical

manipulation because metamorphosis was only seen if the larvae were mechanically

manipulated by changing the solution to SSW. Although sources of stress such as

mechanical stimulation have induced metamorphosis in various larvae of marine

invertebrates (Davidson and Swalla, 2002), the mechanical manipulation of changing

solutions alone does not induce metamorphosis of P. sibogae. Actinomycin D plus

mechanical manipulation did not stimulate metamorphosis. However, Actinomycin D is

not a reversible inhibitor, therefore perhaps changing the solution to SSW does not

release the affect of the drug on transcription.
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These rescued larvae were induced to metamorphose following pre-exposure to

DRB for 24 hours and then mechanical manipulation. These results suggest that further

investigation into the role of repression of mRNA before stimulation as a prerequisite for

metamorphic induction may be warranted. Indeed, Carpizo-Ituarte and Hadfield (2003)

found evidence that pre-exposure to DRB, followed by induction with the natural

metamorphic inducer accelerated the metamorphic response of the polychaete Hydroides

elegans to its metamorphic cue.

Initiation ofjuvenile development

Progression beyond metamorphosis (stage G) was also slowed by DRB,

indicating that transcription of mRNA is necessary for juvenile development. A small

proportion of larvae exposed to Actinomycin D (5 )lM) did complete metamorphosis

(stage F), but they never developed to stage G. Actinomycin D was able to block

initiation of juvenile development, suggesting the necessity of transcription for early

juvenile development. Early juvenile P. sibogae may require transcription for growth

and for development of new structures such as the rhinophores and oral tentacles.

Measurements of net rates of transcription during the initiation of juvenile development

with and without exposure to Actinomycin D and DRB are needed to determine the

importance of transcription to juvenile development.

Although further investigation is needed, the results presented in this paper

suggest that transcription plays a role in the progression and completion of

metamorphosis, and the initiation of juvenile development in P. sibogae. De novo
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mRNA transcription may be essential for the initiation of metamorphosis downstream of

the receptor for the metamorphic cue. During the progression and completion of

metamorphosis, processes such as muscle degeneration (apoptosis), epithelial cell

movement, synthesis of feeding structures, and changes in the gut may require de novo

transcription. Finally, early juvenile development may be dependent on transcription for

growth and development of new structures.
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Chapter 3. cDNA Libraries and Subtraction Screening

Introduction

Pharmacological assays to determine the importance of gene expression before,

during, and after metamorphosis in the marine gastropod Phestilla sibogae have indicated

that no increase in the net rate of transcription occurs during metamorphosis (del Carmen,

2003). However, the progression and completion of metamorphosis, and early juvenile

development may depend on de novo transcription (del Carmen, 2003). Pharmacological

assays do not have the resolution to indicate if there is a change in the specific genes

expressed upon the induction of metamorphosis. Therefore additional approaches were

necessary to identify the genes involved in metamorphosis of P. sibogae.

There are several ways to isolate genes with putative functions in metamorphosis:

(1) Random sampling and sequencing of complementary deoxyribonucleic acid (cDNA)

clones; (2) differential display polymerase chain reaction (PCR); (3) PCR-based

suppresive subtraction hybridization (SSH); (4) differential screening of complementary

deoxyribonucleic acid (eDNA) libraries; (5) screening of subtracted cDNA libraries can

be used to isolate genes that are transcribed at specific stages of differentiation and

development (Sambrook and Russel, 2001). Random sampling and sequencing of cDNA

clones is costly, because the chance of sequencing a low-frequency metamorphosis

specific clone is low. Most of the cDNA clones will come from abundant messenger

ribonucleic acid (mRNA) transcripts, as opposed to genes differentially expressed during

metamorphosis (Sambrook and Russel, 2001). Differential display-PCR can be
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problematic, because it is a PCR-based method and is therefore more prone to technical

difficulties and inaccuracies. In order for a particular mRNA to be amplified by PCR it

must be able to hybridize with selected primers. Certain mRNAs will hybridize better

than others, and therefore there will be differences in the efficiency with which the

cDNAs are amplified, resulting in a skewed cDNA population (Sambrook and Russel,

2001). Because differential screening is most efficient when automated methods are

employed such as when performed on cDNA arrays, it was beyond the scope of

technology available in our laboratory (Sambrook and Russel, 2001). Screening of

subtracted cDNA libraries was chosen to isolate differentially expressed genes in part

because of the availability of the appropriate cDNA libraries.

Larvae of Phestilla sibogae are competent if they are able to respond to the

soluble metamorphic cue produced by their prey species the coral Porites compressa

(Bonar and Hadfield, 1974). Metamorphosis begins once the chemical signal from P.

compressa is received by a competent larva, transforming the shelled planktonic larva to

a shell-less, elongated benthic juvenile (Bonar and Hadfield, 1974). In order to find

genes that have a role in metamorphosis, cDNA libraries were constructed: from

precompetent larvae, competent larvae, and competent larvae that had been exposed to

the metamorphic inductive cue for one hour. From these three cDNA libraries, two

subtraction screens were performed. The first subtractive cDNA screen combined the

cDNA libraries of precompetent and competent P. sibogae and selected for transcripts

that were unique or upregulated in competent larvae. The question of what it takes to

attain competence has been a long-standing point of interest in our laboratory, and

therefore I performed a "competence" subtractive screen, although the question was not

68



the focus of my dissertation. The second cDNA subtractive screen combined the

competent and metamorphosing cDNA libraries, and then isolated messages that were

unique or upregulated in metamorphosing larvae of P. sibogae. Several clones isolated in

the metamorphosing cDNA subtractive screen were identified by homology to sequences

in the GenBank database.

Materials and Methods

For the precompetent, competent, and metamorphosing cDNA libraries, eight 40

III pellets of 6-day-old larvae, ten 30 III pellets of lO-day-old larvae, and ten 30 J.ll pellets

of lO-day-old larvae that had been exposed to coral inducer for 1 hour, respectively, were

each stored at -20°C in 200 III of RNA later (Ambion) until isolation of total RNA. The

appropriate pellets were pooled for each developmental stage and total RNA was isolated

from whole larvae using TriPure® Isolation Reagent from Boehringer Manheim. The

yield and purity of the total RNA was then determined by spectrophotometry (Table 1).

In addition, the quality of the RNA was assessed by agarose gel electrophoresis (Fig. 1).

Messenger RNA (mRNA) containing polyadenylated tails at the 3' terminus was

then isolated with the MPG® mRNA Purification Kit (CPG Inc., New Jersey). MPG

stands for magnetic porous glass, and the MPG beads have streptavidin coupled to their

surface. Biotinylated oligo deoxythymidines (oligo-dTs) are bound to the beads when the

biotin binds to the streptavidin. Total RNA is added to the oligo dT beads, the 3-prime

polyA region of mRNA binds to the oligo dTs, and RNA lacking a polyA region is

removed. The mRNA is removed from the beads by heating in the CPG proprietary
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Table 3.1. Yield and purity of ribonucleic acid (RNA). Total RNA from precompetent, competent, and competent
larvae exposed to coral inducer for 1 hour was isolated and quantified by spectrophotometry. Messenger RNA
(mRNA) was then isolated from total RNA and quantified by spectrophotometer. The purity of the RNA was
measured by spectrophotometer as A26rJA28o.

Amount of
Total RNA Total RNA MRNA Amount of mRNA

Library Starting Material (A26eIA28o) (/lg) (A2601A28o) (/lg)
Precompetent Eight 40 ul pellets 1.54 301.7 2.0 2.1
Competent Ten 30 ul pellets 1.76 171.8 1.8 3.2
Metamorphosing Ten 30 J,ll pellets 2.0 182 2.0 1.9



Figure 3.1. Phestilla sibogae. Total ribonucleic Acid (RNA) from P. sibogae.
Agarose gel electrophoresis was performed on total RNA isolated from 6 day-old
precompetent larvae (6), 10 day-old competent larvae (10), and competent
larvae exposed to the metamorphic inducer for 1 hour.
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Release Solution. The yield and purity of the mRNA was then determined by

spectrophotometry (Table 1).

Following mRNA isolation, cDNA synthesis was performed using Stratagene's

ZAP -cDNA® synthesis kit. First strand cDNA synthesis is initiated by binding of a

hybrid oligo(dT) linker-primer to the polyA region of mRNA (Figure 2). Moloney

murine leukemia virus reverse transcriptase (MMLV-RT) is primed by the linker-primer

and synthesizes a complimentary DNA copy of the RNA (Figure 3). For this first strand

synthesis methylated deoxycytosine triphosphates (dCTPs) are used, and therefore each

cytosine of the first strand has a methyl group (Figure 3). Methylation is important

because it protects the cDNA from restriction enzymes that are used later in the protocol.

Before second strand cDNA synthesis begins, RNase H nicks the RNA that is bound to

the first strand cDNA (Figure 3). The resulting pieces are then used as primers for DNA

polymerase I as it nick-translates the RNA fragments into second-strand cDNA (Figure

3). Methylated dCTPs are not used during this synthesis, and therefore the double

stranded linker-primer sites are susceptible to restriction enzyme digestion (Figure 3).

Further modifications are made to the double-stranded cDNA. These modifications are

necessary for eventual unidirectional insertion of the cDNA fragments into the Zap

phagemid. A phagemid is a phage whose genome contains a plasmid that can be excised

by co-infection of the host with a Helper phage.

After ensuring that any uneven termini are either cleaved or filled in by ligase,

EcoRI adapters are ligated to both (5-prime and 3-prime) blunt ends of the double

stranded cDNA (Figure 3). The oligo(dT) linker-primer that initiated first strand

synthesis introduced a XhoI restriction site beside the cDNA 3-prime polythymine
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5'-GAGAGAGAGAGAGAGAGAGAACTAGTCTCGAG I I I I I I I I I I I I I I I ITT-3'
"GAGA" Sequence Xho poly(dT)

Figure 3.2. Hybrid oligo(dT) linker-primer. Oligonucleotide primer supplied by
Stratagene. The GAGA sequence protects the Xho I restriction enzyme site that
is necessary for the eventual unidirectional insertion of the complementary DNA
(eDNA) into the Uni-ZAP XR vector. The poly(dT) region binds to the poly(A)
region of messenger RNA and initiates first-strand eDNA synthesis.
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ongo(dT) Unkar-primer
TTT-'--TTTTTGAGCTC 5'

Messenger RNA template 5'

1
AAAAAAAAAAAA

Reverse transcriptase
5-methyl dCTP
dATp, dGTp, dTTP

3-

5-methvi eDNA
CH3 CHa CH3 CH3 0i3 Xho t

3' T-TTTTTTTTTTGAGCTC 5'

S' AAAAAAAAAAAA 3'
Fi rst -strand synthesis

1 RNase H
DNA polymerase I
dNTPs

5-methyl cDN
CH3 013 013 C'l3 CH3 Xho I

Second-strand synthesis 3' TTTTTTTTTTFGAGCTC S'
5' AAAAAAAAAAAACTCGAG 3-

EeoR I adapters
T4 DNA ligase

Adapteraddition 3- fco~.I.. CH3 CH3 CH
3

CH3 CH3HTTTTTT'TFGAltfc! .. CTTArR'~
5' H TTC, . . AAAAAAAAAAAAC TCGAG ... G 3

1 Xho I reslridion enzyme

5-meMyl eDNA}{ho I digestion
il:lDl I

3' G..

5' AAFC ...

01, CH3 CH, CH3 Oi, tho
TTTTTTTTTTTTGAGCT

AAAAAAAAAAAAC

5 '

3 .

Completed unidirectional cDNA

Figure 3.3. Complementary deoxyribonucleic acid (cDNA) Synthesis.
Stratagene cDNA Synthesis Kit, ZAP-cDNA® Synthesis Kit, and ZAP-cDNA®
Gigapack® IIIGold Cloning Kit Manual #200401 cDNA synthesis flow chart.
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(polyT) site (complimentary to the original mRNA polyA site). XhoI digestion releases

the EcoRI adapter and residual linker-primer from the 3-prime end of the cDNA resulting

in cDNA with a 5-prime EcoRI site and a 3-prime XhoI site (Figure 3).

The Stratagene Uni-ZAP XR® vector system was used to construct the cDNA

libraries. Many changes to the Stratagene protocol were necessary, and details of the

library construction can be found in Carpizo-Ituarte (1999). An overview of the protocol

follows. The mixture of various-sized cDNAs and adapter/linker-primer fragments is

separated on a drip column during size fractionation. The fractions containing cDNAs

greater than 500 bp (no adapter/linker-primer fragments) are then ligated into the multiple

cloning site of the pBluescript plasmid which is part of the Uni-ZAP XR vector (Figure

4) (Sambrook and Russel, 2001). Taking advantage of the different restriction enzyme

sites on either end, the cDNA is inserted into pBluescript unidirectionally in a sense (5

prime to 3-prime) orientation with respect to the lacZ promoter resulting in the primary

library.

The circularized cDNA library is introduced into phage during packaging. An

aliquot of the primary library is titered to determine the number of plaque forming units

per milliliter (pfu/ml), which is a measure of the concentration of infectious phage. This

number can then be used to determine the optimal ratio of phage to cells for packaging of

the remaining primary library without plaque superimposition. The packaged library is

grown in XL-IBlue MRF' Escherichia coli cells resulting in an amplified library. The

amplified library is stored in 7% dimethyl sulfoxide at ·70°C. The pBluescript plasmid

can be taken out of the vector via mass excision, and the excised plasmids are stored with

SOLR cells in glycerol at -70°C.

75



pBluescripl"U SK (+/-) Phagemids
~fIHo'i

flHo~~

laeZ'

Kpn I
MCS
,.- 'Seu: I

pUCOri

p81"...rlplIfSK j+I-I Multiple Cloning Sit. Region
(sequence showtl598-826) P,~;I H...cl1

ha01O~ 1 kc!rrn I 'f7~ .. 1p"! Imll t"j ~it

TTGTMAAC&AOO~AGi'MCGCQCGTMT ACUACrc4\CTArAQr3~liAATTGGGTAC£G6GCCCOCCC TOOAGGT~C .•.
M13 :v"",,,,,.b,,.J"'9!ri,,, 1~flllm<ill'lliMJ"'1l;:;""· Kiipr.l1'erb:;JmillOl!!.

££p106(
T~I ,{.,JUI ;'ollV ft"~1 r l flf<ilj

. "OOTATiGATMGCTTGATA1CGMTTCCTGCAGCCOOOO
.,,/;1, ~."'" l;..,.j'''li ,,!~

N<#l
mHI ~p.! )(ill> i I£ug j &1),.1 ~ il $1)d

J I t I I i
,4,JGCA(;TllL~nCTAaA$(.;OOCC(,;l:r.ACCoc.GGTGGAGCTC, "

SK W"'$jJ'.-.:1'~Iil"~

,. 'f3 Pl!lo-r., I~tl ~ 1I@".I;:dn'W'l!ntj

.•. CAGCnlT{ilTGCCTnABTGAtiGGrTMnGCGC~TTOOCGrMTtA.TG(.iH;;ATAGCiaTnCC
II( ijp!lm$lt;nJ;~tiiol .13#~P'\II1tlrbiJ'ldi~;~

135 441
21 3'27

460816

653 760

774

1152 1825

'1'976 2B33

Figure 3.4. pBlueseripl Plasmid. Stratagene eDNA Synthesis Kit, ZAP-eDNA® Synthesis Kit,
and ZAP-eDNA® Gigapaek® IIIGold Cloning Kit Manual #212206.
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Two different amplified cDNA libraries are used for one subtraction screening.

The description and protocol for cDNA subtraction screening is provided as an appendix

to this chapter.

Sequences from arbitrarily chosen clones were checked for homology to

sequences in the database at the National Center for Biotechnology Information using

their Basic Local Alignment Search Tool (BLAST). A larger piece of one clone from the

metamorphosing subtraction screen that contained zinc-finger domains was isolated by 5

prime random amplification of cDNA ends (5' -RACE) using the Clontech SMARTTM

RACE cDNA Amplification Kit.

Results

The first library constructed consisted of cDNA from larvae of Phestilla sibogae

that were competent to metamorphose. For the amplified cDNA library from competent

P. sibogae the original titer in June of 1999 was 2.4 X 107 plaque forming units (pfu).

The titer of cDNA libraries decreases over time, and in September of 2000, the titer for

the competent library indicated 2 X 107 pfu (Table 2). Ten clones were arbitrarily chosen

for sequencing from this library. Eight of the ten clones sequenced from this library

(Table 3A) were 16s ribosomal RNA. Three of the eight 16s ribosomal RNA clones

contain a poly-adenylated region (Figure 5). All eight 16s ribosomal RNA clones were

aligned to compare the start and stop sites of each clone. Two other clones yielded

sequences for 1) a 60s ribosomal protein, and 2) ATP Synthase A chain (Table 3A).
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Table 3.2. Titer of three complementary deoxyribonucleic acid (eDNA) libraries
from Phestilla sibogae. eDNA was synthesized from messenger ribonucleic acid
from larvae of P. sibogae at three different developmental stages (precompetent,
competent, and metamorphosing), and then ligated into a vector and packaged in
phage that infects and grows in Escherichia coli bacterial cells. The titer is a
measure of the concentration of infectious phage in plaque forming units per
milliliter (pfu/ml).

Original Titer Most Recent Titer
Library (pfulml) (pfulml)

Preeompetent eDNA 10 X 106 7.5 X 106

Competent eDNA 2.4 X 107 2 X 107

Metamorphosing eDNA 8 X 106 nla
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TICTAGGGTIAATCCCCTIGTTITGCTTIGAGAAACAAATTICIIIIIIIGTGGATCTIACAGG
TATIGGGCTTICCTCACGAACTAGAGTGAGAATIAAAAATGTTIAAATIAGTAGTAAGAAAGA
ATATGAGTAACGATTAATTAACACAAATITIAATIAGTCTAAACATTATCAAGGAACTCGGCAA
TAGGCCTGGACTGTTTAACAAAAACATAGCTAAAAGAAATIATITTIAGTIATACCTGCCCAAT
GTAGGAATIATTAATGGCCGCGGTACCCTGACCGTGCTAAGGTAGCGTAATAAGTIGGCTTI
AAATGGAGTCAGGTATGAATGGATAAACTGGGCTIAGCTGTCTCGATIGTGGTCTATCGAAT
TIACTGTGCAAGTGAAAAAGCTTGCTIAATACAAGGGGACGAGAAGACCCTTAAAATTTIATI
TAAAGTAATTIAATIAATIACTACGATITIGTIGGGGCGACATAGAAATAATTAAAACTTICTA
CAAAACATTAGCCGGAATTTICAAGAAGGAATAAATTACTIAAGGGATAACAGCATAATICTA
AAATTGAGTTIGTGACCTCGATGTTGGACTAGGAAGCTAGTAGGTIAGACGCTIACTGTGGA
GATTCTGTTCGAATITIAACTCCTACATGATCTGAGTICAAACCCGGCGTAAGCCANGGCAG
AATCTATCTCTTIATGTCATAATITAGTACGAAAGGGCCCAATTGTGTATACATTNTAAAAAAA
AAAAAAAAACTCGAGACGGGATCTCNTITINATGTCAAAAANCCTCANCTAANGTIGGNTICT
TAAAGGGNAAAGATGGGTCATCNTGGCCCATGGNGCTGTIGNGCATGTNGACTGGAATIAC
CAAAATIACTGNGCTGCNA

Figure 3.5. Representative 16s ribosomal RNA sequence of Phestilla sibogae.
The polyadenylated region is underlined.
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Table 3.3A. Competent cDNA Library Clones. Clones from competent larvae of Phestilla sibogae and their corresponding August 2002
BLAST results showing matches at the nucleotide and amino acid levels. The reported E values are specific to the day the BLAST search
was conducted and indicate the probability that the query sequence matched the database sequence by chance.

Sequence
Lenqth Nucleotide EValue Amino Acid E Value

Source Clone !eel % Identity (nucleotide) % Identities/% Positives (amino acid)

Competent cDNA 16s rRNA 904 86 6.00E-89 nla nla
Library Clones Eubranchus exiguus

60s Ribosomal 1,083 no match no match 61/75 9.00E-22
Protein L24 Drosophila melanogaster

ATP Synthase A 956 91 3.00E-07 67/81 4.00E-20
chain protein 6 Dendrodoris nigra Pupa strigosa



Due to the ease of collecting larvae before they are developmentally ready to

respond to the metamorphic cue, a cDNA library of precompetent larvae of Phestilla

sibogae was made. The cDNA library from precompelent P. sibogae had an original liter

of 10 X 106 pfu in early August of 1999, however, several weeks later, the precompetent

cDNA library was titered again, and indicated 7.5 X 106 pfu (Table 2). Immediately after

completion of the precompetent library, the opportunity to learn how to make a cDNA

subtraction library arose, and therefore no clones from the precompetent library were

sequenced.

The third cDNA library was made from larvae of Phestilla sibogae that were

exposed to the metamorphic inductive cue for one hour. The one-hour exposure induced

an average of 71 % metamorphosis in a subset of larvae that were held for observation 24

hours after initial exposure to the inductive cue (data not shown). The metamorphosing

cDNA library was titered once in September of 2000 and the results indicated 8 X 106

pfu (Table 2).

Seventeen clones were sequenced from the hundreds of colonies that were

produced by the competent minus precompetenl cDNA subtraction screen. Six sequences

had no match in the database; none of which had a putative open reading frame. Of the

identified eleven sequences, one coded 16s ribosomal RNA, five 60s ribosomal proteins,

two 40s ribosomal proteins, one cytochrome B, and two alpha-tubulin (Table 3B).

Twenty-seven clones were sequenced from the hundreds of colonies that were

produced by the metamorphosing minus competent cDNA subtraction screen. Ten

sequences had no match in the database, and one of these had a putative open reading
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Table 3.38. Competent cDNA Subtraction Clones. Clones from a subtraction screening to isolate messages unique or upregulated in
competent larvae of Phestilla sibogae. The corresponding August 2002 BLAST results show matches at the nucleotide and amino acid
levels. The reported E values are specific to the day the BLAST search was conducted and indicate the probability that the query

h......................................~ ~..........""~..............--- -_.._- ~ _.._..__ .
Sequence

Length Nucleotide E Value Amino Acid E Value
Source Clone l!ml % Identity (nucleotide) % Identities/% Positives (amino acid)

Competent cDNA 16s rRNA 325 86 3.00E-55 nla nla
Subtraction Flabellina pedata
Clones

60s Ribosomal 485 no match no match 60174 3.00E-37
Protein L6 Mus musculus

60s Ribosomal 490 no match no match 42170 9.00E-15
Protein L7 Rana sylvatiea

60s Ribosomal 431 84 0.002 40/56 3.00E-l0
Protein U9 Drosophila melanogaster Drosophila melanogaster

40s Ribosomal 389 85 5.00E-04 81/88 6.00E-12
Protein S6 Aplysia calitomica Spodoptera trugiperda

40s Ribosomal 464 no match no match 57/67 2.00E-32
Protein S8 Apis mellitera

Cytochrome B 499 88 2.00E-13 64177 4.00E-30
Chironomus biwaprimus Albinaria caerulea

TUbulin Alpha 441 88 5.00E-66 98/98 7.00E-34
Urechis caupo Homo sapiens

TUbulin Alpha 437 88 6.00E-78 90/94 2.00E-36
Urechis eaupo Octopus vUlgaris
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frame. The remaining seventeen sequences had matches in the database: one 16s

ribosomal RNA, two 40s ribosomal proteins, four ATP synthase A chain proteins, one

cytochrome C oxidase, one alpha tubulin, three beta tubulin, two laminin receptors, one

receptor for activated C kinase (RACK), one with a zinc-finger motif, and one containing

microsatellites (Table 3C).

Five ofthe metamorphosing subtraction clones were further investigated; alpha

tubulin, beta-tubulin, RACK, laminin receptor, and the zinc finger motif - containing

sequences. Sequences for alpha- tubulin, beta-tubulin, RACK, and the laminin receptor

contain the 3-prime poly A tail of the mRNA, and all five contain a putative open reading

frame (Figure 6 and Figure 7). The alpha tubulin clone's closest match in the database

was echiuran Urechis caupo alpha-tubulin at the nucleotide level, and the mouse Mus

musculus tubulin alpha chain T6 at the amino acid level (Table 3C). Beta tubulin clone

number 98 matched the silk worm Bombyx mori at the nucleotide level and the

choanoflagellate Monosiga brevicollis at the amino acid level (Table 3C). The laminin

receptor clone's sequence most closely matched the silkworm Bombyx mon at the

nucleotide level, and the chicken Gallus gallus at the amino acid level. The RACK

sequence matched the fish Tilapia nilotica at the nucleotide level and the gastropod

mollusc Biomphalaria glabrata at the amino acid level (Table 3C).

The sequence of the clone that contains two zinc finger domains is statistically

(see E value) a relatively poor match at the nucleotide level with its highest match to the

mouse Mus musculus (Table 3C). At the protein level the closest match in the database is

to the nematode Caenorhabditis elegans (Table 3C). Some zinc finger motifs are DNA-
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Table 3.3C. Metamorphosing cDNA Subtraction Clones. Clones from a subtraction screening to isolate messages unique or upregulated
in competent larvae of Phestil/a sibogae exposed to the metamorphic inducer for 1 hour. The corresponding August 2002 BLAST results
show matches at the nucleotide and amino acid levels. The reported E values are specific to the day the BLAST search was conducted
and indicate the probabililv that the Query sequence matched the datallase se uence lly chance.

Sequence
Lenqth Nucleotide E Value Amino Acid E Value

Source Clone l!ml % Identity (nucleotide) % Identities/% Positives (amino acid)

Metamorphosing 16s rRNA 658 82 2.00E-58 n/a n/a
cDNA Subtraction F/abelfina pedata
Clones

40s Ribosomal 629 no match no match 71/84 5.00E-78
Protein S8 Soodootera fruaiperda
40s Ribosomal 927 85 6.00E-28 62/74 3.00E-13
Protein S25 Spodoptera frugiperda Ictalurus punctatus

ATP Synthase A 628 50 3.00E-39 50/66 3.00E-39
chain protein 6 Puoa striqosa Pupa strlaosa

Cytochrome C 665 93 6.00E-14 58/71 3.00E-69
OXidase subunit /I Terrisswa/kerius erici Puoa striaosa

Tubulin Alpha 765 86 2.00E-94 81/83 7.00E-42
Urechis caupo Mus musculus

Tubulin Beta 1,072 85 e-127 96/99 1.00E-87
Bombvxmori Monosiaa brevicolfis

Laminin receptor 1,011 80 2.00E-14 76/89 9.00E-91
Bombyxmori Gallus qallus

RACK 921 84 2.00E-08 78/86 e-101
Tilapia nilotica Biomphalaria glabrata

with Zinc-finger 1,049 93 0.087 70179 6.00E-31
domains Mus musculus Caenorhabditis eleaans



Alpha- Tubulin
CCCTTTGAACGGTTAATTTGGACTTAGGTTCCCAGACCAAACTTTGGTGCCCATACCCATGTATCCCATTTCCCATTG
GCCACCTATGGCCCCCCAGTCATTCTTGCCAGAAAAGGGCCTACCATGAAACAAATTGTCAAGTTGCTAAAGTGACC
AATGCCTGTTTCGAGCCAAGCCCAACCAGATGGTGAAATGTGACCCACGGTCACGGCAAAATACATGGCCTGTTGTT
GTTGTACCGTGGTGACGGTAGTCCCCAAGGATGTCAACGCTGCCATTTGCCACCATCAAGACCAAGAGAACCATCCA
ATTTGTCGACTGGTGTCCAACTGGATTCAAGGTCGGGTATCAACTACCAACCACCAACTGTTGTGCCAGGAGGTGAT
TTGGCCAAGGTACAACGTGCCGTCTGTATGTTGAGCAACACCACCGCCATTGTTGAAGCCTGGGCCAGACTTGACCA
CAAGTTTGATCTCATGTATGCCAAGCGTGCCTTCGTTCACTGGTATGTCGGTGAGGGTATGGAAGAGGGAGAATTCT
TTGAGGCCCGTGAGGATTTGGCTGCCCTTGAGAAAGATTACGAAGAGGTCGGTGTTGACTCCGTTGAAGGTGAAGAA
GAAGAAGAAGGTGATGAATATTAAACTATTCATTCATCTTTCACCCTGTCTGTGCTTCTACGCATTTGTGATGGTTTCG
TTTACCTCAGCATATTGTCTTTATGCATGAGCTGAGTAATAGGTTTCCATTGCAATAAATTTTGAATACAAAAAAAAAAA
AAAAAAA

Beta-Tubulin
AAGGGGGCCAAGGTGAGAGCNCCCAANCGCCCAAATTAAANTGGGNNAGGNTAAGGTNCNCNCCNCCNATTTAAGG
GCCNNCCCCCCNAGGGTCTTTTTACAANCTTTTTAAGGGGCTTTCCCGGGGTTTGGGNAAANGNTTGGGGGGGGAA
AAATTGGTGGAAAGGGGGAATTAAACAAAATTTTTCCNCCCCCAAGGGAAAACCANGGTTTAATGGCCCCCATNGGA
TTTNTCCCGCCCAAAGGCTTCGGAAAATTTTAACCCCCNTCCACTTAAAAGGGGAAACCAAAAAGNTGGGAGCTCCC
CCCCCGCGGGNTGGCCGGCCGGNTNTTAGAAACNAAGGTGGATCCCCCCGGGNTNCAAGGAATTCNGGCACNAGG
CTGGTCCAATTTGAACGTTGATCTCAGGAAAATTGGCAGTCAACATGGGTCCCCTTCCCACGTCTCCANTTNTTCATG
CCAGGATTCGCTCCACTTCACATCCAGAGGAAGCCAGCAATACAGAGCCTTGACTGTTCCCGAATTGACCCAACAAA
TGTTTGATGCCAAGAACATGATGGCCGCCTGTGACCCACGTCACGGACGTTACTTGACCGTCGCCGCCATGTTCCGT
GGCCGTATGTCCATGAAGGAAGTCGATGAACAGATGCTCAACGTCCAGAACAAGAATTCCTCATACTTTGTGGAATG
GATCCCCAACAACGTCAAGACCGCCGTCTGTGACATTCCTCCACGTGGTCTCAAGATGTCCGCCACCTTCGTCGGAA
ACAGCACAGCCATCCAAGAGTTGTTCAAACGTATCTCCGAACAGTTCACAGCTATGTTCCGTCGTAAGGCTTTCCTCC
ATTGGTACACTGGTGAGGGCATGGACGAGATGGAGTTCACAGAAGCTGAATCCAACATGAACGACTTGGTCTCTGAA
TACCAACAGTACCAAGACGCCACCGCCGAAGAAGAGGGTGAATTTGACGAGGAAGAGGGTGAGGAAGAGAACTAAA
AAGCTCTTTCTTGGCTTGTCAATGTTAGCTCTTTGTCTTTGGAGATGAAATAAAAGACACCGATCACAAAACTTAAAAA
AAAAAAAAAAAA

Lamlnln Receptor
AATTCGGCACGAGGGTTTTATTCGTCACTCTTCTATAAACACTCAAGATGTCCGGAGGATTGGAAGTGCTCTCCATGA
AAGATGAGGATATGTGCAAATTCCTCCAAGCTTCAACTCACCTTGGCTCAAGTAATGTGGATTATCAAATGGTGTCGT
ACGTCTTCAAGAGACGAAATGACGGCATCCATATCATTCATTTGAGAAAAACTTGGGAGAAGCTACTGTATGCTGCCC
GTGCTATTGCTTCAATTGAGAACCCAGCTGATGTCTGTGTCATTTCTGCTCGTCCCTATGGTCAAAGGGCTATTTTGA
AGTTCGCATCTGCCACAGGAGCTGTCCCCATTGCTGGTCGTTTCACTCCTGGCACTTTTACTAACCAGATCCAGAAAG
CATTCCGTGAACCTCGATTGCTGGTTGTGACTGATCCTCGAATTGACCATCAACCTGTAACTGAGGCTTCTTATGTCA
ACATCCCTGTCATTGCTTTCTGTAACACTGATTCACCACTCAAATTTGTGGATATTGCTATCCCATGCAACAACAAGGG
TAAAGAATCTATTGGATTAATGTGGTGGCTTCTTGCTAAAGAGGTTCTACGTCTCAGAGGTACCATCTTCGTGATCATC
CTTGGGACATAGTTCCAGATCTCTTCTTCTATCGTGACCCAGAAGAAGCTGAAAAAGAAGAAAAAGAAGCCCAAGAGA
AAGCTAAGGAAGAGATTCCTGCACCACAAGAAACATGGGCTCCTGATACTGCCTTGGAATGCAAGATGTTGGTGACT
GGGCTGAACAGGTCACACAACCAGCTGCTAGTACATTCCCTGCTCCTGGTGAGGAATGGGGAAAGAATGACTGGGC
TGCAGAGTCTGCTCCTGTACCCTCAGGTGGTGGTGTCTCTAATGAATGGGTGGCCCCAGATAATGAGGCATGGTAAT
CACAAAGAAGTTGACCCCCCTTAATCGATTTGGTTATGGGGCTTTTTGTTTTATTACAATAAAGCTTGTCTTCACCCAA
AAAAAAAAAAAAAAAA

RACK
CTAAGTTTTCAGCAACGATGTTCCANTGTCAATCCCANTCTAATTTTTGCGGTTCAANATAACTTATTTANGAATNACG
NGTATAGCAACTAGCGTCCATCAAGCATNAGAGGTCATGTCCCTTTGTGAGTGATGTAGTGTGTCATCGNATGNCCA
GTTTGCCTTGTCATCATCTTGGACAAGACGTTGAGATTGTGGACTTAGTACATTGCAAGCCACTNGTCGTTTTGTTGN
CCATGATAAAGACGTCTTAAGTGTTGCATTCTCTGCTGATAATCGCCAGATTGTTTCTGCTTCCCGTGATAAAACCATC
AAGCTGTGGAATACTTTGGGACAATGCAAGTACACTGTGCAGGAAGATACCCACAAGGACTGGGTTTCATGTGTCAG
ATTTTCTCCCCAAATTCTTTNCTAATCCAATCATCGGTATCCTGTGGATGGGACAGAGTTGTCAAGGTATGGAATTTGA
CTAACTGCAAACTGAAAACCAATCACTATGGTCACAGTCAATTCTTAAACTGTGTCACTGTTTCACCTGACGGTTCCCT
TTGCGCATCGGGTGGAAAGGACACCCAGGCCATGCTGTGGGATTTGAGTGAAGGCAAACATTTGTACACCTTGAATG
GAGGTGACTGCATCAATGCTATGTGCTTCTCACCAAACCGATATTGGCTTTGTGCTGCTACTGGCCCAAGCATTAAAA
TCTGGGATCTGGAAGGCAAAGTGATAGTTGATGAGCTGAAACCTGATGTGATGACGACGACCGGCGATCCTCCCCA
GTGTCTGTCTTTGGCGTGGTCTGCAGATGGACAAACGTTATTCACTGGCTACAGTGACAACTTGATTAGAGTATGGCA
GGTGTCCATGGCTGCCCGATAGTCAAAAGTCCAATAAAGTTATAACATTTTAACCCACCTGTTTAAAAAAAAAAAAAAA
AAA

Figure 3.6. Metamorphosing eDNA Subtraction Clones. The 3-prime end of four clones, alpha
tubulin, beta tubulin, receptor of activated C kinase (RACK),and laminin receptor were isolated in
the subtraction screen. A putative open reading frame is underlined, and the canonical
polyadenylation signal is in bold for each clone.
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Original subtraction clone sequence:
CATCATTATTTCATAGTCAGTTACCACCGGCACCAAACTTCTCGGTAGCAAACACATCGCCCACCTCGGGGCTAAGTC
ACCTCTACAGAAAATTGTATGCCAACCCTTCACAACAACCCGGTGTCGGACAAGACCTATCTCCACCTTCAATCAGCA
ATTTCTTCCCGTCCTCTGTGTTCAGTCTAAGTGGCTTGAGCATGCGCAGAATATCGTCGAGTGACAAGCCACCCCCA
GTCAAGAAATACAAATGTGATGTCTGCCAGAAAGCATTTTCTAGAAGTAACACGCTCGTCACCCACAAGAGGATTCAC
ACAGGGGACAAGCCTTTTAAATGTGAGCTGTGTGGCCGAGCTTTCAGACAACCTGGCAACCTTACACGCCATCGATT
AACACACACTACACACAAACCCTATGTGTGTCATGTTTGTGGCAAGGCTTTCAATAGAGCGTCCAATTTGAACACCCA
CATCAGAACACATAACTCATTTAGGCAGTTTGGCACATCTCTCTACCCCAAAATAACTTTTCATGGCAAGGCAGTTGAT
CCAATTGCAGGTGATAGATCCTACAAATGTGATCGCTGTGGTCGCGTGTTTGCTCACTCTACTTCACTCCTAGCACAC
AGACGAACTCATACTTCGACAACAACCTGATTTGGCANGCCTGCCCACGCCTGGGCCTTCGTTTACTTTAGGAGTGA
GGAAAAAGGCTGCAACTTTTGTAGAATAAAAGTTATTTTGAAACGATAAAAAAAAAAAAAAAAA
Translated original subtraction clone putative ORF:
SLFHSQLPPAPNFSVANTSPTSGLSHlYRKLYANPSQQPGVGQDLSPPSISN FFPSSVFSLSGLSMRRISSSDKPPPVKKY
KCDVCQKAFSRSNTLVTHKRIHTGDKPFKCELCGRAFRQPGNLTRHRlTHTTHKPYVCHVCGKAFNRASNLNTHIRTHNS
FRQFGTSlYPKITFHGKAVDPIAGDRSYKCDRCGRVFAHSTSLLAHRRTHTSTTT'FGRLPTPGPSFTLGVRKRlOLCRIKVI
lKR'KKKKK
RACE result: 2,118 bp:
ACGCGGGGGGGTTTCTAATTTCACTGAAAGTTTTACCCCTCCTCGAGTTGATAACACAACAGCAATAACAGTTGATAC
AAATATACCGTTTAGCACGTATTTACAAAACCTGGCAAAATCACTCCAAAAATCTGTTGCTGATAAACAACAGGTCTCA
CCAACCGATACATCTCAAATGAAAGTACACGAAAACATCCCTGCTACACCAGACGTTGAACAGAGGCAAGCTCTCCA
ACACGCGTGTAATATATCTAATCGTTTTGATGAAAGAGAAAACCAAAATGATAGAAGCAATGAACGCAATACAAGTGAT
TATAATGTGCATACCAATTGTGATAATGAAAGAGATGAGCAATTTATTAGCTATTTAAGTAACAGTAGTGTAGTTAGTC
ATGAGAAGGACTGTCGAAAAGAAGAGATTTTTGTCACTATTGATGATAATGACGATAATAACCTAACTGAGAGACAAG
TAAATGTTATCACAGATAAAATTGGCGATGACAACATGACTGTGAATATAACTTCCACCCCTTCTTCAGCTTCAAAAAC
CAAATTAGCATATCAATGTGGACAATGCTCTCCAACTGATTATGCATTGGATGATTATCAAATCTATTGTGATAAAGAA
CGCCATTGCCATGAAAGTAATATTGAACCTGAAAACGAAAGTACAACTACCATCAATGAACCTACTAATGACACACCTT
CTCCACCTATTAATACCAGAAATACACAATCCGAAATTTGCGACAACACGTACAATTCATCATTAAAACGTCACAGAAA
TTACTCCGAGCCGTGCTGTCTGCAACCTATTTACCCTAGAAAACAAATGCCCTCACCCTACGAGAACTCAAGCTCACC
GCATGAAGACAACACCATCAACACTCGCTGTAGACCTTCATTTCCAGTTGCACACAAGTCTGACCCAAATCATCCCCA
ATCCGCCCCCGTATACAACACTATCATAGATCATTCGTCGTTATTTTTCCCTCCAAAAACTTCGAACATTCCCACATTA
TACAATGGCGAAGGAAACCAACATTATCCTAAACTCACCGAGCAAAATCCTTTATCGATTTTGTACCAGTCCCAATCAA
CAAGCATTCTGAGACAGCGTATTCATACATTTCCTCCAACTCAGCATCATCAGCTTCTTCATCAGCAGCATCAGCATCT
GAATCACGTTTTACCACAAGCACAACAACCGAGACTCCATCCTTCTGAATCTTCACAACATGGAAACATTTTTAGCCAA
ACAAGTACATCTCTTCACTCCTCATTCCAACAAAGCCAGTTGGCCCTGGCCCTCGGTGGGCTGCCCTTGAAAGATTCT
GTGCATAAGTGTCATTCGTCATCATTATTTCATAGTCAGTTACCACCGGCACCAAACTTCTCGGTAGCAAACACATCG
CCCACCTCGGGGTTAAGTCACCTCTACAGAAAATTGTATGCCAACCCTTCACAACAACCCGGTGTCGGACAAGACCT
ATCTCCACCTTCAATCAGCAATTTCTTCCCGTCCTCTGTGTTCAGTCTAAGTGGCTTGAGCA TGCGCAGAA TATCGTC
GAGTGACAAGCCACCCCCAGTCAAGAAATACAAA TGTGA TGTCTGCCAGAAAGCA TTTTCTAGAAGTAACACGCTCGT
CACCCACAAGAGGATTCACACAGGGGACAAGCCTTTTAAATGTGAGCTGTGTGGCCGAGCTTTCAGACAACCTGGCA
ACCTTACACGCCATCGATTAACACACACTACACACAAACCCTATGTGTGTCA TGTTTGTGGCAAGGCTTTCAATAGAG
CGTCCAATTTGAACACCCACATCAGAACACATAACTCATTTAGGCAGTTTGGCACATCTCTCTACCCCAAAATAACTTT
TCA TGGCAAGGCAGTTGATC9AA TTGCAGGTGA TAGATCCTACAAATGTGA TCGCTGTGGTCGCGTGTTTGCTCACTC
TACTTCACTCCTAGCACACAGACGAACTCATACTTCGACAACAACCTGATTTGGCAGGCTGCCCACGCCTGGGCCTT
CGTTTACTTTAGGAGTGAGGAAAAGGCTGCAACTTTGTAGAATAAAAGTTATTTTGAAACGATAAAAAAAAAAAAAAAA
AAA
Translated RACE result:
RGGVSNFTESFTPPRVDNTTAITVDTNIPFSTYLONLAKSlOKSVADKQQVSPTDTSQMKVHENIPATPDVEOROAlOHAC
NISNRFDERENQNDRSNERNTSDYNVHTNCDNERDEOFISYLSNSSVVSHEKDCRKEEIFVTIDDNDDNNLTERQVNVITD
KIGDDNMTVNITSTPSSASKTKLAYQCGOCSPTDYALDDYQIYCDKERHCHESNIEPENESTTTINEPTNDTPSPPINTRNT
QSEICDNTYNSSlKRHRNYSEPCClOPIYPRKOMPSPYENSSSPHEDNTINTRCRPSFPVAHKSDPNHPOSAPVYNTIIDH
SSLFFPPKTSNIPTLYNGEGNOHYPKLTEONPLSI LYOSOSTSILRORIHTFPPTQHHQLLHQQHQHLNHVLPQAQQPRLH
PSESSQHGNIFSQTSTSLHSSFQQSQLALAlGGLPLKDSVHKCHSSSlFHSQLPPAPNFSVANTSPTSGlSHLYRKLYANP
SQQPGVGQDLSPPSISNFFPSSVFSLSGLSMRRISSSDKPPPVKKYKCDVCQKAFSRSNTlVTHKRIHTGDKPI. $,(/$,·5
1/543" 1175<>517<>TTHKP<9~+9~· 1115161/17<> 57<>NSFRQFGTSlYPKITFHGKAVDPIAGDRSYKCDRCGR
VFAHSTSlLAHRRTHTSTTT'FGRLPTPGPSFTLGVRKRLQLCRIKVILKR'KKKKK

Figure 3.7. Zinc-finger containing clone from the metamorphosing cDNA subtraction screen. In
the messenger ribonucleic acid (mRNA) sequence a putative open reading frame (ORF) is
underlined, and the canonical polyadenylation signal is in bold. In the translated putative ORF
the two Cys2lHis2 zinc finger domains are underlined with their corresponding cysteines and
histidines in bold, and asterix indicate stop codons. A putative ORF is underlined in the random
amplification of cDNA ends (RACE) results, and the original subtraction clone is in ~alics. In the
translated RACE results the putative ORF is underlined and the two Cys2/His2 zinc finger
domains are in italics and outlined with their corresponding cysteines and histidines in bold, and
asterix indicate stop codons.
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binding domains (Rosenfeld and Margalit, 1993). The translated pattern of amino acids

indicates the zinc fingers are Cys2/His2 fingers, and not Cys2/Cys2 fingers like those

found in steroid receptors (Figure 7). More of the 5-prime end of this clone was

elucidated by 5'-RACE, but the identification of this zinc finger-containing clone is

unknown (Figure 7).

Discussion

For the precompetent, competent and metamorphosing cDNA libraries, additional

colonies may be chosen and sequenced from the stored stocks. These libraries may prove

useful in screening for specific genes. They may also be used to repeat the competence

and metamorphosing subtractive screenings.

The presence of 16s ribosomal RNA (rRNA) in a cDNA library is not

unprecedented and may be due to contamination of polyA RNA with ribosomal RNA.

However, sequences from three of the 16s rRNA clones from competent larvae contain a

stretch of polyAs. This polyadenylated site hybridized to the bioyinylated oligo (dT)

probe that was used to isolate mRNA by it's 3-prime polyA tail, and therefore the 16s

rRNA clones were selected along with mRNAs. Because greater than 30% of the l6s

rRNA sequences overlap but have different starting and ending points these clones were

not identical, and therefore there was no problem with construction of the library from

competent larvae of P. sibogae (Frudakis, T., personal communication).

Metamorphosis in Phestilla sibogae is a dynamic process that occurs within 12 to

24 hours after initiation by a soluble factor from its prey, the coral Porites compressa.
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During metamorphosis the ciliated velar cells, velar lobes, right retractor muscle, shell,

operculum, larval kidney cells, nephrocysts, and the left retractor muscle are lost (Bonar

and Hadfield, 1974; Croll, unpublished). Also during metamorphosis, the adult feeding

structure, the buccal mass differentiates (Croll, unpublished). In addition, cell movement

occurs as epidermis from the lateral surfaces of the foot replaces the epidermal cell layer

covering the visceral mass, and the visceral hump flattens (Bonar and Hadfield, 1974).

The metamorphosing subtraction screen was designed to isolate cDNA that is unique or

upregulated in larvae that were exposed to the coral metamorphic inducer for one hour.

In general, subtractive cDNA screens do not produce the finite number of genes

that differ between animals at different stages of development. Rather, subtractive

screening narrows the field of possibly interesting genes to look at. Additionally, in the

case of the competent and metamorphosing screens, there are many additional genes that

were not pursued since only a few out of hundreds of colonies were chosen for

sequencing. However, a handful of interesting sequences were isolated in the

metamorphosing subtractive screen.

The presence of so-called housekeeping genes that code for proteins whose

activities are essential for the maintenance of cell function in a subtractive screen is not

necessarily troubling. Due to the similar and essential role of these genes for cell

viability, it is often assumed that they are expressed at similar levels in different cell

types. However, studies have shown that the expression level of housekeeping genes is

actively regulated and may be variable in different cell types (Selvey et aI., 2001;

Schmittgen and Zakrajsek, 2000). Development to competence and progression through

metamorphosis are not precisely synchronous within a group of larvae. The cDNA
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libraries that were used in the subtractive screens were made from thousands of whole

Phestilla sibogae animals, not just one cell type. Therefore it cannot be assumed that the

relative levels of genes that code for ribosomal proteins, ATP synthase proteins,

cytochrome C oxidase, or tubulin are not different between precompetent and competent

or non-metamorphosing and metamorphosing larvae of P. sibogae.

As the primary component of microtubules, tubulin is one of the more important

types of proteins found in cells. Maintenance of cell shape, mitosis and movement of

intracellular transport are dependent on microtubules. Changes in tubulin-gene

expression during passage through the cell cycle has been well documented (Nogales,

2001). Anti-proliferative cell nuclear antigen (PCNA) antibody labeling (McCauley,

1997), indicated that in a subset of cells of competent (not metamorphosing) larvae of

Phestilla sibogae the cell cycle is arrested during S phase. PCNA-Iabeling of S phase

cells is not detected again until after metamorphosis during juvenile development.

Therefore, sometime after the induction of metamorphosis, but before juvenile

development, some cells pass through cell-cycle phases 02, M, and 01 in P. sibogae. If

the presence of tubulin in the metamorphosing subtractive library is due to a change in

tubulin expression during metamorphosis, perhaps the changes have a role in the cell

cycle.

Receptors for activated C kinase (RACKS) are proteins, usually anchored to

specific intracellular areas, which selectively bind activated protein kinase C and thus

control the regions of the cell on which it acts (Mochly-Rosen et. aI, 1991). Activation of

protein kinase C is part of the signal transduction pathway that initiates metamorphosis in

the hydrozoan Phialidium gregarium, and the jellyfish Cassiopea sp. (McCauley, 1997;
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Hofmann, 1986). Whether activated protein kinase C has a role in the signal transduction

pathway downstream of the initiation of metamorphosis in P. sibogae is not known.

Laminins are known to interact with a variety of proteins including integrins and

lectins (Timpl and Brown, 1996). In Drosophila melanogaster laminin is involved in

eye, gut, heart, muscle, and wing morphogenesis (Garcia-Alonso, 1996; Haag et. ai,

1999; Yarnitzsky and Volk, 1995; Martin et. ai, 1999) The presence of a clone with

homology to a laminin receptor in the metamorphosing subtractive screen may suggest

that laminin may have a role in P. sibogae metamorphosis. Perhaps laminin is needed for

the changes in musculature that occur during metamorphosis in larvae of P. sibogae.

The presence of a zinc finger motif in one of the metamorphosing subtractive

library sequences identifies this clone as a possible transcription factor. Because the

motifs are Cys2/His2 fingers, they are not the type (i.e. Cys2/Cys2) of zinc fingers found

in steroid receptors. The signaling molecules Hedgehog and Wnt direct many aspects of

metazoan development by regulating non-steroidal transcription factors (KaIderon, 2002).

In the polychaete Chaetopterns sp., the transcription factor engrailed is involved in the

development of feeding structures late in larval life (Seaver et aI., 2001). A transcription

factor involved in Drosophila limb patterning, distal-less has also been found during

early development of the marine gastropod Kelletia kelletii (Lee and Jacobs, 1999).

Unfortunately, isolating more of the original clone by 5' -RACE failed to aid in the

identification of the clone. The presence of a clone with zinc finger domains in the

metamorphosing subtraction screen of P. sibogae larvae may be interesting. If it is

confirmed that the clone is a transcription factor, this would suggest that changes in

transcription may have a role in metamorphosis. The identification of this zinc-finger
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containing clone should be pursued by additional 5'-RACE to isolate the entire gene, and

by periodically conducting BLAST searches for homology to known sequences in the

NCBI database.

Perhaps the most intriguing sequences found in the cDNA libraries are those with

no match in the (NCBI) database. Only one of these clones had a putative open reading

frame, and therefore the remaining sequences may be 3' untranslated regions. The

majority of molluscan gene sequences found in the NCBI database are mitochondrial,

ribosomal, or non-transcribed (Kimbell et. aI, 2002). Therefore the presence of

sequences in the metamorphosing subtraction screen with no homology in the database is

not surprising. Periodic BLAST searches should be conducted with these sequences so

that homology to sequences that are added to the database in the future may identify the

presently unidentified sequences.

Further experimentation with the subtractive screen clones is necessary to draw

conclusions about the relative level of expression in competent larvae compared to

precompetent larvae, or in metamorphosing larvae compared to competent larvae that are

not metamorphosing. Methods such as Northern blotting, and Real Time reverse

transcriptase-polymerase chain reaction can be used for such analyses. Furthermore,

until methods that block expression of specific gene sequences, such as RNA

interference, have been developed for marine invertebrate larvae, the role of putative

competence-specific or metamorphosis-specific sequences cannot be tested.
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Chapter 4. Metamorphosis in a gastropod mollusc: quantitative

evidence for changes in transcript abundance identified by subtraction

hybridization

Introduction

Large-scale changes in gene expression occur during animal development

(DePamphilis, 2002). Differential gene expression has been best documented during

early development in model systems such as the mouse, frog, and fruit fly, (Levy and

Manning, 1981; Bernfield, 1993), but metamorphosis is also a process in which a new

program is initiated for an entire animal. Metamorphosis occurs much later than

embryological development, and is "an ideal model for studying mechanisms of post-

embryonic development regulated by external signals" (Tata, 1993; 1996).

Metamorphosis has been most thoroughly studied in amphibians and insects, and

in both groups of animals differential gene expression occurs during metamorphosis

(Kanamori and Brown, 1996; Thummel, 1996; Serrano and O'Farrell, 1997; Shi et al.,

1998; Bondos and Tan, 2001; Shi et al., 2001). In both amphibians and insects

metamorphosis is regulated by hormones, and the resultant complex developmental

programs involve apoptosis, tissue remodeling and the formation of adult tissues. Several

different methods have been used to detect large scale changes in gene expression in

these model systems: (1) differential display polymerase chain reaction (PCR) (Royer et

aI., 2002); (2) PCR-based subractive suppression hybridization (SSH) (Shimizu et aI.,

2002); (3) differential screening of complementary deoxynucleic acid (cDNA) libraries
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(Tabunoki et aI., 2002); (4) screening of subtracted cDNA libraries (Meszaros and

Morton, 1996); and (5) DNA microarray differential expression analysis (White et aI.,

1999; Arbeitman et aI., 2002). Additional methods such as Northern blot analysis,

nuclease protection assays, in situ hybridization, quantitative reverse transcription

polymerase chain reaction (RT-PCR), or real time RT-PCR are necessary to confirm the

differential abundance of a specific messenger ribonucleic acid (rnRNA) in a total or

poly(A) RNA sample.

The majority of the metazoan phyla that undergo metamorphosis are marine

invertebrates. In marine invertebrates, just as in frogs and fruit flies, metamorphosis is

the dramatic transformation from a larval form to a juvenile form. However, unlike the

situation in frogs and fruit flies, metamorphosis in most benthic marine invertebrates,

metamorphosis is initiated by an exogenous cue and results in a rapid, often less than 24

hours, all-or-none response that includes a loss of larval structures followed by

development of the remaining adult structures (Hadfield, 1978; Hadfield, 2000). In fact,

much of the larva persists as juvenile structures. Thus, at the most fundamental level,

metamorphosis in marine invertebrates is very different from that in the well-studied

models. Investigating changes in gene expression during metamorphosis in a variety of

marine invertebrates may provide insight into the mechanisms of metamorphosis that

frogs and fruit flies cannot provide.

In pursuit of the significance to chordate evolution, several studies on marine

invertebrates have revealed differential gene expression during metamorphosis in

ascidians. Using differential display reverse transcription PCR to isolate metamorphic

specific transcripts, a novel epidermal growth factor (EGF) -like protein that is integral to
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the control of metamorphosis was identified in the ascidian Herdmania curvata (Arnold

et al.,l997a; Arnold et aI., 1997b; Eri et aI., 1999). Subsequently, differential screening

was used to isolate two genes that are expressed shortly after the induction of

metamorphosis in the ascidian Ciona intestinalis (Nakayama et aI., 2001). One gene may

be involved in the metamorphic signal transduction pathway, and the other in cell

rearrangement during metamorphosis (Nakayama et aI., 2001). During metamorphosis in

the ascidian Halocynthia roretzi, expression of the actin regulatory protein, gelsolin, is

repressed in nerve tissue, but is induced in mesodermal tissue (Ohtsuka et al., 2001). A

transcript encoding a putative EGF-like protein is differentially expressed in

metamorphosing larvae of the ascidian Boltenia villosa (Davidson and Swalla, 2001). In

addition, Davidson and Swalla (2002) used SSH to identify 132 protein-coding sequences

expressed during metamorphosis in the ascidian B. villosa. Taken together, these data

suggest that a series of important changes in gene expression occurs during

metamorphosis in ascidians.

Results with a polychaete and an oyster suggest that differential gene expression

may also playa role in metamorphosis in these animals. During metamorphosis in the

polychaete Chaetopterus sp., change in the expression of the segment polarity gene

engrailed is associated with morphogenesis of a pair of feeding appendages (Seaver et

aI., 2001). Although not during metamorphosis, Lelong et al. (2000) identified the

upregulation of a growth and differentiation factor dUring the attainment of competence

to metamorphose in the mollusc Crassostrea gigas. To understand the role of

transcription and translation during the rapid metamorphosis of marine invertebrates

94



more fully, additional studies on differential-gene expression during metamorphosis in

benthic-marine invertebrates other than ascidians are needed.

Pharmacological assays to determine whether gene expression is necessary during

metamorphosis in the marine gastropod Phestilla sibogae suggest that no increase in the

net rate of transcription occurs during the induction of metamorphosis (see Ch. 2).

However, the progression and completion of metamorphosis in P. sibogae and early

juvenile development appear to be dependent on de novo transcription (see Ch. 2).

Pharmacological assays do not have the resolution to detect a change in the expression of

specific genes upon the induction of metamorphosis. Therefore, additional approaches

were necessary to identify the genes involved in metamorphosis of P. sibogae.

In P. sibogae, metamorphosis begins once a chemical signal from its coral prey

Porites compressa is perceived by a competent larva, which then transforms from a

shelled planktonic form to a shell-less, elongate benthic juvenile (Bonar and Hadfield,

1974). To find genes that have a role in metamorphosis, cDNA libraries were

constructed from competent larvae and competent larvae that had been exposed to the

metamorphic inductive cue for 1 h. A subtraction screen was performed by combining

the cDNA libraries of competent and metamorphosing larvae and then isolating mRNAs

that were unique or upregulated in the metamorphosing larvae. Several clones isolated in

the metamorphosing cDNA subtraction screen were identified by homology to sequences

in the GenBank database.

The putative laminin receptor clone was isolated from the metamorphosing cDNA

subtraction screen. However, confirmation of differential gene expression was necessary.

Quantitative real time reverse transcriptase polymerase chain reaction (RT-PCR) is the
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most sensitive method of mRNA detection available (Sambrook and Russel, 2001). In

this chapter I describe the results of quantitative real-time RT-PCR amplification of a

putative laminin receptor using cDNA generated from mRNA isolated from competent

and metamorphosing individual larvae of P. sibogae. The individual metamorphosing

larvae were collected less than 30 min. after exiting the larval shell; based on previously

described metamorphic progression in P. sibogae, they were at stage E (Bonar and

Hadfield,1974). In relative quantitative RT-PCR, an endogenous message, the

expression of which does not differ among experimental stages or treatments, is chosen

as a control (Sambrook and Russel, 2001). The endogenous control is amplified

simultaneously with the gene of interest, and then is used to normalize the samples, so the

normalized expression levels of the gene of interest can be compared across samples

(Sambrook and Russel, 2001). This study employs a novel adaptation of Ambion®'s

'Cells to eDNA' for ribonucleic acid (RNA) isolation and cDNA synthesis from a single

marine invertebrate larva. Previous attempts in our laboratory to isolate RNA from a

single larva of P. sibogae using various commercial guanidinium reagents failed because

not enough starting material was present. Isolation of RNA from multiple larvae of P.

sibogae was not useful as template for real-time RT-PCR because the developmental

progression of larvae of P. sibogae that are simultaneously exposed to the metamorphic

inducer is not precisely synchronous. Therefore at any point in time during

metamorphosis of a group of larvae, a mixture of metamorphic "stages" may exist.

The clones from the eDNA libraries and subtractive screening were the first genes

to be sequenced from P. sibogae. Therefore preliminary information about codon usage

was calculated based on 7 nucleotide sequences that contained putative open reading
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frames. An example of how the resulting ranked amino acid codon sequences specific to

P. sibogae can be used to design PCR primers is discussed.

Materials and Methods

In preparation for subtractive screening, two cDNA libraries were made, one from

lO-d competent larvae and the second one from larvae of P.sibogae 1 h after

metamorphic induction. Adequate tissue for RNA isolation for these two libraries was

provided by approximately 10,000 lO-d larvae, or approximately 10,000 10-d larvae that

had been exposed to coral inducer for 1 h. The pellets of larvae were stored at -20°C in

200 III of "RNA Later®" (Ambion, Inc. Austin, Texas) until isolation of total RNA. The

larvae were pooled for each developmental stage and total RNA was isolated from whole

larvae using TriPure® Isolation Reagent (Boehringer Manheim, Inc. Mannheim,

Germany). The yield and purity of the total RNA was then determined by spectroscopy

and agarose gel electrophoresis (Sambrook and Russel, 2001).

Messenger RNA (mRNA) was isolated with the MPG® "mRNA Purification Kit"

(CPG Inc., New Jersey). The yield and purity of the mRNA were then determined by

spectroscopy and agarose gel electrophoresis. Following mRNA isolation, cDNA

synthesis was performed using Stratagene's "ZAP -cDNA®" synthesis kit. The

Stratagene 'Uni-ZAP XR®" vector system was used to construct the unidirectional cDNA

libraries. Many changes to the Stratagene protocol were necessary, and details of the

library construction can be found in Carpizo-Ituarte (1999).
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The basic protocol for the subtractive screening was based on the method used by

Schweinfest and coworkers (1995). After isolating antisense single stranded cDNAs

from the metamorphosing library (= driver), and synthesizing sense biotinylated RNA

probes by in vitro transcription of the competent cDNA library (= tester), alO-fold excess

of tester RNA was hybridized to the driver DNA. All biotinylated products (hybridized

complementary messages and tester specific cDNAs) were then removed by phenol

chloroform extraction, and single-stranded DNA specific to the driver cDNA population

was isolated. Two rounds of subtraction were performed by hybridizing the resultant

single-stranded driver DNA to additional tester RNA. The metamorphosis-specific

cDNA was then double stranded, transformed into competent cells, and single colonies

were arbitrarily picked for sequencing. Further details of the adapted protocol for cDNA

subtraction screening are provided in the appendix.

Sequences from arbitrarily chosen clones were checked for homology to

sequences in the database at the National Center for Biotechnology Information using

their Basic Local Alignment Search Tool (BLAST). The decision to pursue the

quantitative abundance of the laminin receptor transcript was based on its role during

development in other animals. The decision to use the receptor of activated C kinase

(RACK) as an enogenous control for relative real-time RT-PCR was based on

repeatability (n = 5) of insignificant variation in expression levels between competent and

metamorphosing (stage E) larvae.

Codon usage was assayed using 7 sequences from larvae of P. sibogae with

putative open reading frames and matches to known genes (actin, alpha-tubulin, beta

tubulin, RACK, laminin receptor, 60s protein L19, a zinc-finger motif-containing clone)
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in the NCBI database. Six of the clones were isolated in the subtraction screen, and a

partial actin sequence was amplified with primers based on the cephalopod Euprymna

sea/opes actin sequence. The program used to calculate codon usage was MacVector

(Genetics Computer Group, Madison, Wisconsin).

Template for real-time PCR reactions was collected as follows: RNA was

isolated and cDNA synthesized from one larva using "Cells to cDNATM II®" (Ambion,

Inc. Austin, Texas). This kit was designed to produce cDNA from cultured mammalian

cells without a separate RNA isolation. The initial steps in the protocol were adapted as

follows for use with an entire animal. A pilot experiment using the supplied control

'Armored RNA Primer Pair' (Ambion, Inc. Austin, Texas) was performed to determine

the optimum number of larvae for the cell -lysis reaction. Subsequent cDNA syntheses

started with one larva at the appropriate developmental stage (either competent to

metamorphose, or metamorphosing stage E meaning recently « 30 min prior) exited

from the larval shell) in a thin-walled microcentrifuge tube. Immediately after removing

all seawater, 25 J.tl of ice-cold 'Cell Lysis II Buffer' was added, and the tube was

immediately sonicated in an ice bath until no intact larval tissue was visible when viewed

with a dissection microscope. All incubations were performed in a heated-lid thermal

cycler (MJ Research, Inc. San Francisco, California). The sample was incubated for 10

min at 75°C, and then brought to 37°C. DNase I (2 J.tl) was added, followed by gentle

vortexing for less than 1 minute. The sample was then incubated for 30 minutes at 37°C,

and the DNase was inactivated by exposure to 75°C for 5 minutes, after which the tube

was placed on ice.
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Directions supplied with the "Cells to cDNA1M II" kit for one-step RT-PCR were

followed. Several celllysates were frozen, as recommended in the Ambion protocol, and

were used 24 h later for cDNA synthesis. In all cases, the cDNA produced in the delayed

synthesis was of poor quality and specific messages could not be PCR amplified from it.

Subsequently, all cDNA samples used for real time PCR amplification were synthesized

from fresh celllysates. RACK-specific (5'-GTTTGCAGTTAGTCAAATTC-3') and

laminin receptor-specific (5' -ATCCAATAGATTCTTTACCC-3 ') reverse primers were

used for cDNA synthesis. Both a minus-RT and a minus-template control were

performed with each cDNA synthesis to insure that no contamination by genomic DNA

had occurred, or from reagents possibly contaminated with DNA. cDNA was stored at 

20°C until used as template in real-time PCR reactions.

Real time RT-PCR reactions were prepared using the "SYBR® Green PCR Core

Reagents Kit" with AmpliTaq Gold DNA polymerase (Perkin Elmer, Foster City

California). Reactions contained 3 mM MgCIz and 1 J,Il of cDNA. Primers were used at

a 0.2 J.tM final concentration each. The temperature regime was as follows: 2 min at

95°C for Amplitaq Gold activation and denaturation; 30 cycles of 30 sec at 96°C for

denaturation; 30 sec at 52°C for primer annealing; 30 sec at noc for extension; and 5

min at noc for final extension. Next, to insure amplification of only one product, a melt

curve program was performed after completion of the real-time reactions. For all

experiments amplification of a 82-bp piece (5' -GCTTTCTGTAACACTGATTCACCAC

TCAAATTTGTGGATATTGCTATCCCATGCAACAACAAGGGTAAAGAATCTAT

GGAT-3 ') of the putative laminin receptor gene was performed with the iCycler iQ Real-
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Time PCR Detection System (Bio-Rad, Hercules CA), and visualized by agarose gel

electrophoresis.

Data were obtained from 7 triplicate experiments where both RACK and laminin

receptor transcripts were amplified in the same cDNAs. Standard curves for the

transcripts of RACK and the laminin receptor were generated by serial dilution of each

plasmid DNA. Results from the real time RT-PCR amplification of the putative laminin

receptor were normalized to the endogenous control transcript RACK. Normalization to

RACK accounts for variability in the initial concentration and quality of the total RNA

and in the conversion efficiency of the reverse transcription reaction. These analyses are

the first attempts at quantitative RT-PCR in P. sibogae, and therefore the decision to use

RACK as the endogenous control was based on repeatability of insignificant variation in

expression levels between competent and metamorphosing (stage E) larvae (n = 5).

Amplification of a l04-bp piece (5' -GTTTCATGTGTCAGATTTTCTCCCCAAATTCT

TTCTAATCCAATCATCGGTATCCTGTGGATGGGACAGAGTTGTCAAGGTATGG

AATTTGACTAACTGCAAAC-3') of the putative RACK gene was performed with the

iCycier iQ real-time PCR detection system (Bio-Rad, Hercules CA), and visualized by

agarose gel electrophoresis. Significance differences in the RACK amplification

threshold cycle between competent and metamorphosing stage E larva, and in laminin

receptor amplification threshold cycle were tested by paired t-tests.
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Results

Ten clones were arbitrarily chosen for sequencing from the cDNA library of

larvae competent to metamorphose. Eight of the ten clones sequenced from this library

(Table 1) were 16s ribosomal RNA. Three of the eight 16s ribosomal RNA clones

contained a poly-adenylated region. All eight 16s ribosomal RNA clones were aligned to

compare the start and stop sites of each clone. The other two clones were sequences for a

60s ribosomal protein, and ATP Synthase A chain (Table I).

The second cDNA library was made from Phestilla sibogae larvae that were

exposed to the metamorphic inductive cue for I h. The I-h exposure induced an average

of 71 % metamorphosis in a subset of larvae that were held for observation 24 hours after

initial exposure to the inductive cue (data not shown). Thus up to 30 percent of the

clones may have come from larvae that were not in initial stages of metamorphosis. The

amplified metamorphosing-larvae cDNA library was titered at 8 X 106 pfu.

Twenty-seven clones were sequenced from the hundreds of colonies that were

produced by the subtractive screen. An average of 800 bp of each clone was obtained.

Ten sequences had no match in the database. Seventeen sequences with matches in the

database encoded: one 16s ribosomal RNA; two 40s ribosomal proteins; four ATP

synthase A-chain proteins; one cytochrome C oxidase; one alpha tubulin; three beta

tubulin; two laminin receptors; one receptor for activated C kinase (RACK); one with a

zinc-finger motif (Table 2). In addition, one clone contained microsatellites (Table 2).

A total of nearly 5000 bp from 7 genes with putative open reading frames was

used to give a preliminary indication of codon usage in P. sibogae. The sequences used
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Table 4.1. Competent cDNA Library Clones. Clones from competent larvae of Phestilla sibogae and their corresponding August 2002
BLAST results showing matches at the nucleotide and amino acid levels. The reported E values indicate the probabil~y that the Phestilla
sibogae sequence matched the database sequence by chance, and are specific to the day the BLAST search was conducted.

Sequence
Length Nucleotide E Value Amino Acid E Value

Clone {!m} % Identity (nucleotide) % Identities/% Positives (amino acid)

168 rRNA 904 86 6.00e"0' n/a n/a
Eubranchus exiguus"

60s Ribosomal 1,083 no match no match 61/75 9.00e·«
Protein L24 Drosophila melanogastef'

ATP Synthase A 956 91 3.00e~' 67/81 4.00e"<v
chain protein 6 Dendrodoris nigraa Pupa sfrigosaC

Organism identities: aNudibranchia; DDiptera; cGastropoda.
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Table 4.2. Metamorphosing eDNA Subtraction Clones. Clones from a subtraction screening to isolate messages unique or upregulated in
competent larvae of Phestilla sibogae exposed to the metamorphic inducer for 1 hour. The corresponding August 2002 BLAST results
show matches at the nucleotide and amino acid levels. The reported E values are specific to the day the BLAST search was conducted
'I;.l,,' .... III\,Al...QUJ 'I ,OW' 1-'1 ......U. ... ,II~y LI,DoL Lllv "" ........ Y .................. " ......... ,' ........ ' ........ "'''' ........................................ n ........ ' .... ,..... , ........

Sequence
Lenqth Nucleotide E Value Amino Acid E Value

Clone (bp) % Identitv (nucleotidel % Identlties/% Positives I (amino acidl
16s rRNA 658 82 2.00e-58 nla nla

Flabel/ina Dedalaa

40s Ribosomal 629 no match no match 71/84 5.00e-78
Protein S8 Spodoplera frugiperdab

40s Ribosomal 927 85 6.ooe-28 62174 3.00e-13
Protein S25 SDodoDtera fruaiDerdab le:talurus DunctatusC

ATP Synthase A 628 50 3.00e-39 50/66 3.00e-39
Chain Protein 6 PUDa slriaosad Pupa slr/qOSad

Cytochrome C 665 93 6.00e-14 58/71 3.00e-69
Oxidase Subunit Terrisswalkerius erief Pupa strigosad

II

Tubulin Alpha 765 86 2.00e-94 81/83 7.00e-42
Urechis cauoo' Mus musculus"

Tubulin Beta 1,072 85 e-127 96/99 1.00e-87
Bombyx morl' Monos/qa brevico/lish

Laminin Receptor 1,011 80 2.00e-14 76/89 9.00e-91
Bombvx morl' Gallus gallus"

RACK 921 84 2.00e-08 76/86 e-101
Tilapia niloticab Biomphalaria glabratad

with Zinc-finger 1,049 93 0.087 70179 6.00e-31
Domains Mus musculus" Caenorhabditis elegansi

Organism identities: aNudibranchia; "Lepidoptera; "Teleost; "Gastropoda; "Annelida; 'Echiura;·Vertebrata; 'Choanaflagellata;iNematoda.



for the analysis have homology to the following proteins: 60s ribosomal protein, actin,

alpha-tubulin, beta-tubulin, laminin receptor, RACK, and an unknown non-steroid

protein with zinc-finger domains. Twenty-one amino acids were encoded by sixty-one

triplet codons (Fig. I).

Within I h of exiting their shell, the abundance of the laminin receptor transcript

was significantly greater in metamorphosing larvae compared to the level in competent

larvae that were not exposed to the inducer (Fig. 2) (P < 0.003). The average threshold

cycle, an indicator of exponential amplification of PCR product, for the laminin receptor

transcript in a competent larva was 32.0 (± 0.9), and the average threshold cycle for the

laminin receptor transcript in a stage E larva was 29.3 (± 1.1). The greater the amount of

starting target sequence in the cDNA template, the earlier amplification of PCR product

will first be detected, and therefore lower threshold cycle numbers indicate higher

starting copy number of the nucleic acid sequence. On average transcript for the stage-E

larva was detected 2.74 cycles earlier than for the competent larva. Based on a standard

curve produced by a dilution series of the laminin receptor plasmid, the average number

of cycles per lO-fold dilution of laminin was 3.4 cycles. Therefore the 2.7-cycle

difference represents an average 8-fold increase in laminin transcript abundance in a

stage E larva (Fig. 2). However, no significant difference in the transcript level of the

control transcript RACK in a stage E larva was detected (average competent threshold

cycle =27.6 ± 1.1, average stage E threshold cycle =27.6 ± 1.4) (Fig. 2).
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Codon Amino Acid Wi Codon Amino Acid WI
GCU Ala 1 AUG Met 1

GCC Ala 0.666667

GCA Ala 0.619048 UUC Phe
GCG Ala 0.190476 UUU Phe

AGA Arg 1 CCU Pro 1

CGU Arg 0.489362 CCA Pro 0.918919

AGG Arg 0.425532 CCC Pro 0.675676

CGA Arg 0.297872 CCG Pro 0.216216

CGC Arg 0.191489

CGG Arg 0.010638 UCA Ser 1

UCC sar 0.935484

AAU Asn 1 UCU Ser 0.935484

AAC Asn 0.735849 AGU Ser 0.806452

UCG Ser 0.516129

GAU Asp 1 AGC Ser 0.483871

GAC Asp 0.517241

UAA TER 1

UGU Cys 1 UAG TER 1

UGC Cys 0.466667 UGA TER 0

CAA Gin 1 ACU Thr 1

CAG GIn 0.480769 ACG Thr 0.225

ACC Thr 0.925

GAA Glu 1 ACA Thr 0.725

GAG Glu 0.540984

UGG Trp
GGA Gly 1

GGU Gly 0.975 UAC Tyr 1

GGG Gly 0.7 UAU Tyr 0.7

GGC Gly 0.575

GUU Val 1

CAU His 1 GUG Val 0.793104

CAC His 0.707317 GUC Val 0.896552

GUA Val 0.758621

AUU lie 1

AUC lie 0.711111

AUA lie 0.311111
FIgure 4.1. Codon usage in Phestifla

UUG Leu 1 sibogae. Putative open reading frames from

CUG Leu 0.771429 7 different genes from larvae of P. sibogae

UUA Leu 0.714286 were subjected to correspondence analysis

cuu Leu 0.685714
to elucidate relative codon usage. For each

cuc Leu 0.6
amino acid, the most frequently used codon
is assigned a value of 1, and all other

CUA Leu 0.342857 codons used for the same amino acid are
ranked relative to the most frequently used

AAA Lys 1 codon.
AAG Lys 0.772152
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Figure 4.2. Putative laminin receptor transcript quantitative analysis in
competent and metamorphosing larvae of Phestilla sibogae. Real time reverse
transcriptase polymerase chain reaction was performed on complementary
deoxyribonucleic acid (cDNA) from a competent larva of P. sibogae, and cDNA
from a metamorphosing Stage E larva of P. sibogae. The threshold cycle of
laminin receptor transcripts was normalized to that of the RACK transcripts, and
then the fold-increase in a metamorphosing Stage E larva compared to a
competent larva was calculated. Data were obtained from 7 triplicate
experiments and are indicated as the mean ± SE.
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Discussion

The results from the subtractive screen suggest additional transcripts may be

unique to, or upregulated during metamorphosis of Phestilla sibogae. To reduce the

possibility of false positives, the subtractive screen should be repeated with a 100-fold

excess of tester RNA, and greater than two rounds of subtraction should be performed.

Confirmation of differential expression of the isolated clones in individual larvae at

different stages during metamorphosis could then be pursued with real-time RT-PCR.

The real-time RT-PCR results confirm a quantitative change in gene expression of

a transcript isolated by subtractive screening in larvae of Phestilla sibogae that were

exposed to the metamorphic inducer for one hour. An eight-fold increase in the putative

laminin receptor transcript occurs in metamorphosing larvae of P. sibogae that have

progressed to the stage where they have exited the larval shell, epidermal cell movement

is occurring, larval muscle cell degeneration has occurred, and synthesis of the adult

feeding structure has been initiated (Bonar and Hadfield, 1974; Croll, pers. comm.).

Laminin is an extracellular matrix protein (ECM) that affects a variety of developmental

processes, including: (1) intestinal changes during metamorphosis in amphibians (Schilt

et aI., 1990); (2) nervous system development in frogs (Gordon-Weeks et aI., 1992); (3)

wing morphogenesis in Drosophila (Fristrom et aI., 1993); (4) axon pathfinding in

Drosophila (Garcia-Allonso et aI., 1996); (5) cell migration in Drosophila (Martin et aI.,

1999); (6) muscular development in mice (Patton et aI., 1997); and (7) epithelial

morphogenesis in hydra (Zhang, et aI. 2002).

A variety of proteins are known to function as laminin regeptors, including

integrins (Fristrom et aI., 1993), dystroglycan (a component of the complex that links
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muscle cells to the ECM) (Parsons et al., 2002), and a non-integnn 67 kD protein (Sobel,

1993; Ghosh et aI., 1999). At both the nucleotide and the protein level, the putative

laminin receptor transcript that exhibits increased expression in metamorphosing larvae

of P. sibogae has high homology to the non-integrin 67kD protein. The function of the

67kD protein as a laminin receptor has been somewhat controversial as some have

concluded that the protein is part of the translational machinery and not a laminin

receptor (Rosenthal and Wordeman, 1995). However, more recent papers have suggested

a multifunctional role for the 67kD protein and its precursor as a ribosome-associated

protein that functions as a laminin receptor (Clausse et aI., 1996; Ardini et al., 1998).

Further investigation is needed to identify where the putative non-integrin laminin

receptor is expressed in larvae of P. sibogae. In addition, the function of the protein that

is encoded by the transcript and its importance to metamorphosis in P. sibogae need to be

determined. A laminin receptor may serve during metamorphosis in P. sibogae for

processes such as epidermal cell movement or rearrangement of the digestive system

(Kempf, 1982).

Ambion®'s "Cells to eDNA" kit for RNA isolation and cDNA synthesis is of

great value to researchers working with larvae of marine invertebrates. Due to their small

sizes (often less than 300~ in length), isolation of RNA from single larvae is not

possible with traditional guanidinium-based methods. Using the "Cells to eDNA" kit,

isolation of total RNA and synthesis of cDNA from a single larva can be completed

within a few hours. However, storage of the cell lysate for later cDNA synthesis, while

suggested as possible was not effective with P. sibogae, and is not recommended.

Quantification of cDNA produced with this novel method from one larva is not feasible,
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and therefore downstream applications that require specified starting amounts of cDNA

may be problematic. However, use of the cDNA for applications such as relative

comparisons of real-time PCR is recommended since an endogenous control for equal

starting pools of RNA can be used to normalize the data.

Many studies of molluscs have calculated codon usage bias in a specific protein

such as lysin (Lee et a!., 1995), adhesive protein (Inoue et a!., 1996), or cytochrome

oxidase subunit III (Bariga Sosa et a!., 1995) and analyzed the evolutionarily significant

differences among species. The codon usage data collected thus far for Phestilla sibogae

are preliminary, and addition of more coding sequences from P. sibogae will make the

analyses more robust. However, the preliminary codon usage data for P. sibogae may be

useful for P. sibogae-specific primer or oligo design. For example, in a previous

unsuccessful attempt (not published) to isolate a glutamate receptor in P. sibogae, PCR

primer design was based on the alignment of glutamate receptor sequences for specific

amino acid sequences in the gastropod Lymnaea stagnalis, rat, and Caenorhabditis

elegans (Maricq et al., 1995; Stuhmeret a!., 1996). One of the primers synthesized was

based on the amino acid epitope FAYIGVSVV, and the degenerate nucleotide sequence

chosen was TIIGC(G/C)TAIATTGGGGT(G/C)AGCGTNGT. Applying the

preliminary codon usage results obtained here, produces an alternative primer sequence

with changes in 9 (underlined) of the 26 nucleotides: TTCGCITACATTGGAGTTTCA

GTIGT. Confirmation of the usefulness of the alternative glutamate receptor PCR

primer is needed.

Future application of cDNA from a single larva combined with real time RT-PCR

studies is warranted to confirm or refute differential expression of transcripts isolated by
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subtractive screening of metamorphosing larvae of P. sibogae. Both the 13-tubulin and

the zinc-finger domain-containing transcripts isolated by subtractive screening of larvae

of P. sibogae exposed to the metamorphic inducer for one hour are potentially interesting

candidates for differential expression during metamorphosis. Differential expression of

13-tubulin during metamorphosis may be necessary for changes in cell shape that are

associated with epithelial cell movement. The transcript containing two non-steroid zinc

finger domains may be a transcription factor whose expression is necessary during

metamorphosis to initiate expression of other messages downstream of the metamorphic

inductive signal. Combining the ease of synthesizing cDNA from a single larva with the

Ambion® Cells to cDNA kit with the sensitivity of real-time RT-PCR provides a

powerful tool for confirming or refuting the differential expression of transcripts isolated

by cDNA subtractive screening.
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Appendix. Subtractive Screening

Introduction

In theory, cDNA subtractive screening is one method that isolates cDNA from

mRNA that is unique or upregulated in one population of cells or tissues. Other methods

to isolate differentially expressed cDNAs include random sampling and sequencing of

cDNA clones, differential display, and differential screening of cDNA libraries. In

reality, these methods are useful because they narrow the pool of possibly interesting

candidate cDNAs. Therefore confirmation of a change in a specific message between two

populations of cells or tissues is necessary, and can be conducted via Northern blotting or

Real-Time Reverse Transcriptase (RT) peR.

The protocol for cDNA subtractive screening described here spans a minimum of

fourteen days and starts with three days of preparations which include titering the

libraries and phages and preparation of bacterial cells. Generation of antisense single

stranded DNA from the cDNA library (driver) which contains the sequences of interest

takes four days. Generation of sense biotinylated RNA probe from the cDNA library

(tester) with messages in common with the driver population and unique messages that

are NOT of interest, takes four days and can be conducted at the same time or after

generation of the driver DNA. An additional seven days is needed for the "subtraction"

of the two nucleic acid populations, and isolation of sequences of interest. A lO-fold

excess of biotinylated tester RNA is hybridized to the driver DNA, and the biotinylated

components (RNA-DNA hybrids plus RNA) are removed by extraction with streptavidin-
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phenol leaving the single-stranded DNA of interest which is then double stranded,

transformed, and sequenced.

Background

The 2 cDNA libraries that are used to perform a cDNA subtractive screening are

made with the Stratagene Uni-Zap XR vector system. A vector is a DNA molecule into

which another DNA fragment can be integrated without loss of the vector's capacity for

self- replication. Vectors introduce foreign DNA into host cells, where it can be

reproduced in large quantities. Vectors are often recombinant molecules containing DNA

sequences from several sources. The Uni-Zap XR system combines the high efficiency

of lambda library construction and a phagemid system which allows for blue-white color

selection. This system produces directional cDNA and accommodates cDNA up to lOkb

in length.

The cDNAs are inserted in the multiple cloning site of the pBluescript SK(+/)

phagemid. Phagemids are phages whose genome contains a plasmid that can be excised

by co-infection of the host with a Helper phage. A phage is a virus consisting of a

protein coat enclosing genetic material that is injected into its natural host, a bacterial

cell. A plasmid is an autonomously replicating, extrachromosomal circular DNA

molecule, distinct from the normal bacterial genome. The pBluescript phagemid is 2958

bp in length.

The amplified cDNA libraries grow on the Reck E. coli host strain XU-Blue

mrf'. An episome is a polynucleotide that can be transferred from one bacterium to

another, either as a discrete structure or as a sequence incorporated into the host genome.
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The F' episome present in the host strain allows for filamentous phage (i.e., VCS- M13

phage that is used in the subtraction protocol) infection and blue-white color selection.

Blue-white color selection is a technique to distinguish colonies that contain phagemids

that have a cDNA insert from those that do not have an insert. The Uni-Zap XR vector

contains a segment of the lacZ gene that encodes the regulatory sequences and the coding

information for the amino-terminal end of f3-galactosidase. IPTG is the lacZ gene

inducer and is necessary for the production of the f3-galactosidase. The host cells' F'

episome codes for the carboxy-terminal end of f3-galactosidase. The host-encoded

fragment is complemented by the vector-encoded fragment, and this produces the

enzymatically active protein. When f3-galactosidase is expressed the color producing

substrate X-gal is cleaved by hydrolysis, and the resulting bacteria form blue colonies.

However, if cDNA is inserted in the multple cloning site which is embedded in the lacZ

gene, expression of the amino-terminal end of f3-galactosidase is disrupted and therefore

no functional f3-galactosidase enzyme is made, and these bacteria form white colonies.

Thus, it is white colonies that are of interest to us.

Antibiotic resistance selection is also used throughout this protocol to select for

specific entities. The pBluescript phagemid has ampicillin resistance (AmpR). XLI-Blue

rnrf cells have tetracycline resistance (TetR). SOLR cells are kanamycin resistant (KanR).

VCS-M13 phage is kanamycin resistant (KanR). Use of anyone of these antibiotics in

growth medium allows us to pick cells that grow knowing that contaminating cells and/or

cells that are not infected by the appropriate phage will not survive.
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Protocol Overview

Driver library = library that you want specific clones from.
Tester library = library with clones that hybridize to complimentary clones from the

driver library.

1) Isolate antisense single stranded cDNAs from the library (: Driver) that has the
sequences of interest.

2) Synthesize sense biotinylated RNA probes by in vitro transcription of the library (:
Tester) that has common sequences and unique sequences you're not interested in as
the template.

3) For the subtraction, 10 times as much biotinylated Tester RNA probe as Driver single
stranded cDNA will be used. Using 10 times as much Tester RNA reduces the
concentration of cDNAs corresponding to highly redundant RNAs, thus suppressing
porportion of highly redundant cDNAs relative to low-abundance cDNAs in the final
pool of subtracted cDNAs.

4) Hybridize complimentary cDNAs and get rid of them along with Tester specific
cDNAs. (Getting rid of everything that's biotinylated.)

5) Isolate single stranded DNA specific to the Driver cDNA population.
6) Double strand the cDNA
7) Transform the cDNA into competent cells.
8) Grow transformed cells, pick single colonies, and sequence.

Subtractive Screening Protocol

Retiter VCS M13 phage & ExAssist Helper Phage (stored at -70°C)
The titer of the phages will decrease with age, therefore they must be titered

before use because the amount that will be used depends on the titer.

Titering the VCS-MI3 and the ExAssist helper phage: Follow the Stratagene
instruction manual for the eDNA Synthesis Kit, ZAP-eDNA Synthesis Kit, and ZAP
cDNA Gigapack III Gold Cloning Kit.

Retiter both libraries
The titer of the libraries will decrease with age. Titering both libraries is

necessary to determine how much of each library will be used.
Before Titering make sure you have:

By Day 1:
37°C incubator
1 LB-tetracycline lOOmm plate

Or can add tetracyline solution to a LB plate. Assume 30ml of LB agar in
a lOOmm plate. Want a final tetracyline concentration of 12J.!g1ml.

1 LB-kanamycin lOOmm plate
Want a final kanamycin concentration of 50 J.!g/ml.
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By Day 2:
Shaking constant temperature incubator (30°C)
48°C water bath
Amplified cDNA libraries - Aliquots of the amplified phage libraries are in 7%

DMSO and stored at -70°C.
These library stocks have not been excised.

NZY top agar: Will need 7ml per 150mm plate
Prepare 1 liter of NZY broth:

5g of NaCI
2g of MgS04- 7H20
5g of yeast extract
109 of NZ amine (casein hydrolysate)
Add deionized H20 to a final volume of 1 liter.
Adjust the pH to 7.5 with NaOH

Aliquot 0.7% (w/v) agarose (= 0.875 g) into each of 8 bottles and then add
a stir bar and 125ml of broth to each. Each bottle will make -18
7ml aliquots. It is important that the 7ml aliquots of top agar are
held in sterile polypropylene tubes.
Autoclave

LB broth
10mg/ml Tetracycline
0.5MMgS04
20% (w/v) maltose
By Day 3:
Spectrophotometer
Swinging bucket centrifuge
SM buffer (need 30mls per library)

Make in a sterile bottle
5.8 g of NaCI
2.0 g of MgS04- 7H20
50 ml of 1M Tris-HCI (pH 7.5)
5 ml of 2% (w/v) gelatin (make O.lg/5ml first, and then add)
Add deionized H20 to a final volume of 1 liter.

O.5M !PTG in sterile water (need 45111 per library, therefore need 0.0054g !PTG
per library)
MW=238.29
0.12 g/ml = 0.5M

250mg/ml X-gal in DMF (*light sensitive) (need 150lll per library, therefore
need 0.0375g X-gal per library)
Store at -20°C

NZY Agar Plates: Will need 3 plates/library and 3 plates per phage (VCS-M13
and ExAssist) for titering
5gofNaCI
2g of MgS04- 7H20
5g of yeast extract
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109 of NZ amine (casein hydrolysate)
Add enough deionized H20 to dissolve everything.
Adjust the pH to 7.5 with NaOH
15g of agar
Add deionized H20 to a final volume of 1 liter.
Add stir bar
Autoclave. Cool.
Pour into petri dishes (- 80 m1l150-mm plate, therefore makes 12-13

plates)
50mglml Kanamycin

Day 1: Prepare bacterial stock plates
Plating the cells takes just a few minutes. The cells should be plated in the evening since
they will grow overnight, and you'll want to pick individual colonies, so you don't want
them to overgrow each other.

Prepare the host bacteria:
Streak XLl-Blue mrf' cells (mrf') on LB-Tetracycline agar plate

Cover the plate with foil since tetracycline is light sensitive.
Streak SOLR cells on LB-Kanamycin agar plate

Incubate @ 37°C Overnight

Day 2: Prepare bacterial cells
Minimal time is needed to complete the tasks. The plates must be put in the refrigerator
in the morning, but wait until the evening to begin growing the mrf' liquid culture.

In the morning wrap edges of both plates (mrf cells and SOLR cells) with parafilm.
Cover the mrf plate with foil since tetracycline is light sensitive. Plates can be
stored at 4°C for up to 1 week.

In the morning tum on 48°C water bath. Make sure there is enough water in the bath to
cover the 7m1s. of top agar that will be incubated in sterile tubes.

In the afternoon, melt NZY top agar and aliquot 7 rnls. into sterile tubes and store tubes
in the 48°C water bath. Will need 3 tubes per library.

Late in the evening inoculate LB w/a single colony from the mrf cells' plate:
In a sterile polypropylene tube:
LB Broth 25ml
20% Maltose 250/ll
0.5M MgS04 5001ll
No antibiotic is added because Mg2+ interferes with tetracycline action.

Grow Overnight @ 30°C w/shaking (160 rpm). Do not screw cap on tightly.
The lower temperature keeps the bacteria from overgrowing, which reduces the number
of nonviable cells. (Phage can adhere to nonviable cells resulting in a decreased titer.)
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Day 3: Plate the phage and bacteria
It will take approximately 2 hours to prepare for plating the phage-infected bacteria.
You'll want to complete the plating as early in the day as possible since it takes at least 6
hours for the plaques to grow. Therefore start everything first thing in the morning.
In the evening cultures of both mrf' cells and SOLR cells must be started, and this will
take approximately 30 minutes.

Prepare host cells:
I) In the morning spin the cells at 500 X g (= 1600rpm in the Sorva]] swinging

bucket centrifuge) for 10 minutes and discard the supernatant.
2) Gently resuspend the cells in half the original volume (=I2.5mls.) with sterile

IOmMMgS04

3) Dilute the cells to an OD6oo of 0.5 with sterile IOmM MgS04 Blank w/
MgS04

CIVI =CZV2

(OD6oo) (I2.5mls.) = (0.5) (12.5mls + X)
The MgSO, is necessary for phage infection of the bacteria cells.

Warm NZY agar plates to 37°C - 42°C and dry for at least 1 hour.
Plate and Titer

I) Dilute the lambda phage in SM buffer as follows:
A = 1111 of amplified library in IOmls. SM buffer

IIlI of A + 200lli of host cells = 1: 10,000 dilution
B = 1111 of A in lOmls. SM buffer

IIlI ofB + 200lli host cells = 1:100,000 dilution
C = IIlI of Bin lOmls. SM buffer

1 III of C + 200lli host cells = 1:1,000,000 dilution
2) Incubate the phage and bacteria for 15 minutes at 37°C to allow the phage to

attach to the cells. Can let sit for up to 1 hour while plates finish drying.
3) Quickly add phage + cells to 7ml of NZY top agar (melted and cooled to

48°C).
4) Quickly add 15111 of 0.5M IPTG (in water). Mix and quickly add 50111 of X

gal (250 mglml in DMF)
5) Plate immediately onto NZY agar plates and allow plates to set for 10 minutes.

Invert the plates and incubate at 37°C (or 42°C)
6) Plaques should be visible after 6-8 hours (or 4 hours), although color detection

requires overnight incubation. Background plaques are blue and should be <1
X 105 pfulllg of arms, while recombinant plaques will be white (clear) and
should be IO-l00-fold above the background.

Example of titering calculations from 09107/00:
ExAssist Helper Phage
1:100,000 plate: quarter-size area = 14 plaques
Area of a quarter = 491mm2

Area of entire plate = 15394mmz, 15394 + 491 = 31.4
14 X 31.4 = 439.6 plaques/entire plate
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IX", 4 X 107 pfu\!!l
:. for 1 X 109 pfu need 25!!1
VCS-M13 Phage
1: 10,000 plate: quarter-size area'" 190
190 X 31.4 '" 5,966 plaques/entire plate
IX '" 6 X 107 pfu\f,tl
:. for 1 X 109 pfu need 17f,t1
Competent Phestilla sibogae
1:10,000 plate: quarter-size area'" 64 plaques
64 X 31.4 '" 2009.6 plaques/entire plate
IX", 2 X 107 pfu\f,tl
:. for I X 108 pfu need 5f,t1
Metamomhosing Phestilla sibogae
1: 10,000 plate: quarter-size area '" 25 plaques
25 X 31.4 '" 785 plaques/entire plate
IX", 7.9 X 106 pfu\l!l
:. for 1 X 108 pfu need 12.5f,t1

Prepare for Day 4:
Late in the evening inoculate LB w/a single colony from the mrf' cells' plate:

In a sterile polypropylene tube:
LB Broth 25mls
20% Maltose 250!!1
0.5M MgS04 500!!1
Grow Overnight @ 30°C w/shaking (160 rpm). Do not screw cap on tightly. The
lower temperature keeps the bacteria from overgrowing, which reduces the
number of nonviable cells.

Late in the evening inoculate LB w/a single colony from the SOlR cells' plate:
In a sterile polypropylene tube:
LB Broth 25mls
50mglml Kanamycin 25!!1
20% Maltose 250f,t]
0.5M MgS04 500f,t1
Grow Overnight @ 30°C w/shaking (160 rpm). Do not screw cap on tightly. The
lower temperature keeps the bacteria from overgrowing, which reduces the
number of nonviable cells.

Set incubators to correct temperatures: 37°C and 70°C
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Preparation of Driver (antisense) Single Strand DNA
*NOTE: You do not have to prepare the Driver and Tester populations simultaneously.

Before preparing the driver single stranded DNA make sure you have:
By Day 4:
Swinging bucket centrifuge
Spectrophotometer
37°C incubator
Shaking constant temperature incubator (37°C)
70°C incubator
4°C centrifuge
XLI Blue mrf cells
LB Broth
Super Broth
·100mg/ml Ampicillin
50mg/ml Kanamycin
IOmg/ml Tetracycline
By Day 6:
70°C water bath
3.5M~OAc (pH 7.5)/20% PEG (Polyethyleneglycol)
TE,pH7.5
Phenol
Phenol:Chloroform (1:1)
CHCh (=chloroform)

Day 4: Infect bacterial cells with Driver phage & single strand rescue Driver
DNA.
Approximately 6 hours is needed to complete the tasks, and the overnight incubation
should be started no earlier than 6pm, therefore mix the driver phage, mrf' cells, and
helper phage at noon. One sterile glass Corex tube, and 2 sterile screw cap centrifuge
containers that can each hold 275ml will be needed.

In the morning warm 20ml LB and 500mI of Super Broth to 37°C

Infection
Add to a sterile 50ml (polypropylene) Falcon tube and flick to mix:

Driver Library Phage 1 X 108 pfu
XLI Blue mrf 1 X 109 cells

Cells have been growing overnight.
Spin down at room temperature (RT) in a swinging bucket centrifuge at

500 x g (=1600rpm) for IOmin.
Discard the supernatant.
Resuspend the pellet in Y2 the original volume wlLB broth plus 0.2%

Maltose and IOmM MgS04

120



Measure the OD600 of the resuspended cells
Dilute the cells to OD600 = 0.4 wlLB broth plus 0.2% Maltose and lOrnM

MgS04

I X 109 cells = 3.3ml of OD600 = 0.4
MgSO. is necessary for infection.

VCS-MI3 phage 1 X 109 pfu
VCS-MI3 is provided with the Lambda Zap vector, and makes single stranded DNA by
using the PI minus origin of replication (T3) to make DNA in I direction (antisense).
Unlike ExAssist Helper phage, VCS-M13 will not excise phagemid.

Incubate tube at 37°C for 15rnin.
Add contents of tube to 20ml of warm (37°C) LB in a sterile polypropylene tube.
Incubate at 37°C for 2.5hrs. with shaking (250rprn is fine).
Incubate at 70°C for 20min.

This kills the cells, but not the phages.

Cool the centrifuge to 4°C during this incubation.
Transfer the mixture to a sterile glass 30ml Corex tube on ice.
Centrifuge at 6000g for lOrnin. at 4°C.

Dead cell debris will be pelleted.
Prepare more mrf' cells during this centrifugation.

Cells have been growing overnight.
Spin down at room temperature (RT) in a swinging bucket centrifuge at

500 x g (=1600rprn) for lOmin.
Discard the supernatant.
Measure the OD600 of the resuspended cells
Resuspend the pellet in 112 the original volume wfSuper Broth
Dilute the cells to OD600 = 0.4 wfSuper Broth

I X 109 cells = 3.3ml of OD600 = 0.4
Transfer the supernatant to a 50ml Falcon tube on ice.

Grow infected cells
Add to another sterile (polypropylene) 50ml Falcon tube:

Supernatant 2rnl
XLI Blue mrf' 20ml of OD600 = 0.4 in Super Broth

Super Broth provides more nutrients than LB broth, and therefore greater cell
growth occurs.

Incubate at 37°C for Ihr. with shaking (250rpm is fine).
Add half to each of two sterile vials, each with 250ml of warm (37°C) Super Broth.
Incubate at 37°C for Ihr. with shaking.

Select for bacteria infected with VCS-M13 and pBluescript with insert
Add:

100mgfml Ampicillin to a final concentration of 100mgfL
pBluescript has AmpR

50mgfml Kanamycin to a final concentration of 70rngfL
VCS-MI3 has KanR

Incubate at 37°C overnight (ON) for 7-15hrs.
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2ml
20ml

Prepare for Day 5:
Late in the evening inoculate LB w/a single colony from the XLI-Blue MRF' cells' plate:

In a sterile polypropylene tube.
LB Broth 25mls
20% Maltose 250111
0.5M MgS04 500lli
Grow Overnight @ 30°C w/shaking (160 rpm). Do not screw cap on tightly. The
lower temperature keeps the bacteria from overgrowing, which reduces the
number of nonviable cells.

Day 5: Amplify single stranded driver DNA
The tasks will take approximately 2.5 hours, and the overnight incubation should be
started no earlier than 6pm, therefore begin the first centrifugation no earlier than
3:30pm. Two sterile screw cap centrifuge containers that can each hold 275ml will be
needed.

Store incubated solutions at 4°C until ready to centrifuge.
Pull mrf' cells out of shaking incubator & let sit at RT until ready to use.
In the morning bring 500ml Super Broth to 37°C
Cool centrifuge to 4°C

Centrifuge the 2 vials at 6000 x g for lOmin. at 4°C.
Prepare the mrf' cells during this incubation:

Spin down at room temperature (RT) in a swinging bucket centrifuge at
500 x g (=1600rpm) for lOmin.

Discard the supernatant.
Resuspend the pellet in Y2 the original volume w/Super Broth
Measure the OD600 of the resuspended cells
Dilute the cells to OD6oo = 0.4 w/Super Broth

Recover the supernatant (= single stranded rescued phage + helper phage) and keep at
4°C.

Combine:
Supernatant phage solution
XLI Blue, OD6oo = 0.4 in Super Broth

Incubate at 37°C for Ihr wI shaking
Put into 2 275ml centrifuge containers w/screw caps (add in this order):

Supernatant + Super Broth solution Ilml
Prewarmed (3TC) Super Broth 250ml

Incubate at 37°C for Ihr wI shaking
Add Ampicillin and Kanamycin to a final concentration of 50llglml each:

Ampicillin (lOOmglml) 220111
Kanamycin (50mglml) 300lli

Incubate at 37°C overnight (8-16hrs.)
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Prepare for Day 6:
Tum on 70°C water bath.

Day 6: Isolate single stranded driver DNA
These tasks will take approximately 3.5 hours. There is no time limit on the overnight
ethanol precipitation. Five sterile glass Corex tubes and six sterile screw cap centrifuge
containers that can each hold 275ml will be needed.

Cool the centrifuge to 4°C.
Pellet cells and debris by centrifugation and transfer the supernatant to 2 sterile centrifuge

containers.
6000 x g for 10rnin. at 4°C

Clarify supernatant w/a second centrifugation
10,000 x g for IOmin at 4°C
Pour -125ml of the supernatant into each of 4 sterile centrifuge containers.

Precipitate the phage:
Add 1/4 volume of 3.5M Nf40Ac (pH 7.5)120% PEG (Polyethyleneglycol)

PEG precipitates large pieces of DNA. but will not precipitate RNA.

Incubate at 4°C for at least 1 hr.
Centrifuge to collect the phage:

11,000 x g for 30min at 4°C
Keep the pellet

Isolate the DNA
Resuspend the phage in 2.5mls of TE, pH 7.5 by swirling.
Transfer to a sterile glass Corex tube (will have a total volume of - IOml)
Heat 20rnin. at 70°C

This kills the cells.
Phenol/chloroform extraction:

Add an equal volume ofPhenol:Chlorofom:Isoamyl alcohol (25:24: I) pH 8.0
Cover top with parafilm & shake to mix
Centrifuge 1600 x g for 3rnin. at RT
Transfer the aqueous phase to a new Corex tube (should be the top layer)
Add an equal volume of Phenol:Chlorofom:Isoamyl alcohol (25:24: 1) pH 8.0
Cover top with parafilm & shake to rnix
Centrifuge 1600 x g for 3rnin. at RT
Transfer the aqueous phase to a new Corex tube (should be the top layer)
Add an equal volume of chloroform
Cover top with parafilm & shake to mix
Centrifuge 1600 x g for 3min. at RT
Measure the volume as you transfer the aqueous phase to a new Corex tube

(should be the top layer)
May only have 6-7ml total volume.

Add 1/10 volume 3M NaOAc, pH 5.2
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Swirl to mix
Add 14 volume ice cold 100% ethanol (EtOH)
Cover top with parafilm & invert several times to mix

At this point you should see a white thready precipitate.

Ethanol precipitate the DNA overnight @ -20°C

Day 7: Dissolve single stranded Driver DNA in water and measure
concentration.
The tasks will take appoximately 2 hours.

Centrifuge 12,000 x g for l5min. at 4°C
Aspirate off the supernatant
Add Iml 70% EtOH and transfer to a 1.5ml Eppendorf tube
Centrifuge in a table top minifuge at max. speed for 5min. at RT
Aspirate off the supernatant
Dry the pellet in a speed vac for -5min.
Dissolve in 100/-ll sterile H20. Store @ -20°C.
Dilute II!! in 991!! sterile H20 and quantify DNA wla spectrophotometer

Example of single stranded DNA concentration determination from 10/05/00:
OD26Oc =0.2649 - 0.0080 =0.2569

The corrective factor (= 0.0080) was determined by zeroing the
spectrophotometer when measuring the 00,80 of sterile H,O, and then
measuring the 00'60 of the same H20 sample.

OD28o =0.1504
A260c128o = 0.2569 + 0.1504 = 1.7
(OD26Oc)(33/-lglml)(dilution factor) =(0.2569)(33)(100) =847.77/-lglml
Have 99/-llleft (at 0.85/-lgfl.ll), :. have 84/-lg single stranded Driver DNA

Run l/-lg of sample on a 1% agarose gel.
This tests for the absence of degradation of the DNA.
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Preparation of (sense) Tester Template RNA probe
*NOTE: You do not have to prepare the Driver and Tester populations simultaneously.

Before preparing the tester RNA probe make sure you have:
By Day 4:
37°C Incubator
Spectrophotometer
4°C centrifuge
Shaking constant temperature incubator (37°C)
70°C Incubator
XLI Blue mrf

I X 109 cells = 3.3ml of OD6QO = 0.4
(LB-O.2% Maltose/IOmM MgS04)

SOLRceIls
20ml of OD600 = 0.4 in LB

LB Broth
100mg/L Ampicillin
By Day 5:
Qiagen Tip-lOO columns from the Qiagen Midi kit
XhoI (lOunits/fll)
NEB Buffer 2
BSA (lOOX stock)
By Day 6:
Speedvac
25% SDS
5mg/ml Proteinase K
RNase-free H20
Phenol/Chloroform, pH 8.0
Chloroform
RNase-free 5M NaCI
Ice cold 100% EtOH
5X TJIT7 RNA Pol buffer
O.IMDTT
2.5mM NTP (lOOmM each)
RNase Inhibitor
T3 RNA Polymerase (50units/l!l)
DEPC-treated H20
RQI DNAse
Phenol:Chloroform:Isoamyl alcohol (25:24: I)
RNase-free 8M LiCI
By Day 7:
GffiCO-BRL photobiotin
UV (265nm) lamp
RNase-free TE (pH 9.0)
2(=sec)-Butanol
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Day 4: Infect bacterial cells with excised Tester phage and amplify the phage.
The tasks will take approximately 4 hours, and the overnight incubation should be started
no earlier than 6pm, therefore mix the phage and cells no earlier than 2:00pm.

In the morning, warm 300ml of LB broth to 37°C
Prepare the mrf' cells that have been growing overnight:

Spin down at room temperature (RT) in a swinging bucket centrifuge at 500 x g
(=1600rpm) for lOmin.

Discard the supernatant.
Measure the OD600 of the resuspended cells
Resuspend the pellet in y, the original volume wlLB broth plus 0.2% Maltose and

lOmMMgS04

Measure the OD600 of the resuspended cells
Dilute the cells to OD60o= 0.4 wlLB broth plus 0.2% Maltose and lOmM MgS04

MgS04 is necessary for infection.

Infection
Add to a sterile (polypropylene) 50ml Falcon tube and flick to mix:

Tester Library Phage 1 X lOs pfu
XLI Blue mrf' 1 X 109 cells

3.3ml of OD600 = 0.4
ExAssist Helper phage 1 X 109 pfu (>1 X 1010

pfulml)
ExAssist excises pBluescript phagemid from the Uni-ZAP XR vector.

Incubate tube at 37°C for I5min.
Add contents of tube to a sterile glass Corex tube with 20ml of warm (37°C) LB.
Incubate at 37°C for 2.5hrs. with shaking.
Incubate at 70°C for 20min.

This heat treatment disrupts the ability of phage to infect cells. ExAssist phage survives the heat
treatment.

Cool the centrifuge to 4°C during this incubation.
Centrifuge at 6000 x g for lOmin. at 4°C.

Dead cell debris will be pelleted.

Transfer the supernatant to a 50ml Falcon tube and keep at 4°C.
The supernatant contains ExAssist. excised pBluescript, nonexcised lambda ZAP vector. But
because of the previous heat treatment, only excised pBluescript is able to infect cells.

Infection of SOLR cells with phages
Prepare the SOLR cells that have been growing overnight:

Spin down at room temperature (RT) in a swinging bucket centrifuge at 500 x g
(=1600rpm) for lOmin.

Discard the supernatant.
Measure the OD600 of the resuspended cells
Resuspend the pellet in Y2 the original volume wlLB broth plus 0.2% Maltose and

lOmMMgS04

Measure the OD6oo of the resuspended cells
Dilute the cells to OD6oo = 0.4 wlLB broth plus 0.2% Maltose and lOmM MgS04
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MgSO, is necessary for infection.

Add to another sterile (polypropylene) 50ml Falcon tube:
Supernatant 2ml
SOLR 20ml of OD6oo = 0.4

Because of an amber mutation, ExAssist won't replicate in a nonsuppressing E.
coli strain such as SoLR cells.

Incubate at 37°C for 40min. with shaking.

Select for cells infected with excised pBluescript
Add to each of 2 sterile plastic centrifuge containers

Prewarmed LB 139ml
100mg/mi Ampicillin 1501-11

pBluescript has Amp'

Phagemid/SOLR solution I1ml
Incubate at 37°C overnight (7-15hrs.)

Day 5: Purify & Linearize the Tester phagemid DNA
The tasks take approximately 3 hours. There is no time limit on the overnight digestion.

Store the phagemid solutions at 4°C until ready to purify
Cool the centrifuge and rotor to 4°C

Purification
Purify the plasmid DNA by Qiagen Plasmid Tip-IOO columns from their Midi kit

Follow the kit protocol for high-copy plasmids
Might see a small cloudy spot after the isopropanol spin (step #13).
May see tiny white flakes floating in the 70% EtoH (step #14).

After air drying (step #15), redissolve phagemid in 100ld sterile HzO (total volume)
Store at -20°C.
Dilute If.ll in 99f.l1 sterile HzO and quantify DNA w/a spectrophotometer

Example of double stranded DNA concentration determination from 10/07/00:
ODz60c = 0.0932 - 0.0103 = 0.0829

The corrective factor (= 0.0103) is determined by zeroing the spectrophotometer
when measuring the 00280 of sterile H20, and then measuring the 00260 of the
same H20 sample.

ODz8o =0.0557
AZ6Oc128o = 1.5
(ODz60c)(50f.lg/ml)(dilution factor) =(O.0829)(50f.lg/ml)(100) =

414.5f.lg/ml
Have 99f.llleft :. have 40f.lg double stranded Tester DNA

Run (lOOV for 45min.) If.lg of sample on a 1% agarose gel.
This tests for the absence of degradation of the DNA.
Remember, pBluescript phagemid is about 3,000bp
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lOJlg
lOJlI
1.67 Jll
3.3Jll

Linearization
Set up XhoI digestion wI 10Jlg Tester template

For a 100JlI reaction:
Tester template
NEB Buffer 2
BSA (IOOX stock)
XhoI (lOunits/JlI)
Sterile H20 up to 100JlI
Incubate @ 37°C for 3hrs to Overnight

XhoI will cut only once within the pBluescript polylinker site. The polylinker site is
composed of the engineered arms that sit on either side of the inserted eDNA.

Day 6: Purify the Tester DNA and synthesize the Tester RNA
The tasks will take approximately 6 to 9 hours, depending on whether the ethanol
precipitation proceeds for 2 hours or overnight.

Purification
Proteinase K Treatment:

100Jll of digestion reaction
1% SDS (8Jll of 25% SDS)
200Jlg/ml Proteinase K (8JlI of 5mg/ml)
RNase-free H20 up to 200JlI
Incubate at 37°C for 30min.

Phenol/chloroform extraction:
Add an equal volume of Phenol:Chlorofom:Isoamyl alcohol (25:24: I) pH 8.0
Shake to mix
Centrifuge at max. speed for 3min. at RT
Transfer the aqueous phase (should be the top layer) to a new tube
Add an equal volume of Phenol:Chlorofom:Isoamyl alcohol (25:24: 1) pH 8.0
Shake to mix
Centrifuge at max. speed for 3min. at RT
Transfer the aqueous phase (should be the top layer) to a new tube
Add an equal volume of chloroform
Shake to mix
Centrifuge at max. speed for 3min. at RT
Measure the volume as you transfer the aqueous phase (should be the top layer)

to a new tube
Add 1/10 volume Rnase-free 5M NaCI
Pipet up and down to mix
Add 2.5 volumes ice cold 100% ethanol (EtOH)
Invert several times to mix

Precipitate the DNA at -20°C for 30min. to lhr. (or overnight)
Spin down the pellet @ 4°C, max speed, 15min.
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Take off as much ethanol as possible and add 200).11 of 75% EtOH, rinsing the pellet off
the bottom of the tube.

Spin down the pellet @ RT, max speed, 15min.
Dry the pellet in a speedvac for up to 5min.
Dissolve in 10).11 RNase-free H20

Check the concentration by spectrophotometer
Want concentration to be 1).1g11).11

If the concentration is < IJ.lglIlJ1, just add less DEPC-treated H20 during the RNA
synthesis.

RNA Synthesis:
Template DNA 5).1g
5X T3 RNA Pol buffer 20).11
O.IM DTT 10).11
2.5mM NTP (lOOmM each) 2.5 ).11 of each (=10).11)
RNase Inhibitor 5).11
T3 RNA Polymerase (50units/).1I) 2).l1

Because our library is unidirectional, and because of where Xho I cuts, T3 polymerase is
used instead of T7 polymerase, and an RNA sense strand is synthesized.

DEPC-treated H20 up to 100).11
Incubate at 37°C for 2-3hrs.
Add 7).11 ofRQl DNAse
Incubate at 37°C for 15min.
Phenol/chloroform extraction:

Add an equal volume of Phenol:Chlorofom:Isoamyl alcohol (25:24: 1) pH 8.0
Shake to mix
Cenlrifuge at max. speed for lOmin. at RT
Transfer the aqueous phase (should be the top layer) 10 a new tube
Add an equal volume of Phenol:Chlorofom:Isoamyl alcohol (25:24:1) pH 8.0
Shake to mix
Centrifuge at max. speed for lOmin. at RT
Transfer the aqueous phase (should be the top layer) to a new tube
Add an equal volume of chloroform
Shake to mix
Centrifuge at max. speed for lOmin. at RT
Measure the volume as you transfer the aqueous phase (should be the top layer)

toa new tube
Want the volume to be close to lOOlJ1

Add an equal volume of 8M LiCl
LiCI is used for RNA precipitation, and it will not preciptiate short pieces of RNA.

Incubate @-20°C for 2hr.
OR
Add 1/3 vol. 8M LiCI
Incubate @4°C Overnight

Centrifuge max. speed for 15min. @ 4°C
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Take off the supernatant
Add 100111 75% EtOH (in DEPC-treated H20)
Centrifuge max. speed for 15min. @ 4°C
Asparate off EtOH
Dry in speed vac for <5min.
Dissolve in 10111 DEPC-treated H20
Dilute 1111 in 99111 sterile H20 and quantify RNA w/a spectrophotometer

DEPC-treated H20 gives inaccurate spectrophotometer readings, so it's best to use sterile water.

Example of RNA concentration determination from 10/10/00:
OD26Oc '" 2.10 - 0.013 '" 2.087

The corrective factor (= 0.013) is determined by zeroing the spectrophotometer
when measuring the OD280 of sterile H20, and then measuring the OD260 of the
same H20 sample.

OD280 '" 0.967
A26od28o'" 2.16
(OD26Oc)(4011g1ml)(dilution factor) '" 8.34811g1ml
Have 9111 left, :. have 7511g Tester RNA
Want at least 50llg of RNA.

= 5.981l1--4 6111
Want concentration to be at least lllg/llll

:.61l1 + 44111 DEPC-treated H20 = 50Ilg/501l!

Day 7: Make the biotinylated RNA probe
The tasks will take approximately 2 hours.

Biotinylate all of the RNA, but only use 50l1g for the 1st round subtraction and save the
rest (if still more left) for 2nd and 3rd round subtraction.

Rehydrate the Photoprobe Biotin w/500I1\ sterile H20 and mix gently.
Store the solution at ·20°C to -BOoC for up to 1 year.

Biotinylation
First set up the ice bucket with the foil tent that will cover the UV lamp and the ice

bucket.
In the dark using a safety light, set up the OffiCO-BRL photobiotin in an ice bucket with

a foil tent over it:
To a 1.5ml Eppendorf tube add:

RNA @ 5011g150111
Photoprobe Biotin @ 50I1g150j11

Protect your eyes with UV-safe glasses.
Place a hand-held UV (365nm) lamp 2cm above the reaction tube on ice.

The lamp may be suspended across the top of the ice bucket by resting either end on the edges of
the bucket.

Illuminate tube with the UV lamp for 20min. Make sure everything is covered with the
foil.

Add 400111 TE, pH 9.0
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Concentrate and precipitate the probe
Add 500/-11 2(=sec)-Butanol

Butanol is used instead of ethanol because you want to concentrate the biotinylated RNA.
Vortex
Centrifuge for Imin. and discard supernatant
Add 500/-l12(=sec)-Butanol
Vortex
Centrifuge for Imin. and discard supernatant
Add 1/10 vol. 5M NaCI (RNase-free).
Add 2.5 vol. ice cold 100% EtOH
Incubate at -20°C for 15min.
Centrifuge max. speed at 4°C for 15min.
Asparate off EtOH
Wash pellet with 70% EtOH
Centrifuge max. speed at 4°C for 3min.
Dry pellet
Dissolve pellet in 25/-11-40/-11 of DEPC-treated H20
Store @ -20°C
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Subtraction

Before performing the subtraction make sure you have:
By DayS:
4°C microfuge
Thennal cycler
Thin-walled PCR tubes
Poly A (Phannacia)
RNase-free 5M NaCI
Ice cold 100% EtOH
70-75% RNase-free EtOH
DEPC-treated H20.
2X Hybridization Buffer.
Mineral oil
By Day 9:
Supplement Buffer
Chlorofonn
Streptavidin Binding Buffer
Streptavidin (lOflg/fll)
Phenol/Chloroform/Isoamyl Alcohol (25:24: I) pH 8.0
By Day 12:
SK primer (lOpmol/lll) or T3 primer
lOX Annealing Buffer
Low Buffer
2mM4dNTP
Sterile H20
Klenow (dilute w/buffer to 4U/Ill)
Ammonium Acetate, pH 4.9
By Day 13:
42°C waterbath
Spectrophotometer
TE, pH 7.5
XLI-Blue supercompetent cells (Stratagene Catalog #200236)
LBIAmp Plates
10mMIPTG
2% X-gal
By Day 14:
LEIAmpicillin
Sterile toothpick
Sterile glycerol
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Day 8: Hybridize the Tester RNA probe to the complimentary Driver DNA
Start early in the day because of the 20-24 hr. incubation. The tasks will take less than an
hour.

In a thin-walled PCR tube combine:
Biotinylated Tester RNA 5011g
Single strand Driver DNA 5 llg
Poly A polymerase (Pharmacia) 5 llg = 2.33111

Poly A will bind to Ts and thus avoid nonspecific binding of the poly T
sequences to the poly A tails of noncomplimentary sequences.

Ethanol precipitate:
Add 1/10 volume of RNase- free 5M NaCI
Add 2.5 volumes of cold 100% EtOH
Mix.
Ppt. at -80°C for IOmin.
Spin at max. speed at 4°C for IOmin.
Remove supernatant
Rinse with cold 70-75% RNase-free EtOH
Spin at maximum speed 4°C for 5min.
Asparate off the EtOH and let dry for IOmin.
Dissolve the pellet in 10111 of DEPC-treated H20.

Add 10111 of 2X Hybridization Buffer.
Cover with mineral oil (ldrop or less) and incubate at 65°C for 20-24 hrs.

No mineral oil is needed if a thermocycler with a heated lid is used for the incubation.

Day 9: Label the biotin with streptavidin and isolate single-stranded Driver
DNA.
The biotinlstreptavidin labeled DNA (= DNA specific to the Tester population and
complimentary Tester-Driver hybridized DNA) will be separated into the organic phase
of the phenol/chloroform extractions because of the large protein moiety provided by the
biotinlstreptavidin. Any single-stranded Driver DNA will be separated into the aqueous
phases. The tasks will take approximately 3 hours.

Transfer all of the sample (+ oil) to a new 0.6ml Eppendorf tube
Add 80111 of Supplement Buffer. Flick to mix. Pulse spin.
Chloroform extract away the oil:

Not necessary if no oil is used
Add an equal volume of Chloroform.
Vortex.
Spin at max. speed at 4°C for 10min.

Put the aqueous phase in a new tube and set aside (= original aqueous phase tube).
SBB Wash:

To the organic phase add 15111 of Streptavidin Binding Buffer (SBB).
Mix.
Spin at maximum speed at 4°C for lmin.
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Add the aqueous phase to the original aqueous phase tube.
Discard the organic phase.

Streptavidin Treatment DO THIS 3 TIMES:
Add 5fll of Streptavidin (lOflg/fll) to the aqueous phase.
Vortex.
Incubate at RT for lOmin.
PhenollChloroform extraction

Add an equal volume ofPhenollChloroformlIsoamyl Alcohol (25:24:1),
pH8.0

Vortex
Spin at maximum speed at 4°C for lOmin.
Put the aqueous phase in a new tube
Add an equal volume of Chloroform to the aqueous phase
Vortex.
Spin at maximum speed at 4°C for lOmin.
Put the aqueous phase in a new tube and set aside (", original aqueous

phase tube).
SBB Wash:

To the organic phase add 15fll of Streptavidin Binding Buffer (SBB).
Mix.
Spin at maximum speed at 4°C for lmin.
Add the aqueous phase to the original aqueous phase tube.

Chloroform extract:
Add an equal volume of Chloroform to the aqueous phase.
Vortex.
Spin at maximum speed at 4°C for lOmin.
Put the aqueous phase in a new tube and set aside (= original aqueous phase tube).

SBB Wash:
To the organic phase add 15fll of Streptavidin Binding Buffer (SBB).
Mix.
Spin at maximum speed at 4°C for Imin.
Add the aqueous phase to the original aqueous phase tube.

At this point you want 170fll of aqueous phase.
Add 2X volume (340fll) of DEPC-treated H20.

This gives a final concentration of 250mM Nael.

Ethanol precipitate:
(No salt needed this time)
Add 2.5 volumes of cold 100% EtOH
Mix.
Precipitate at -80°C for lOmin.
OR
Precipitate at -20°C ON
Spin at maximum speed at 4°C for 30min.
Rinse with cold 70-75% Rnase-free EtOH
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Spin at max. speed at 4°C for 5min.
Asparate off the EtOH and let dry for -20min.
Dissolve the pellet in 1O~1 of DEPC-treated H20.

Add any leftover biotinylated RNA (up to 50j.lg).
Add 5~g Poly A.

Repeat (on Day 10 & 11) the Subtraction procedure (= protocol Day 8 & 9)
and end with an overnight Ethanol precipitation at -20°C.

Dilute 1j.l1 in 99j.ll sterile H20 and quantify DNA wla spectrophotometer
Example of single stranded DNA concentration determination from 10116/00:

OD26oc =0.151- 0.010 =0.141
The corrective factor (= 0.010) is determined by zeroing the spectrophotometer
when measuring the 00280 of sterile H20, and then measuring the 00200 of the
same H20 sample.

OD28o = 0.074
A26od2Bo = I.9
(OD26Oc)(33j.lglml)(dilution factor) = 465.3j.lglml
Have 19j.llleft :. have 8.81tg single stranded Driver DNA

Day 12: Double strand the single stranded Driver DNA
The tasks will take approximately 4 hours.

Double Stranding DNA
Subtracted single strand DNA
SK primer (lOpmollltl)

orT3 primer
lOX Annealing Buffer
65°C for 5min

Denaturing step
50°C for lOmin
37"C for 15min
RT for 15min

50"C, 37"C, RT:Gradual binding occurs

4°C for 15min
Add:

Low Buffer
2mM4dNTP
Sterile H20
Klenow (dilute wlbuffer to 4U/Il1)

Polymerase
Pipet up and down to mix
Incubate at 37°C for 2hrs

Elongation step
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Ethanol precipitation
Add S0ltl 4M Ammonium Acetate, pH 4.8

Ammonium acetate preferentially precipitates longer DNA molecules. Therefore small
(-30 bp) DNA and unincorporated nucleotides are removed.

Mix
Add 200).11 ice cold 100% EtOH
Vortex
Precipitate overnight at -20°C

Day 13: Second ethanol precipitation
Microcentrifuge at max speed for Smin. at RT
Remove supernatant
Redissolve pellet in 100111 sterile HzO
Ethanol precipitation

Add S0ltl 4M Ammonium Acetate, pH 4.8
Ammonium acetate preferentially precipitates longer DNA molecules. Therefore small
(-30 bp) DNA and unincorporated nucleotides are removed.

Mix
Add 200l-ll ice cold 100% EtOH
Vortex
Precipitate overnight at -20°C

Prepare for Day 14
Set a water bath @ 42"C

Day 14: Check quality of isolated DNA and transform DNA into cells.
The tasks will take approximately 3 hours.

In the morning bring LB/Amp plates to RT
Centrifuge precipitated DNA at max. speed for 30min. at 4°C

May see a white pellet
Remove supernatant and rinse the pellet in 70% EtOH
Centrifuge at max. speed for 30min. at 4°C
Discard the supernatant
Allow the pellet to dry
Dissolve pellet in a minimum of 61ll sterile HzO
Dilute lIt! in 991ll sterile HzO and quantify DNA wla spectrophotometer

Example of single stranded DNA concentration determination from 10/18/00:
ODZ60c =0.117 - 0.011 =0.106

The corrective factor (= 0.011) is determined by zeroing the spectrophotometer
when measuring the OD28o of sterile H20, and then measuring the OD26o of the
same H20 sample.

00280 =0.064
AZ6Oc1280 = 1.7
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(OD26Oc)(50f.lg/ml)(dilution factor) = 530f.lg/ml
Have 5f.llleft :. have 2.65f.lg = 2650ng single stranded Driver DNA

Transformation
Bacterial transformation is the process by which bacterial cells take up naked DNA molecules.

Transform 0.1-50ng of subtracted DNA per 100,.I aliquot of Supercompetent
Cells (Stratagene Catalog #200236)

Remember to save 1 100,.I aliquot for transforming IjJ.l of the pUC18 control
plasmid.

Follow the Transformation Protocol in the Supercompetent Cell (Stratagene
catalog #200236) manual

Plate the transformations and grow ON

Day 15: Grow up individual clones.
The time to complete the tasks depends on the number of positive colonies.

Put Uml LB/Ampicillin in 1.5ml eppendorf tubes
Using a sterile toothpick, inoculate each tube wll positive colony.
Culture overnight at 37°C w/shaking

Day 16: Miniprep and make glycerol stocks of individual clones
The time to complete the tasks depends on the number of samples being processed.

Mix by pipeting
Transfer Iml to a new labeled 1.5ml eppendorf for the miniprep

Centrifuge @ 13000 rpm (>10,000 x g) for lOmin.
Use the Qiagen Miniprep Kit and protocol
Follow the protocol for purification of up to 20f.lg of high-copy plasmid DNA
Elute the DNA w/sterile H20 and store the miniprepped samples at -20°C

Glycerol Stocks
Remove the toothpick from the remaining lOO,.I
Add glycerol to a final concentration of 15-20%, mix gently by pipeting.
Store the glycerol stock @ -80°C

Can take 1)J.1 and regrow in LB/Amp @37°C w/shaking ON, and then miniprep
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Recipes:

LB Agar
NaCI 109
Tryptone 109
Yeast Extract 5g
Adjust pH to 7.0 with 5 N NaOH
Agar 20g
QS to I liter with deionized H20
Autoclave
Store at 4°C

lOmg/ml Tetracycline "'This solution is light sensitive
Tetracycline O.lg
QS to lOml with nanopure H20
Pass through a 0.22um filter to sterilize
Store covered at -20°C

50mg/ml Kanamycin
Kanamycin 0.5g
QS to lOmI with nanopure H20
Pass through a 0.22um filter to sterilize
Store at -20°C

LB-Tetracycline Agar "'These plates are light sensitive
Cool I liter of LB agar to 55°C
Add 1.5ml of 10mg/mlfilter-sterilized Tetracycline
Pour into petri dishes (-25ml/lOO-mm plate)
Wrap plates in foil and store at 4°C

LB-Kanamycin Agar
Cool I liter of LB agar to 55°C
Add I ml of 50mg/ml filter-sterilized Kanamycin
Pour into petri dishes (-25ml/lOO-mm plate)
Store plates at 4°C

LB Broth
NaCl 109
Tryptone 109
Yeast Extract 5g
Adjust pH to 7.0 with 5 N NaOH
QS to 1 liter with deionized H20
Autoclave
Store at 4°C
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0.5MMgS04

MgS04.7 H20 123.25g
QS to I Hter with deionized H20
Autoclave
Store at 4°C

20% Maltose
Maltose 20g
QS to 100ml w/nanopure H20
Autoclave
Store at 4°C

NZY Agar
NaCI Sg
MgS04.7 H20 2g
Yeast Extract Sg
NZ amine (casein hydrolysate) 109
Adjust the pH to 7.5 with NaOH
Agar 15g
QS to 1 Hter with deionized H20
Autoclave
Store at 4°C

5MBuffer
NaCI S.8g
MgS04.7 H20 2.0g
1M Tris-HCI (pH 7.5) SOml
2% gelatin Sml
QS to 1 liter with deionized H20

NZYBroth
NaCI Sg
MgS04.7 H20 2g
Yeast Extract Sg
NZ amine (casein hydrolysate) 109
Adjust the pH to 7.5 with NaOH
QS to 1 liter with deionized H20
Autoclave
Store at 4°C

NZYTopAgar
Agarose 7g
QS to I liter with NZY Broth
Autoclave
Store at 4°C
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0.5MIPTG
IPTG 119.15g
QS to I liter with deionized H20
Autoclave
Store at -20°C

250mg/ml X-gal
X-gal 25g
QS to 100ml with DMF
Autoclave
Store at -20°C

100mg/ml Ampicillin
Kanamycin 19
QS to lOml with nanopure H20
Pass through a 0.22um filter to sterilize
Store at -20°C

Super Broth
Trypton 35g
Yeast Extract 20g
NaCl 5g
pH to 7.5 wINaOH
nanopure H20 up to IL
Autoclave
Store @ 4"C

7M N140Ac (pH 7.5)
Nl40Ac 54g
Dissolve in 40ml nanopure H20
pH to 7.5 with glacial acetic acid
QS to 100mi
Filter sterilize
Store @ 4°C

40% PEG
Polyethyleneglycol 40g
QS to 100mi and stir (it won't dissolve completely until it's autoclaved)
Autoclave
Store @ 4°C

3.5M N140Ac (pH 7.5)120% PEG (Polyethyleneglycol)
Mix equal volumes of filter sterilized 7M Nl40Ac (pH 7.5) and autoclaved 40%

PEG
Store @4°C
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TE,pH7.5
10mM Tris-HCI, pH 7.5
lOmMEDTA

2X Hybridization Buffer
Use solutions that have been DEPC treated:
1.5M NaCI 300j.l1 of 5M
50mM HEPES (pH 7.5) 50j.l1 of 1M
lOmM EDTA 20j.tl of 0.5M
0.2% SDS 4j.l1 of 25% SDS
QS to 1ml

Supplement Buffer
437.5mM NaCI
50mM HEPES (pH 7.5)
QS to 1ml

Steptavidin Binding Buffer
500mMNaCI
50mM HEPES (pH 7.5)
2mMEDTA
QS to 1ml

lOX Annealing Buffer
200mM Tris-HCI (pH 7.5)
500mMNaCI
QS to 1ml

Low Buffer
100mM Tris-HCI, (pH 7.5)
100mMMgCb
lOmMDTT
QS to Iml

87.5j.l1 of 5M
50.0j.l1 of 1M

100j.l1 of 5M
50j.l1 of 1M
4j.l1 of 0.5M

200j.l1 of 1M
100j.tl of 5M

100j.l1 of 1M
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