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ISOLATION, EXTRACTION, AND FLUOROMETRIC MEASUREMENTS OF
NUCLEIC ACIDS AND DNA PHOTOREPAIR IN MARINE MACROPHYTES

INTRODUCTION

Marine macrophytes are the principle primary producers in intertidal regions.

Although these regions cover less than 10% of the total ocean area (Smith 1981) and

only 1 to 5 % of total marine primary production is attributed to seaweeds (Raymont

1980; Luening 1985), the concentrated biomass and high primary productivity of

macrophytes form the structural base for some of the most productive ecosystems on

the planet (Mann 1973). Because of their direct economic importance as sources of

food, natural products and drugs, and because of their ecological significance as major

parts of detrital and herbivore food webs, increased attention has been given to

macrophytes as environmental awareness and concern over marine pollution have

grown.

It may be that marine macrophytes have much greater significance as indicators of

coastal or global environmental quality and as accessible organisms for marine

physiological and ecological experiments than so far realized. They are exposed and

perhaps susceptible to several categories of marine pollutants including heavy metals

(Luoma et al. 1982), thermal stress (North 1979), petroleum (Davavin et al. 1975;

O'Brien & Dixon 1976) and synthetic organic compounds like herbicides (Hopkin &

Kain 1978) and insecticides (Laws 1981). Their production may constitute an

important sink for fossil fuel CO2 and might partially account for discrepancies in

present global carbon inventories (Smith 1981). Exposure to UV irradiation during

periods of emergence at low tide may make them susceptible to and diagnostic

indicators of effects of stratospheric ozone depletion on marine ecosystems (Wood

1987).

Despite their accessibility, relatively little is known about macrophytic growth

rates, photosynthetic capability, or physiological responses to natural environmental

conditions. Few of them have been cultured and most do not fit into experimental

systems designed for smaller planktonic plants. I explored techniques to assess

responses of marine macrophytes to natural and human-induced environmental changes,
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especially sublethal responses mainly reflected in physiological and biochemical

modifications. Because of the fundamental importance of nucleic acids in reproduction

and protein synthesis, I focused on the biopolymers DNA and RNA. The ratio of these

(RNAJDNA) has been used as an index for metabolic activity in bacteria and

phytoplankton (e.g. Dortch et al. 1983; Moyer & Morita 1989; Mordy & Carison 1991),

fish (e.g. Buckley 1979; Clemmesen 1987) and marine invertebrates (e.g. Wang &

Strickle 1986; DeBevoise & Taghon 1988).

I used two fluorochromes, Hoechst 33258 (H33258) and ethidium homodimer

(EthDi), to measure RNA/DNA ratios in marine macrophytes and extended this

technique using methods developed by Carison et al. (1991) to assess the ability of

marine macrophytes to repair UV-induced DNA damage. Attempts to measure

RNA/DNA ratios were only partly successful for reasons described herein but I was

able to show preliminary evidence for photo-activated DNA repair in marine

macrophytes.



BACKGROUND

Two prerequisites to understanding the contribution of macrophytes to total marine

primary production are the accurate measurements of photosynthesis and growth. Early

estimates of net organic production by marine macrophytes ranged from 400 to 2000 g

C rn year1 (Mann 1972, 1973; Littler & Murray 1974). Recent studies indicate

however that previous calculations need to be re-assessed with respect to uncertainties

in the methods used. For example, calculations that were based on harvesting methods

showed significant variability in biomass and standing stock estimates, the major

problem being a poorly defined dead fraction due to grazing and physical damage

(Murthy et al. 1986). Growth rate measurements obtained by the hole-punching method

first used by Parke (1948) proved to be difficult, because blade length increments do not

directly reflect the total biornass added to the macrophytic thallus and because

conversions to productivity estimates are based on empirical observations (Mann &

Mann 1981; Gagne & Mann 1987; Smith 1988). Measurements of macrophyte primary

production via oxygen production or carbon fixation are susceptible to incubation

errors. Experimental conditions need to provide optimal thallus weight/bottle volume

ratios and reasonable incubation times to prevent oxygen and nutrient depletion (Littler

1979), pH changes (Dromgoole 1978), or diffusion limitations. Effects of epiphytes or

fouling organisms (Littler & Arnold 1985) also need to be minimized. Even if

incubation errors are excluded, conditions during incubation can only approximate

conditions in the field. Few experimental designs can account for site-specific or

temporal variations in physical, chemical and biological parameters that might be subtle

but relevant to primary productivity. Net photosynthesis is influenced by subtle

changes in ambient light levels, water temperature, partial pressures of dissolved

oxygen and carbon dioxide, as well as short-term desiccation, wave action and water

turbulence, and abrasion due to sand movement or wounding by grazers (for review see

Reiskind et al. 1989; Kerby & Raven 1985). Experiments on gas-exchange responses

can be complicated by enhanced photorespiration or supplemental biochemical

reactions not realized under natural conditions (Reiskind et al. 1988).

In all cases, extrapolations must be made from instantaneous measurements with

individual plants to annual production or growth of whole plants or communities.

Physiological or biochemical gradients between or even within individual macrophytes

due to environmental conditions or intrinsic aspects of variability are not well



understood and are consequently not adequately taken into consideration when

extrapolations are made (Littler & Arnold 1980; Littler 1979). Such variations can be

quite pronounced owing to differences in season, age, reproductive conditions,

morphology, and thallus portion incubated (Littler & Arnold 1985). Because we can

not accurately quantify basic production terms for marine macrophytes at our present

stage of knowledge, the evaluation of sublethal effects of pollutants on metabolism and

growth rate is questionable. For all these reasons, it is desirable to develop techniques

that are sensitive enough to allow instantaneous measurements of metabolic activities of

single organisms but easy enough to be made repeatedly on many specimens to

accurately estimate individual and community production or growth of macrophytes.

Measurements of cellular biomolecules such as nucleic acids or proteins might

provide needed information on macrophyte metabolism and growth. These

biomolecules are fundamental to cell division and growth and their absolute and relative

abundance may provide accurate indications of biomass and production. Total algal

protein as measured with Folin-Ciocalteau reagent (Lowry et al. 1951) or bicinchoninic

acid (Smith et al. 1985) might be a good measure of algal biomass. Other more specific

approaches focus on the concentration or activity of distinct enzymes crucial for a

specific metabolic process. Enzyme activity methods have been adopted in nitrogen

assimilation studies by measuring nitrate reductase activity (Davison & Stewart

1984a,b) or in the case of carbon fixation by measuring ribulose-1,5-bisphosphate

carboxylase oxygenase (RUBISCO). RUBISCO activities have been determined in

crude extracts from diverse marine algae (Morris and Farrel 1971; Weidner and

Kueppers 1973; Kremer and Kueppers 1977) but the correlation between RUBISCO

enzyme activity and metabolic activity is complicated by the fact that RUBISCO is a

bifunctional enzyme. It initiates not only CO2 fixation into the photosynthetic carbon

reduction cycle but also catalyses 02 fixation into the photorespiratory carbon oxidation

cycle. In addition, though the C3 carbon reduction cycle is the basic carbon fixation

system operating in marine macroalgae (Kremer & Kueppers 1977; Reiskind et al.

1988), some macrophytes, especially brown seaweeds, show indications of inducible C4

metabolism. In C4 metabolism, the activity of RUBISCO is partially duplicated by that

of phosphoenol pyruvate carboxykinase (Kremer 1981; Reiskind et al. 1988).

An alternate biochemical method to measure metabolic activity on a

macromolecular level is the quantification of nucleic acids present in cells or

organisms. This method is based on the assumption that the amount of DNA per cell
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should be relatively stable under changing environmental conditions or nutritional

status while the amount of available RNA, primarily rRNA, should be directly

correlated with rates of growth and reproduction because of its involvement in protein

synthesis.

DNA concentrations have been suggested as possible indicators of microbial

biomass (Hoim-Hansen et al. 1968; Holm-Hansen 1969; Dortch et al. 1983) and cell

number (Paul 1982; Paul & Carlson 1984; McCoy & Olson 1985) while RNA content

was determined as an indicator of growth rates of macro-invertebrates (Sutcliffe 1965,

1969). RNA/DNA ratios have been investigated as indicators of metabolic activity in

marine organisms, after early investigations with non-marine bacteria showed a close

relationship between RNA/DNA ratios and growth rate and a nearly constant DNA/dry

weight ratio (e.g. Dennis & Bremer 1974; Brunschede et al. 1979). RNA/DNA ratios

have been used to estimate growth rates in marine plankton and aquatic microbial

communities (Karl 1981; Dortch et al. 1983; Moyer & Morita 1989; Moyer et al. 1990;

Mordy & Carlson 1991), in invertebrates (Regnault & Luquet 1974; Wright & Hetzel

1985; Wang & Stickle 1986; DeBevoise & Taghon 1988) and have proved to be

especially useful in determining the nuthtional status of fish larvae (Bulow et al. 1980;

Buckley 1980, 1984; Buckley & Lough 1987; Buckley et al. 1984; Wright & Martin

1985; Clemmesen 1987, 1988). Only a few studies have been done on nucleic acids

concentrations in higher plants (Thomas & Sherratt 1956; Smillie & Krotokov 1960;

Cherry 1962; Stern 1968; El-Hamalawi et al. 1975; Laulhere & Rozier 1976), aquatic

angiosperms (Jana & Choudhuri 1982a,b) or macrophytes (Davavin et al. 1975).

Nucleic acids in cell systems are commonly quantified by either absorbance or

fluorescence. DNA and RNA naturally absorb in the UV range at 260 nm due to the

aromatic electron systems of their pyrimidine and purine bases. However, absorbance

measurements require purification of nucleic acids from other cell components because

proteins, lipids, phytohormones, phenolic compounds and terpenoids also absorb in the

UV. Absorbance measurements of nucleic acids can be intensified with chromophores

such as diphenylamine, which reacts with deoxyribose of DNA (Burton 1955), or

orcinol, which complexes with pentose sugars (Ogur & Rosen 1950).

Fluorometric assays are based on fluorophors which interact specifically with a

given structure of a polynucleotide and become strongly fluorescent upon binding.

Commonly used fluorochromes are DABA, DAPI, Mithramycin, Hoechst 33258,



Acridine Orange, Ethidium Bromide and ethidium homodimer (for review see LePecq

1979; Burns 1980). I used Hoechst 33258 (H33258) and ethidium homodimer (EthDi)

to measure nucleic acids in marine macrophyte tissue homogenates. H33258, a

bisbenzimidazole, binds to adenine-thymine (A-T) rich portions of the major groove of

DNA by hydrophobic interaction with the methyl group of thymine (Weisbium &

Haenssler 1974; Comings 1975; Bontemps et al. 1975; Mueller & Gautier 1975).

H33258 has been employed to quantify DNA in mammalian cell homogenates (Brunk

et al. 1979; Cesarone et al. 1979; Labarca & Paigen 1980) and to measure bacterial

abundance (Paul & Myers 1982; Paul 1982; Paul & Carlson 1984; McCoy & Olson

1985) and dissolved DNA (DeFlaun et al. 1986) in aquatic environments. EthDi is a

highly sensitive bifunctional intercalator which binds independent of base composition

to DNA as well as RNA by ionic interactions (Markovits et al. 1979, 1983; Gaugain et

al. 1978a,b) and has been used to determine RNA/DNA ratios in marine bacteria and

phytoplankton (Moyer & Morita 1989; Moyer et al. 1990; Mordy & Carlson 1991).

Although the distinct specificity of fluorochromes should minimize the necessity to

isolate nucleic acids from other cell components, interfering substances such as

carbohydrates (Hattori et al. 1987; Su & Gibor 1988), reactive polyphenols (Newbury

& Possingham 1977; Su & Gibor 1988) or other less characterized compounds

commonly found in seaweeds render fluorescence measurements more difficult. These

difficulties are not confined to macrophytes and arise with a variety of other organisms

(Clemmesen 1987; DeBevoise & Taghon 1988, Kumar et al. 1988; ten Lohuis et al.

1990). Several DNA and RNA isolation techniques have been developed for

filamentous fungi and yeasts (Biel & Parrish 1986; Specht et al. 1982; Garber & Yoder

1983), for plants (Thomas & Sherratt 1955; De Deken-Grenson & De Deken 1959;

Smillie & Krotkov 1960; Laulhere & Rozier 1976; Graham 1978; Weeks et al. 1986;

Hattori et al. 1987; Rezaian & Krake 1987) and for animal cells (Gross-Bellard et al.

1973; Bun and Stafford 1976), but these focus mainly on the extraction of sufficiently

pure and appropriately sized nucleic acids for restriction-enzyme analysis and gene-

cloning. Most of these techniques are time consuming and cumbersome extraction

procedures involving phenols and isoamylalcohol:chloroform mixtures and step

gradients or cesium chloride equilibrium density gradient centrifugation that emphasize

the biochemical integrity of the nucleotide sequence rather than a quantitative estimate

of nucleic acids.

To be able to measure RNA/DNA ratios in marine macrophytes and to obtain

information about the nature of interfering substances, I tested several separation and
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isolation methods to isolate nucleic acids from interfering cell constituents. Those

techniques included enzymatic pretreatment, chemical pretreatment, solid phase

extraction (C18 and Nensorb columns), and size exclusion chromatography. The

success of each method was evaluated spectrofluorometrically based on the binding of

H33258 and EthDi to nucleic acids.

I also applied these isolation and quantification techniques to measure repair of

UV-induced DNA damage in marine macrophytes. The destruction of the ozone layer

by human activity and the associated increase in transmission of UV radiation

(Cicerone 1987) might have significant effects upon micro- and macroalgal primary

producers and other organisms in the marine environment. UV-induced stress has been

shown for phytoplankton (Calkins & Thordardottir 1980; Lorenzen 1979; Worrest et al.

1978; Worrest 1982; Smith & Baker 1980; Smith et al. 1980; Thomson et al. 1980),

epifaunal species like tunicates, bryozoans and sponges (Jokiel 1980), zooplankton

(Karanas et al. 1979; Damkaer & Dey 1983) and corals (Jokiel & York 1982; Catala

1959). The overlap of UV light in the 280 to 320 nm range (UV-B) with the absorption

spectrum of nucleic acids promotes the formation of cyclobutane dimers between

adjacent pyrimidine bases in DNA which, if not repaired, result in losses of genetic

integrity and cell viability (Patrick & Rahn 1976). Marine macrophytes are exposed to

UV stress especially during periods of emergence at low tide, but little work on the

effects of UV radiation on benthic algae has been done (Wood 1987). As no behavioral

responses can be expected for macrophytes, physiological adaptations must have

evolved. Specific pigments (Shibata 1969; Craigie & McLachlan 1963; Sivalingam et

al. 1974; Nakamura et al. 1982; Dunlap et al. 1986; Wood 1987) and compounds such

as phenols (Fenical 1975; Weinstein et al. 1975; Philips & Towers 1981, 1982; Carlson

et al. 1989) found in macrophytes might screen out portions of the damaging UV

radiation and might partially prevent extreme DNA damage. An alternate possibility

that might account for apparent UV tolerance is the development of highly-efficient

repair systems to reverse DNA damage. Several DNA repair mechanisms have been

identified in procaryotic as well as eucaryotic organisms, one of them being photo-

reactivation by photolyase, an enzyme that cleaves pyrimidine dimers in UV damaged

DNA in a light-dependent, catalytic reaction (Sancar et al. 1987a,b; Sancar & Sancar

1987, 1988, Jorns et al. 1987). Therefore, I modified the fluorometric assay developed

by Carison et al. (1991) to measure possible DNA photorepair activity in marine

macrophytes.



MATERIALS AND METHODS

OVERVIEW:

[I]

A fluorometric assay utilizing two fluorophors, H33258 and EthDi, was used to

quantify nucleic acids present in algal tissue. Increases in fluorescence observed upon

binding of these fluorochromes to algal polynucleotides were measured

spectrofluorometrically and compared to fluorescence increases associated with known

concentrations of DNA and RNA. Unfortunately, no successful fluorescence

measurements could be obtained in simple algal homogenates. It was therefore

necessary to separate nucleic acids from interfering cell components, and I explored

methods that might be fast, inexpensive and reliable for this purpose.

Several techniques were tested to purify nucleic acids and to investigate the nature

of interfering cell components in marine macrophytes. The methods used were

chemical and enzymatic pretreatment, solid phase extraction (Cl 8 and Nensorb

columns), and size exclusion chromatography (SEC). The success of each method was

graded according to the amount of spectrofluorometrically-detectable nucleic acids

extracted and to the degree of interference determined by DNA standard additions.

Excitation and emission scans as well as absorbance spectra were generated to monitor

removal of homogenate constituents. In addition, algal homogenates were tested for

enzymatic photorepair of UV-damaged DNA.

CHEMICALS:

Hoechst 33258 (Calbiochem, La Jolla CA) and ethidium homodimer (Molecular

Probes, Eugene OR) were used to quantify nucleic acids. Standard nucleic acids for

comparison included calf thymus DNA, E. coli DNA, bakers yeast RNA (Type III),

bovine transfer RNA (tRNA) and bovine ribosomal RNA (rRNA) all obtained from

Sigma (St. Louis, MO). Synthetic DNA with thymine in one strand and adenine in the

complementary strand (pA-pT; Pharmacia; Milwaukee, WI)) was treated with UV light

and used as photorepair substrate. C18 columns (200 mg; 3 ml) were purchased from

Sun Brokers Inc. (Wilmington, NC). NensorbTM Nucleic Acid Purification Cartridges



were from DuPont (Wilmington, DE). Size exclusion chromatography was carried out

on TSK HW-55F gels from Supelco (Bellefonte, PA). OF/C filters from Whatman

International Ltd. (Maidstone England) were used to filter algal homogenate. Enzyme

treatments were conducted with bovine pancreas RNase and DNase, nuclease-free

Streptomyces griseus pronase (all Calbiochem), Pseudornonas atlantica agarase

(Sigma) and Aspergillus niger cellulase (Sigma). R-Phycocyanin and B-Phycoerythrin

from Porphyridium cruentum (Sigma) were used as pigment standards. Bovine lung

heparin and Triton X-100 were both purchased from Calbiochem. Dithiothreitol (DTT)

from Sigma was used as reducing agent to maximize photolyase activity (Jorns et al.

1987).

STANDARDS AND SOLUTIONS:

BUFFER. Nucleic acid measurements were done in Tris-NaC1 buffer (0.05 M

NaC1, 0.00727 M Tris*Base, 0.04273 M Tns*HC1, 0.001 M EDTA, pH 7.45), SSC

buffer (0.154 M NaCl, 0.015 M Na3C6H5O7, pH 7.5), Phosphate/Borate buffer (0.05 M

H3B03, 0.05 M KC1, 0.05 M KH2PO4, pH 6.75) and Borate buffer (0.05 M H3B03,

0.05 M KC1, 6 mM NaOH, pH 8.1).

DYES: H33258 and EthDi were dissolved in deionized, distilled water (DDW)

approximately eveiy month to prepare stock solutions. These were stored in the dark at

4°C. EthDi stock solutions contained 1 % methanol. H33258 stock solutions dissolved

in Tris-NaCl buffer precipitated after one day and resulted in considerable signal

variations. Working solutions of both dyes were prepared daily by dilution with TRIS-
NaCl buffer.

NUCLEIC ACIDS: Nucleic acid standard stock solutions were determined

gravimetrically for calf thymus DNA, E. coil DNA and yeast RNA. Nucleic acids were

dissolved in Tris-NaCl Buffer (approx. 10 p.g/ml) and aliquants were frozen in sterile

scintillation vials until use. Standard curves were measured by diluting stock solutions

with Tris-NaC1 buffer without prior sonication or Triton X- 100 treatment after previous

experiments showed no obvious influence of sonication or detergents on fluorescence

response.
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PHOTOLYASE SUBSTRATE: pA-pT was dissolved to a final concentration of 60

.xg/ml in TRIS-NaC1 buffer with a slightly higher ionic strength than the Tris-NaC1

buffer used for nucleic acid determinations (0.05 M Tris, 0.1206 M NaCl, 0.00 1 M

EDTA, pH 7.15, ionic strength 0.175). The synthetic DNA was irradiated with 254 nm

UV light for 40 minutes in a Rayonet Photochemical Reactor and the dimerized

substrate was frozen in aliquots until further use for photorepair experiments.

ENZYMES, PIGMENTS, AND OTHER CHEMICALS. Pronase, cellulase, agarase

and RNase were prepared in Tris-NaC1 Buffer. DNase was dissolved in acetate buffer

(0.02 M acetate, 1 M acetic acid, 5 mM MgSO4, adjusted to pH 4.6) to a final

concentration of 2 mg/nil. Thirty .tl of acetic acid, 5 jtl of 2 M MgSO4 and 100 .il of

DNase were added to 2 ml of sample which was then incubated for 2 to 3 hours at room

temperature. Afterwards 35 .tl of Tris*Base were added to return the pH of the solution

to 7 and DNA content was measured. Pigments were dissolved in DDW (0.5 mg in 10

ml) and used immediately. All enzyme and pigment solutions as well as heparin and

DTT were made up daily.

MATERIAL

Seaweeds were collected at low tide from several spots along the central coast of

Oregon (Seal Rock, Yaquina Head, Boiler Bay, Hatfield Marine Science Center

(HMSC)). Most experiments to determine nucleic acid concentrations were done with

Neorhodomela larix (Turner) Masuda (Masuda 1982). Other algal species such as Ulva

raeniata (Setchell iii Collin, Holden Setchell) Setchell Gardner, Ulvafenestrata

Postels Ruprecht, Enteromorpha intestinalis (L.) Link, Iridea cornicopita (Postels

Ruprecht) Boiy and Mastocarpus papillatus (C.A. Agardh) Kylin were occasionally

analyzed for comparison. Photolyase experiments were done with N. larix, U.

fenestrata and E. intestinalis. Samples for photolyase experiments were collected on

bright, sunny days between May and September of 1989. Collection took place during

low tide in early to late afternoon when UV exposure was considered to have been

highest (Dahlback et al. 1989) and UV damage most likely. Individual plants were

frozen on dry ice in small plastic vials immediately after collection and stored in the

dark at -4°C or -20°C.
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NUCLEIC ACID ISOLATION

PRETREATMENT: Sample pretreatment was the same for all methods used unless

otherwise stated. Varying amounts of frozen algae were blotted dry, weighed, and

homogenized by hand in a glass tissue grinder in 8.04 ml Tris-NaC1 buffer (0.002 %

Triton X-100). The crude extract was split into two plastic centrifugation tubes and

sonicated for 30 seconds on a Branson Sonifier Model 350 with a Heat System 1/8"

microtip assembly (output 5.0 with 60 % duty) to further disrupt individual cells.

Samples were kept on ice to minimize degradation of nucleic acids or damage to

photolyase. The homogenate in the plastic tubes was centrifuged for 10 minutes and the

supematant was carefully removed from the pellet. The supernatant of the two tubes

was combined, diluted with buffer to 5 to 200 mg algae/mi end concentration and

filtered through a Whatman GF/C filter.

PRE-EXTRACTION BY ORGANIC SOLVENTS: Algal tissue was ground in 4 ml

of hexane, acetone, methanol, chloroform or methylene chloride with pestle and mortar

until the solvent displayed a greenish color. The solvent was carefully discarded and

the procedure was repeated 3 more times until the solvent stayed relatively transparent.

Tris-NaC1 buffer was thereafter added to the tissue and the homogenate was treated as

above.

ENZYMATIC PRETREATMENT: Pronase, cellulase, agarase and the "synthetic

enzyme" heparin, which displaces histone proteins from the outside of DNA double

helices, were utilized for enzymatic pretreatment. 100 tl of enzyme solution were

added to 4 ml of algal homogenate to a final concentration of 200 p.g enzyme/mi and

the samples were incubated in a waterbath for 20 to 100 minutes at 37°C. Heparin

samples were incubated for about 20 minutes at room temperature.

SOLID PHASE EXTRACTION:

Cl 8 COLUMNS: To prime the silicate resin of C 18 columns, cartridges were rinsed

with 2 ml of methanol and 4 ml of DDW before 3 ml of homogenate were added onto

the column. The column was then rinsed with 2 ml of chloroform and 0.5 ml DDW.

To elute nucleic acids from the column, 1 ml of ethanol (20 %) was used and the eluate

was diluted up to 3 ml with Tris-NaCl buffer. The flowrate through the C18 columns

did not exceed 1 drop per 2 seconds and was regulated through a vacuum chamber.
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Each column was used only once. Nucleic acid content was measured spectro-.

fluorometrically in column pass through (pass-thru) and eluate.

NENSORB CoLuMNs: Reagent A stock solution was prepared of 0.1 M Tris*HCI

and 1 mM EDTA and adjusted to pH 7.7. Reagent A working solution was made up

daily by adding 14 p1 of triethylamine (TEA) to 10 ml of stock buffer (final

concentration 10 mM). Columns were first washed with 2 ml of 100 % methanol which

was essential to activate the sorbent, then rinsed with 2 ml of Reagent A to prime the

column. Reagent A (0.2 ml) was added to each ml of standard or algal solution before

they were loaded onto the column (3 ml sample). The cartridges were then rinsed with

3 ml of Reagent A and 3 ml of DDW before nucleic acids were eluted with 1 ml of

Reagent B (50 % methanol). The eluate was diluted up to 3 ml with Tris-NaC1 buffer

and the amount of nucleic acids was quantified with H33258 and EthDi. Flowrate was

kept constant at 1 drop per 2 seconds through a vacuum chamber. Each column was

used only once.

SIZE EXCLUSION CHROMATOGRAPHY: 1 ml of algal homogenate was loaded

onto a SEC column (1.5 x 30 cm, 35.7 ml total bed volume). The column was filled

with Fractogel TSK HW-55F (30 to 60 microns), and operated at a flow rate of 1

mi/mm. The flow was directed against gravity from the bottom of the column to the top

to obtain higher resolution. Tris-NaCl buffer was used as mobile phase. To follow the

separation, absorbance of the chromatographed sample was measured at 254 nm and

280 nm. After sample injection, 2.1 ml fractions were collected. The contents of the

first 5 vials of the dead volume were discarded, vial 6 (= fraction 0) was used to

determine buffer fluorescence and the following vials (= fractions 1 to 10) were used

for further analysis. At the end of each day, the SEC column was rinsed with and stored
in a 0.02 % sodium azide solution (w:v) to limit bacterial growth on the gel. To clean

the gel of possible algal residues, the column was also frequently rinsed with 10 %

methanol.

PHOTOLYASE ACTIVITY: Photorepair incubations were done with algal DNA

and associated enzymes separated from the majority of interfering cell components by

SEC. Fractions 1 to 5 were pooled and diluted to 18 ml end volume with Tris-NaC1

buffer. One third of this solution was mixed with 0.231 ml of buffer to serve as light

control (LC). The remaining 12 ml were combined with 0.462 ml of dimerized pA-pT

(final concentration: 2.2 tg/ml) and split into two scintillation vials. One vial was

wrapped with black tape (dark control, DC) and the other was used as actual test
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solution (TS). Each of the solutions, LC, DC, and TS, received 0.1 ml DTT (final

concentration 2 mM) and was purged for 90 seconds with N2 to prevent oxidation of the

FAD* containing chromophore and subsequent inactivation of photolyase (Jorns et al.

1987). Aliquots for the first time point measurement were taken from each vial and the

remaining solutions were placed in front of a light bank at 15°C to allow

photoactivation and photorepair during the following hours. Replicate measurements

were taken at two more time points after approximately 12 and 36 hours. After each

aliquot removal, the remaining solution was again purged with N2 to re-establish

reduced conditions.

MEASUREMENTS: As different reagents might influence the binding capacity of

H33258 or EthDi to nucleic acids, standard curves were done in the crucial solutions of

each experiment prior to the use of algal material. Standard recovery of nucleic acids

was determined for separation techniques that involved columns to establish

fluorescence loss due to adsorption or inefficient elution. Three sets of measurements

for each dye were performed for the majority of the algal samples to measure

fluorescence response upon binding to algal nucleic acids. For the first set, increasing

amounts of the algal homogenate treated in the appropriate way were added to buffer

not containing fluorochromes and the degree of background fluorescence at H33258

and EthDi wavelengths was established. In the second set, homogenate was added to

buffer with the respective dye to measure nucleic acid concentration present in the

sample. In the last set, algal homogenate was added to a calf thymus DNA standard

solution with H33258 or EthDi to check for possible interference that might reduce

fluorescence yield. The final volume of each set was kept constant by buffer additions.

Fluorescence yield for SEC and photolyase samples was established directly in the

fractions collected. Interference was determined in these fractions by standard

additions of small amounts of DNA.

FLUORESCENCE ASSAY: Fluorometric measurements were done with the DNA-

specific bisbenzimidazole H33258 and the intercalator EthDi which stains DNA as well

as RNA. For nucleic acid quantifications, fluorescence measurements were done by

two methods. Either 50 i1 of H33258 was added to 2 ml of sample solution followed

by the addition of 50 .tl EthDi to the same sample, or the samples were split into two 1

ml subsamples and the fluorochromes were added independently from each other. In

each case, the final concentration for both dyes was lxi -6 M. The addition sequence

of the dyes in the first method is important, because EthDi interferes with H33258



14

binding to DNA (Mordy & Carlson 1991), while H33258 does not have an obvious

effect on the binding capability of EthDi. For photolyase activity measurements 100 tl

of H33258 were added to 1 ml of each sample (final concentration lx 10-6 M) and

changes in fluorescence intensity over time were monitored. Fluorescence was

measured with a Perkin Elmer MPF-66 spectrofluorometer in 3 ml quartz cuvettes after

samples were allowed to react with dye for about 30 seconds. The following

parameters were chosen to measure nucleic acid response: H33258 excitation

wavelength 338 nm, emission wavelength 450 nm, emission filter 390 or 430 nm; EthDi

excitation wavelength 300 nm, emission wavelength 620 nm, emission filter 610 nm.

The excitation slit width was set to 1 nm and the emission slit width to 20 nm for both

dyes. Standard additions with 50 il of DNA solution were done to assess and correct

for residual interference. After each measurement, cuvettes were carefully rinsed with

2 N HC1, followed by DDW and methanol to prevent residual dye from interfering with

the next measurement. In case of excitation and emission scans, the same parameters

were used, except that the emission filter was always set for 390 nm to H33258

measurements.

ABSORBANCE MEASUREMENTS: Absorbance of algal homogenate was

surveyed over the wavelength range of 190 to 900 nm with a Perkin Elmer Lambda

Array 3840 UV/VIS Spectrophotometer.

NUCLEIC ACID CALCULATIONS: The amount of nucleic acids determined for a

sample were calculated according to the following general equations:

DNA = (F1H33258-Buffer F1H33258) / H33258 DNA RESPONSE / Amount of algae (1)

EthDiDNA = DNA * EthDi DNA Response (2)

RNA = [(F1E-Buffer FlEu,j) EthDiDNA] /EthDi RNA Response (3)

Calculations that were based on the addition of increasing concentrations of algal

homogenate to buffer and DNA standard were done by replacing the (F! - Buffer Fl)

term with the linear slope observed in solution. Care was taken to account for all

dilutions.

Photorepair was calculated according to equation 4 and expressed in ng dimers

repaired per .tg native DNA per hour.
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Photorepair

(FlTs F1DC) * Dilution / HOEPA PT1 DNANA [tg/m1] / time (4)

where (FiTs - FL) stands for fluorescence difference between TS and DC, HOEPAPT

is the standard slope for pA-pT determined with H33258 (m = 0.1294 Fl/ng/mi) by

Carison et al. (1991) and DNANA is the amount of native DNA present in the sample,

determined at to in the LC.

To convert the amount of nucleic acids per mg algae wet weight into j.tg nucleic

acids per mg organic carbon, results were multiplied by a factor of 12.52 for N. larix

and by a factor of 10.18 for U. fenestrata. These factors include the conversion of mg

wet weight to mg dry weight by a factor of 0.2 13 for N. larix and 0.262 for U.

fenestrata (D. Idler, pers. communication), an assumption that 75 % of the dry weight

was ash free dry weight and a 50 % organic carbon content of the ash free dry weight

(Luening 1985, Mann 1972).
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RESULTS

H33258 AND ETHDI STANDARD RESPONSES INDIFFERENT BUFFERS

Fluorescence response to increasing amounts of E. coli DNA was examined in

SSC, Tris-NaCl, borate and phosphate/borate buffers to determine the suitability of each

buffer for fluorometric assays utilizing H33258 and EthDi. The different responses of

these two dyes to calf thymus DNA and yeast RNA were investigated in Tris-NaC1

buffer.

The response of DNA with H33258 was linear in SSC, Borate and Tris-NaC1

buffer (r2 > 0.998). The most pronounced fluorescence response but also the highest

buffer blank was observed in SSC buffer (Fig. 1A). Measurements in phosphate/borate

buffer resulted in only 55 % of the response seen in SSC buffer and were less reliable

(r2 = 0.9782). The response in phosphate/borate buffer was concave shaped rather than

linear and fluorescence yield was suppressed especially at DNA concentrations below 1

.tg/m1. Response of DNA with EthDi was linear in all four buffers (r2> 0.9926) and

differences in fluorescence yield between buffers were small. Compared to results

obtained with H33258, slopes were steeper and buffer blanks were lower when

measured with EthDi (Fig. 1B). Fluorescence yield was highest in borate buffer and

slightly lower in Tris-NaC1, SSC and phosphate/borate. Similar to H33258

measurements, the buffer blank was highest in SSC buffer.

Fig. 2 shows the typical fluorescence response obtained for calf thymus DNA and

yeast RNA standards measured with H33258 and EthDi added to Tris-NaC1 buffer.

Both dyes were highly sensitive and displayed linear responses to increasing amounts of

DNA (r2 > 0.999). While EthDi was about 1.4 times more sensitive to DNA than

H33258, the fluorescence response of that dye to similar amounts of RNA was almost 3

times smaller. Huorescence response to RNA was less linear (r2= 0.9482), in

accordance with observations by Mordy & Carlson (1991).
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Figure 1. Response of H33258 (A) and EthDi (B) with E. coli DNA in Tris-NaC1

buffer (squares), SSC buffer (triangles), phosphate/borate (Ph/B) buffer (circles), and

borate (BOR) buffer (diamonds).
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Figure 2. Response of H33258 (squares) and EthDi (triangles) to calf thymus

DNA and response of EthDi to yeast RNA (circles).
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Initial nucleic acid measurements in simple homogenates of Neorhodomela larix,

Iridea cornicopita, Mastocarpus papillatus, Ulva taeniata and Ulvafenestrata resulted

in DNA fluorescence below buffer fluorescence for both dyes. Standard additions of

small concentrations of DNA to these homogenates showed that measurement

interferences took place even at very low concentrations of algal material. The degree

of interference was examined systematically with N. larix, U. taeniata and U. fenestrata

homogenate by adding increasing amounts of these to buffer and to DNA solutions and

then measuring background and nucleic acid fluorescence. The influence of two

possible interferents, the pigments phycoerythrin and phycocyanin on H33258 and

EthDi fluorescence was also investigated.

Background fluorescence (BGF) of N. larix, U. fenestrata and U. taeniata in buffer

without nucleic acid fluorochromes increased at low algal homogenate concentrations,

then leveled off or decreased slightly for higher amounts of algal homogenate.

Maximum BGF at H33258 and EthDi wavelengths was about 8 fluorescence (fi) units

for N. larix (Fig. 3A, B), about 3 fi units for U. taeniata (Fig. 3C, D) and about 5 fl

units for U. fenestrata (Fig. 3E, F). When nucleic acid fluorochromes were added to

algal homogenate and buffer, fluorescence intensities increased at low concentrations of

algal homogenate for all three species (Fig. 3). Increase was least for N. larix

homogenate, barely more than the increase due to BGF. At concentrations of N. larix

homogenate greater than 15 mg/mi, nucleic acid fluorescence approached background

values, indicating strong interference. Nucleic acid fluorescence for the Ulva species

did increase significantly above BGF at low homogenate concentrations, but then

fluorescence yield also leveled off or diminished at higher homogenate concentrations.

U. fenestrata displayed much greater nucleic acid fluorescence than U. taeniata. The

ratios of nucleic acid fluorescence in these species, normalized to 10 mg

homogenate/ml, were approximately 1:2:10 for N. larix, U. taeniata and U.fenestrata

respectively. At low algal homogenate concentrations nucleic acid fluorescence was

greater with EthDi than with H33258 as might be expected given that EthDi responds to

both DNA and RNA. Additions of increasing amounts of algal homogenate to DNA

standard solutions resulted in immediate decreases in H33258 and EthDi fluorescence

for N. larix and U. taeniata. Additions of U.fenestrata homogenate to DNA standard

solution resulted first in an increase in total fluorescence, followed by a decrease at

higher concentrations. Initial increases in U. fenestrata plus DNA fluorescence were
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Figure 3. Response of H33258 and EthDi in buffer (triangles) and DNA standard

solution (circles) with increasing amounts of algal homogenate of N. larix (A, B), U.

taeniata (C, D) and U.fenestrata (E, F). Background fluorescence of algal homogenate

was measured at wavelength conditions similar to H33258 and EthDi measurements but

without fluorochromes (squares).
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not, however, as large as those observed for similar amounts of U.fenestrata without

DNA. The ratios of diminished DNA fluorescence from the expected values, again

normalized to 10 mg homogenate/mi, were approximately 5:1 for N. larix versus the

Ulva species. The amounts of nucleic acids determined for U. fenestrata in the range of

linear fluorescence increase were estimated to be 344.55 ng DNA/mg organic carbon

and 351.5 ng RNA/mg organic carbon in buffer (RNA/DNA = 1.02). No RNA was

evident in the DNA standard solutions and the fluorescence increase was equivalent to

only 149.55 ng DNA/mg organic carbon. Calculations were done without subtraction

of BGF.

The addition of phycoerythrin did not affect BGF at H33258 wavelengths at any

concentration measured (Fig. 4A). Phycoerythrin did however interfere with H33258

fluorescence of DNA standard, slightly above 0.02 p.g pigment/mi and severely at

concentrations greater than 1 p.g/ml. In contrast, phycoerythrin at concentrations

greater than 0.02 .ig/m1 (Fig. 4B) and phycocyanin at concentrations greater than 1

.ig/ml (Fig. 4C) caused increased fluorescence in the presence of EthDi and DNA.

These increases in DNA solution were about 50 % of the BGF increase due to

phycoerythrin and about 85 % of the BGF increase observed for phycocyanin. It seems,

therefore, that phycoerythrin and phycocyanin caused increase in background

fluorescence at EthDi wavelengths and interfered at the same time with fluorescence

response of EthDi to DNA. Emission scans for phycoerythrin (Fig. SA) and

phycocyanin (Fig. 5B) showed strong emission peaks at 580 nm and 630 nm,

respectively, when excited at wavelengths used to excite EthDi and H33258.

Absorbance spectra were as expected: phycoerythrin absorbed in the range of 460 nm to

600 nm and phycocyanin in the range of 500 nm to 700 nm.
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Figure 5. Phycoerythrin (A) and phycocyanin (B) emission scans. Excitation

wavelengths: 300 nm and 338 nm.
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PRE-EXTRACTION BY ORGANIC SOLVENTS

Hydrophobic substances such as chiorophylls and carotenoids, steroids, terpenoids,

fatty acids and other lipids are fairly abundant in marine macrophytes. Most of these

materials can be removed from aqueous homogenates with organic solvents. I extracted

lipophilic compounds from N. larix by grinding algal tissue in acetone, methanol,

methylene chloride, hexane and chloroform and examined the effect of each treatment

on background and algal nucleic acid fluorescence in buffer and DNA solutions, and on

UV and visible light absorbance characteristics of the homogenates.

The pattern of BGF, nucleic acid and nucleic acid and DNA fluorescence observed

after most solvent extractions resembled that observed for simple homogenate of N.

larix (Fig. 6 A-J). Only hexane treatments resulted in linear nucleic acid fluorescence

increases when homogenate was added to buffer and DNA standard solutions (Fig. 6K,

L). These increases were observed for both dyes up to 4 mg algae/mi, after which the

signals rapidly decreased for higher amounts of homogenate. However H33258

response to a given amount of algal homogenate was twice as high and EthDi response

was one third higher in buffer than in DNA solution. The amounts of nucleic acids

estimated in the range of linear fluorescence increase were 680.27 ng DNA/mg organic

carbon and 783.01 ng RNA/mg organic carbon in buffer, resulting in a RNA/DNA ratio

of 1.15. However, only 149.5 ng DNA/mg but 1565 ng RNA/mg organic carbon were

estimated from the signals observed in DNA solutions, resulting in a RNA/DNA ratio

of 10.47. Both calculations included corrections for the high BGF. Treatment of N.

larix with acetone, a powerful extractor of chiorophylls, resulted in a distinct EthDi

fluorescence increase up to 30 mg/mi algae in buffer (Fig. 61, J). EthDi fluorescence in

DNA standard solution and H33258 fluorescence however were rather constant or

decreased in the same algal range. H33258 background fluorescence of methanol-

treated N. larix homogenate increased by a factor of 3.5 times presumably as a result of

residual methanol in the homogenate itself (Fig. 6G). BUF was in general slightly

higher (above 10 fi units) in solvent-treated homogenates than in simple extracts. It

should also be mentioned that almost all samples showed a small initial drop in

fluorescence signal for the first 10 p.1 of sample added, which could not be attributed to

dilution because the sample volume was the same for all measurements. Fig. 7

summarizes the effects of chloroform, acetone and hexane on the fluorescence signal

measured in DNA solutions and compares it with simple homogenate. Except for

chloroform, each of these extractions removed some interference and reduced
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Figure 6. Fluorescence response of H33258 and EthDi with increasing amounts of

solvent pre-extracted N. larix homogenate in buffer (squares), buffer with

fluorochromes (triangles), and DNA standard solution with fluorochromes (circles).
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fluorescence loss compared with simple homogenates, especially for EthDi

measurements in DNA standard solutions. In simple homogenate percentage

fluorescence was the same for both fluorochromes.

In terms of absorbance, N. larix homogenate primarily absorbed in the range 190

nm to 400 nm with a major peak at 236 nm and a shoulder at 327 nm (Fig. 8).

Treatment of N. larix with organic solvents removed some of the absorbing compounds

near 280 nm and resulted in a clearer separation between the 236 and 327 nm peak.

The height of the second peak and absorbance at higher wavelengths was also reduced.

Methanol removed the second peak almost completely.
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Figure 7. Fluorescence response of H33258 (solid symbols) and EthDi (dotted

symbols) with simple (triangles), hexane (diamonds), acetone (squares) and chloroform

(circles) pre-extracted N. larix homogenate in DNA standard solutions expressed in

percentage original fluorescence of DNA standard solution.
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Figure 8. Absorbance spectra of simple and solvent pre-extracted N. larix

homogenate.
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ENZYMATIC PRETREATMENT

Proteins are a major fraction of the intracellular pool of macromolecules in algal

tissue, especially during active growth in spring and early summer. Carbohydrates, as

structural components (cellulose, xylan, mannan and acidic polysaccharides), or as

storage products (floridean starch) are also found in high concentrations within algal

thalli. Therefore N. larix homogenate was treated with pronase and cellulase and agarase

to degrade proteins and carbohydrates, respectively. Because certain specific proteins are

known to cover the outside of eukaryotic DNA double helices, heparin was used in a

further treatment to remove nucleohistones that might prevent successful binding of

H33258 or EthDi.

No nucleic acid fluorescence was detected in any algal homogenate solution treated

with these enzymes (Fig. 9 A-H). No initial nucleic acid fluorescence increases were

observed in buffer for low algal amounts added and fluorescence of DNA solutions

decreased immediately upon addition of homogenates. Similar to homogenates pre-.

extracted with solvent, initial decreases especially in EthDi fluorescence were observed

following additions of minimal amounts (10 Rl) of homogenate. Fluorescence decreases

in DNA standard solutions were similar for all enzyme pretreatments.
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Figure 9. Response of H33258 and EthDi in buffer (triangles) and DNA standard

solution with increasing amounts of algal homogenate of N. larix pretreated with

pronase (A, B), heparin (C, D), cellulase (E, F) and agarase (G, H). Background

fluorescence of algal homogenate was measured at wavelength conditions similar to

H33258 and EthDi measurements without fluorochromes (squares)
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SOLID PHASE EXTRACTION

In solid phase extractions, compact packings are used that have specific functional

groups attached to their inert resins. Depending on the nature of these functional

groups, certain cell components will bind and be retained while others move through

the packings without restraint. Changes in the mobile phase then lead to differential

elution of retained compounds. I used C18 and Nensorb columns in attempts to remove

hydrophobic interferents (Cl 8) or to selectively retain nucleic acids (Nensorb). The

suitability of each type of column for separation of nucleic acids from interfering cell

constituents was investigated by establishing DNA standard responses in the

appropriate solutions and by examining DNA standard recovery from these columns.

Background and algal nucleic acid fluorescence in buffer and in DNA standard solution

were measured for pass-thru and eluate. In addition, absorbance spectra and excitation

and emission scans of N. larix pass-thru and eluate were compared with simple

homogenates.

I. C18 COLUMNS: C18 columns are primarily used to retain lipids, pigments and

other hydrophobic compounds. Their major component is silica gel coated with chains

of 18 carbon units; extraction is primarily based on hydrophobic properties of these

carbon chains. Separation by size exclusion may also contribute to retention by C18
columns.

DNA standard fluorescence in 6.66 % ethanol mobile phase was linear for H33258

(FIG. 1OA) and EthDi (FIG. lOB) and did not differ significantly from fluorescence

signals observed in Tris-NaC1 buffer. Fluorescence response measured in 33.33 %

ethanol however was reduced by about 75 % for H33258 and by about 20 % for EthDi.

The presence of ethanol increased buffer fluorescence by a factor of about 1.5 in 6.66 %

ethanol for both dyes and by a factor of 8 and 5.5 in 33.33 % ethanol for H33258 and

EthDi, respectively. Further measurements showed that ethanol concentrations above

10 % were associated with slope suppression, high buffer fluorescence and reduced

slope linearity. All subsequent C18 experiments were done with 6.66% ethanol

solution. Standard recovery from C18 columns was determined in pass-thru and eluate

for five different DNA concentrations. In pass-thru solutions, neither fluorescence

measurements with H33258 (Fig. 1 1A) nor EthDi (Fig. 1 1B) increased linearly with

increasing concentrations of standard loaded onto the columns. However, all pass-thru

solutions did show higher background fluorescence including buffer solutions. Nucleic



43

Figure 10. Response of H33258 (A) and EthDi (B) with calf thymus DNA in C18

solutions. Tris-NaC1 buffer squares; 6.66 % ethanol - triangles; 33.33 % ethanol -

circles.
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Figure 11. DNA standard recovery from Cl 8 columns in pass-thru and eluate

measured with H33258 (A) and EthDi (B). Shading: Plain - Standard; RHatch Pass-
Thru; LHatch Eluate.
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acid measurements in the eluate measured with both dyes showed gradual increases in

fluorescence signals with increasing DNA concentrations loaded, but DNA standard

recovery for the highest concentration used was only 28 % for H33258 and 22 % for

EthDi measurements.

Although N. larix homogenate lost part of its intense brownish color to the C 18

matrix, additions of pass-thru to buffer and DNA standard solutions did not result in

detectable algal nucleic acid fluorescence with H33258 (Fig. 12A). Increase in EthDi

fluorescence in buffer plus homogenate was observed, while fluorescence signals in

homogenate and DNA stayed constant (Fig. 12B). Eluate additions to buffer and to

DNA standard solutions resulted in constant fluorescence signals for H33258 (Fig. 12C)

and a slight fluorescence increase for EthDi measurements (Fig. 12D). The amount of

algal nucleic acids present in the eluate could therefore not be estimated. In a further

experiment, internal DNA standards were added to algal homogenate prior to C18

treatment. However, no increase in fluorescence signals was seen for eluate additions

to buffer and DNA standard solutions that might have indicated a higher retention of
DNA on the columns.

The absorbance spectra of N. larix homogenate pass-thru and eluate resembled the

spectrum of the original sample. However, absorbance in the vicinity of 280 nm was

reduced especially for the eluate and separation of the two major peaks became more
distinct upon C 18 treatment.



Figure 12. Response of H33258 and EthDi in buffer (triangles) and DNA standard

solutions (circles) with increasing amounts of C18 column pass-thru (A, B) and eluate

(C, D). Background fluorescence of algal homogenate was measured at wavelength

conditions similar to H33258 and EthDi measurements but without the fluorochromes

(squares).
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II. NENSORB COLUMNS: Nensorb columns are commonly used to desalt and

deproteinize samples and to separate nucleic acids from low molecular weight materials

(Johnson et al. 1986). DNA, RNA, and proteins all bind to the resin of Nensorb

columns. Nucleic acids can be eluted in a second step with a polar solvent while

proteins remain on the columns.

DNA standard responses in Reagent A and Reagent B (50 % methanol) were linear

for both dyes used. Slopes did not differ significantly between solutions for either

H33258 (Fig. 13A) or EthDi (Fig. 13B), although EthDi response in Reagent B was

slightly suppressed at higher concentrations of DNA. RNA standard response was the

same in buffer and Reagent A but the slope was enhanced by a factor of 1.27 in

methanol (Fig. 13C). Similar to ethanol, methanol enhanced buffer fluorescence by a

factor of 1.5 and 2 for H33258 and EthDi, respectively.

Standard recovery was determined for five different DNA and RNA concentrations

ranging from 0.1 to 1.5 p.g/ml nucleic acids by monitoring fluorescence in pass-thru,

rinse and eluate (Fig. 14A, B, C). H33258 and EthDi fluorescence was found

exclusively in the eluate, with no DNA or RNA fluorescence signals above buffer

fluorescence detectable in pass-thru or rinses. Standard recovery was between 84 %

and 99 % for DNA measurements with EthDi, between 73 % and 100 % for H33258

and between 58 % and 81 % for RNA (Fig. 15).

Additions of algal homogenate eluate to buffer and to DNA standard solution

resulted in increases in H33258 (Fig. 16A) and EthDi fluorescence (Fig. 16B). H33258

fluorescence increased at low concentrations of algal homogenate but EthDi

fluorescence stayed rather constant up to about 30 mg/ml algae before a similar

fluorescence increase was observed. The amount of DNA estimated was 40 ng/mg

organic carbon in buffer and 42 ng/mg organic carbon in DNA standard solution,

corrected for BGF and recovery from Nensorb column. No RNA was detectable.

Because substances in the algal homogenate might have prevented successful

binding of nucleic acids to the resin, internal standards were added to algal

homogenates before samples were loaded onto the columns and recovery was measured

in the eluate. Standard recovery of DNA was reduced to 22.5 % and 28 % with H33258

and EthDi, respectively, in the presence of algal homogenate. No RNA was recovered

(Fig. 17).
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Figure 13. Response of H33258 (A) and EthDi (B) with calf thymus DNA and

yeast RNA (C) in Nensorb solutions. Tris-NaC1 buffer - squares; Reagent A - triangles;

Reagent B circles.
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Figure 14. Nucleic acid standard recovery from Nensorb columns in pass-thru and

eluate measured for DNA with 1133258 (A), DNA with EthDi (B), and RNA with EthDi

(C). Shading: Plain - Standard; RHatch - Pass-Thru; LHatch Reagent A rinse; Screen

Eluate.
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Figure 15. Average DNA and RNA standard recovery from Nensorb columns

determined with H33258 and EthDi for 5 different nucleic acid concentrations.

Shading: Plain - DNA determined by H33258; RHatch - DNA determined by EthDi;

LHatch RNA determined by EthDi.
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Figure 16. Response of H33258 (A) and EthDi (B) in buffer (triangles) and DNA

standard solution (circles) with increasing amounts of Nensorb eluate of N. larix

homogenate.
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Figure 17. Nucleic acid standard recovery from Nensorb columns in the presence

and absence of N. larix homogenate. Shading: Plain - Standard; RHatch Standard
recovery without algal homogenate; LHatch - Standard recovery with algal

homogenate.
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A comparison among absorbance spectra of simple homogenate, pass-thru,

Reagent A rinse, and eluate showed that absorbance peaks at 235 and 330 nm gradually

decreased with degree of treatment (Fig. 18). The second absorbance peak disappeared

almost completely in the eluate. Emission spectra of N. larix homogenate without

fluorochromes revealed that when excited at H33258 and EthDi wavelengths,

homogenates had broad emission maxima from 350 to about 500 nm, overlapping with

the emission of H33258 and probably contributing to the observed fluorescence signal.

At EthDi emission wavelengths, excitation scans for N. larix showed only small peaks

at 280 and 525 nm. Strong excitation was seen for H33258 emission at 280 nm and 360

nm. The use of Nensorb columns diminished all four peaks with every subsequent step

during the treatment and no emission or excitation was seen in the eluate (Fig. 19).

N. larix homogenates pretreated with acetone and hexane were added to Nensorb

columns, but the presence of solvents might have prevented attachment of nucleic acids

to the resin. No additional improvement on nucleic acid fluorescence due to the

addition of solvent pretreatments was observed.
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Figure 18. Absorbance spectra of simple N. larix homogenate, pass-thru, Reagent

A rinse, and eluate after Nensorb treatment.
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Figure 19. Excitation (A) and emission (B) spectra of N. larix homogenate at

H33258 and EthDi excitation and emission wavelengths.
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SIZE EXCLUSION CHROMATOGRAPHY

In SEC, separation of molecules is based primarily on their molecular size, as

molecules either penetrate or are rejected from interstices of the chromatographic

matrix, which is usually a cross-linked dextran. The degree of cross-linkage and the

length of the column determine the efficiency and resolution of separation. Retention

time and recovery for DNA and RNA standards during SEC were monitored by

absorbance at 254 nm and 280 nm and compared to the absorbance pattern observed for

algal homogenate. Nucleic acid concentrations in N. larix homogenates were measured

in individual fractions collected from the column and compared to samples that were

enzyme or solvent pretreated prior to SEC. Residual interference patterns were
monitored.

Absorbance measurements at 254 nm showed that elution of DNA under the given

SEC conditions took place after 18 minutes (Fig. 20). Elution of yeast RNA, which was

assumed to be a mixture of tRNA and rRNA, took place after 27 minutes. Those two

types of nucleic acids could be clearly distinguished from each other. The use of

separate individual RNA types showed that while rRNA co-eluted with DNA, tRNA

displayed two separate peaks, one with retention times similar to DNA and one co-

eluting with yeast RNA. Elution of nucleic acids was completed after about 40

minutes.

A comparison between the absorbance spectra and fluorescence measurements

obtained for DNA standards eluted from the SEC column is shown in Fig. 21. DNA

concentrations below 1 jtg/m1 were hardly detectable by absorbance measurements

(Fig. 21A), while fluorescence signals obtained from 0.5 jLg/ml DNA were clearly

detectable (Fig. 21B). The same pattern evolved when H33258 was replaced by EthDi

and when RNA was used as a standard. DNA recovery for concentrations from 0.5 to

40 jig/mi ranged from 88 % to 118.27 % (mean: 96 %; SEM: 2.11) when measured with

H33258 and from 77 % to 98 % (mean: 86 %; SEM: 2.29) when determined with EthDi

(Fig 22).

Elution of a N. larix sample took about one hour until completion, as measured by

absorbance return to background. A typical absorbance pattern obtained at 254 nm for

N. larix showed 2 major peaks with retention times of about 18 and 37 minutes (Fig.

23). The absorbance pattern at 280 nm was slightly shifted due to a time-lag between



Figure 20. Absorbance spectra of calf thymus DNA (solid), yeast RNA (dashed),

tRNA (dashdot), and rRNA (dotted) measured at 254 nm after elution from SEC

columns. Flowrate 1 mI/mm. DNA and RNA were contained in about 15 out of 40 ml

total sample volume, collected in fractions 1 to 7.
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Figure 21. Absorbance (A) and H33258 fluorescence (B) measurements of

different concentrations of calf thymus DNA monitored and collected from SEC

columns. Each fraction contained 2.1 ml sample. Flowrate 1 mI/mm.
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Figure 22. Percent standard recovery from SEC column for DNA determined by

H33258 (Plain) and EthDi (RHatch).
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Figure 23. Elution pattern of N. larix homogenate from SEC column measured by

absorbance at 254 nm (solid) and 280 nm (dashed).
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the two wavelength measurements. The ratio between the absorbance peaks at 280 and

254 nm was 1:1.5 for the first peak and 1:3.5 for the second peak. Although intensity of

the second peak at 254 nm exceeded the intensity of the first peak in this figure

absorbance of the second peak was occasionally observed to be smaller. A small

absorbance peak was also indicated at 33 minutes. Surveys of absorbance of Iridea

cornicopita, Ulvafenestrata and Enteromorpha intestinalis showed similar elution

patterns except that the second 254 nm peak seen for N. larix was not present.

A comparison among elution patterns of an algal homogenate with elution patterns

of DNA and RNA standards, and fluorochrome measurements of nucleic acids in

individual fractions of the homogenate are given in Fig. 24. The first absorbance peak

of N. larix homogenate coincided with the retention time of DNA standard and with

maximum fluorochrome signal in fractions 2 and 3. The small absorbance peak at 33

minutes overlapped with the elution of RNA standard and with elevated EthDi

fluorescence that exceeded H33258 yield. The larger absorbance peak at 40 minutes

was characterized by fluorescence signals that were equal or less than buffer

fluorescence for both dyes, implying that the majority of interfering compounds were

contained in fractions 8 to 10.

Standard additions with small concentrations of DNA showed that some residual

interference was still in fractions that contained nucleic acids (Table 1). H33258

measurements were suppressed in fraction 1,2,3 and 7 by about 10 to 17 % and about

25 % of the expected EthDi signal was lost in fraction 2 and 3. As stated above,

interference was most severe in fractions 8 and later, with losses of signal up to 71 %

for H33258 in fraction 9 and up to 41 % for EthDi in fraction 10.

Table 2 lists the amount of nucleic acids per mg organic carbon calculated,

corrected for interference and colunm recovery. Fractions with fluorescence yield

below buffer fluorescence were omitted to prevent negative numbers that would reduce

total nucleic acid content. DNA concentrations ranged from 380 to 2154 ng/mg organic

carbon and averaged 442 ng/mg organic carbon (SEM: 0.141). RNA concentrations

ranged from 0 to 1242 ng/mg organic carbon and averaged 560 ng/mg (SEM: 0.166).

In all cases, RNA/DNA ratios were always < 1.

Incubation of algal homogenate with DNase and RNase prior to SEC confirmed

that the fluorescence measured was in fact due to nucleic acids (Fig. 25). DNase

removed about 85 % of H33258 and about 80 % of EthDi fluorescence. RNase
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Figure 24. Elution pattern of N. larix homogenate (dashdot), DNA standard

(solid), and RNA standard (dashed) with time from SEC measured by absorbance at

254 nm and fluorescence response of H33258 (circles) and EthDi (triangles) with algal

nucleic acids in individual fractions collected from SEC. Each fraction contained 2.1

ml sample volume, flowrate was 1 mI/mm..
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Table 1. Interference in individual SEC fractions determined by DNA standard
additions for N. larix homogenate without prior treatment.

Fraction H33258 SEM a EthDi SEM n
number

1 089b 0.09 13 0.97 0.13 7

2 0.83 0.09 13 0.73 0.12 7

3 0.88 0.10 13 0.76 0.13 7

4 1.01 0.04 13 1.01 0.09 7

5 1.07 0.04 13 1.18 0.11 7

6 1.13 0.05 12 0.95 0.05 6

7 0.84 0.09 9 0.99 0.05 6

8 0.59 0.11 9 0.98 0.07 4

9 0.39 0.13 4 0.80 1

10 0.51 0.18 3 0.59 1

a Number of measurements
b Interference expressed as the proportion of fluorescence observed in a sample fraction
versus the fluorescence observed in Tris-NaC1 buffer after the addition of small
amounts of DNA standard solution.



Table 2. Nucleic acid concentrations determined by SEC for simple N. larix
homogenate.

DATE DNAa SEM RNA SEM RNAIDNA
(* 10) (*105) RATIO

7-11 1.00 5.1 0.00 4.2

7-18 0.69 6.8

8-02 0.85 4.2 0.00 7.4

8-03 0.51 2.5 0.10 8.2 0.20

8-07 1.13 0.6 0.29 11.1 0.26

8-08 2.15 43.0

8-16 0.98 4.8 0.88 19.9 0.90

8-16 1.33 7.4 1.24 32.8 0.93

8-16 1.39 7.7 1.05 32.0 0.76

8-21 1.28 6.5 1.13 28.8 0.88

8-21 1.15 6.3 0.91 26.2 0.79

9-13 1.23 170.0 0.00

9-18 0.38 42.0 0.10 11.6 0.26

a concentration in jig nucleic acid/mg organic carbon
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Figure 25. Fluorescence response of H33258 and EthDi to N. larix homogenate

incubated with DNase and RNase prior to SEC. Plain - Homogenate without nucleases;

LHatch - DNase incubation; RHatch - RNase incubation; Screen DNase and RNase.
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incubation resulted in 21 % loss of EthDi and about 4 % loss of H33258 signals. When

both nucleases were used simultaneously about 92 % of the signal disappeared for both

fluorochromes. In contrast, absorbance spectra at 254 nm were only slightly reduced

after nuclease incubation (Fig. 26).

Incubation of N. larix with pronase prior to SEC removed almost 50 % of the first

absorbance peak (Fig. 26) but did not improve the amount of nucleic acids that could be

estimated by fluorescence measurements. DNA concentrations estimated for the

pronase-treated homogenate resulted in 83 to 123 % (SEM: 4.56 %) of the DNA

calculated in control samples. DNA concentrations ranged from 430 to 874 ng/mg

organic carbon, while RNA concentrations were less than 582 ng/mg organic carbon.

The use of heparin did not change the absorbance spectrum significantly and

fluorescence measurements were inconclusive with respect to a possible improvement

in dye binding to nucleic acids. Fluorescence yield with heparin ranged from 96 % to

114 % (SEM: 5.23 %) of the signal received for control samples. Use of agarase and

cellulase resulted in 12 to 22 % less fluorescence signal and small reductions in

absorbance (Fig. 27).

Interference in algal homogenate pretreated with hexane prior to SEC was reduced

in the first 6 fractions when measured with H33258 (Table 3): 90 % to 100 % of the

expected fluorescence signal from DNA standard additions was recovered. However,

fluorescence measurements were less successful in fractions 7 to 10. EthDi

measurements were almost unaffected: recovery was never less than 96 % for the first 7

fractions and only about 13 % of the signal was lost in fraction 8 and 9.

Pretreatment with hexane resulted in more variable, but on average, slightly higher

DNA concentrations (Table 4). DNA concentrations averaged 1192 ng DNA/mg

organic carbon and ranged from 483 to 2622 ng DNA/mg organic carbon. RNA

concentrations were always less than 148 ng/mg organic carbon and in 7 out of 11

measurements were equal to 0. Hexane had an effect similar to pronase on absorbance

patterns, removing a large part of the first absorbance peak. Replacement of hexane

with methanol or acetone resulted in nucleic acid concentrations that were at the lower

limit of the concentrations determined in untreated or hexane treated homogenate.

DNA estimates in algal homogenates of U. fenestrata, E. intestinalis, and I.

cornicopita after SEC ranged from 13.6 to 44.8 ng/mg algae (wet weight), being lowest

for the Chlorophyceae. No RNA was detectable.



Figure 26. Elution pattern of simple N. larix homogenate (solid) and homogenate

pretreated with pronase (dashed), DNase (dashdot), and RNase (dotted) from SEC.
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Figure 27. Elution pattern of simple N. larix homogenate (solid) and homogenate

pretreated with agarase (dashdot), and cellulase (dashed) from SEC.
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Table 3. Interference in individual SEC fractions determined by DNA standard
additions for N. larix homogenate pre-extracted with hexane.

Fraction H33258 SEM na EthDi SEM n
number

1 095b 0.07 12 0.97 0.05 7

2 0.90 0.10 11 1.07 0.10 7

3 0.92 0.09 12 1.11 0.09 7

4 0.90 0.04 12 0.97 0.08 7

5 0.95 0.06 12 1.07 0.07 7

6 1.00 0.09 10 1.07 0.04 7

7 0.70 0.11 10 1.01 0.08 7

8 0.45 0.13 6 0.88 0.05 3
9 0.30 0.06 5 0.88 0.02 3

10 0.37 0.06 2

a Number of measurements
b Interference expressed as the proportion of fluorescence observed in a sample fraction
versus the fluorescence observed in Tris-NaC1 buffer after the addition of small
amounts of DNA standard solution.



Table 4. Nucleic acid concentrations determined by SEC for hexane pre-extracted N.
larix homogenate.

DATE DNAa SEM RNA SEM RNA/DNA
(* 1O) (* lOs) RATIO

8-29 0.62 0.02 0.04 0.04 0.06
8-28 0.69 0.01 0.00
8-28 0.48 0.07 0.00
8-29 1.15 0.05 0.15 0.10 0.13
8-29 1.89 0.08 0.03 0.15 0.02
8-29 1.28 0.05 0.00 0.06
8-30 2.62 0.09 0.00 0.09
8-30 1.77 0.07 0.00 0.04
8-30 0.94 0.03 0.00
8-30 0.55 0.00
8-30 0.72 0.00

a concentration in .tg nucleic acid/mg organic carbon



PHOTOLYASE ACTIVITY MEASUREMENTS.

Carlson et aL(1991) demonstrated that H33258 fluorescence increased linearly

when proportions of dimerized pA-pT in a standard solution were repaired. Therefore it

should be possible to monitor dimer repair and photolyase activity in cell extracts by

measuring changes in fluorescence over time and to normalize enzyme activity to the

amount of native DNA present in a sample. DNA isolated from N. larix, E. intestinalis

and U. fenestrata homogenate by SEC was incubated with pA-pT to survey photolyase

activity.

Table 5 lists date, location and sampling conditions for collection of algae for

photolyase experiments. Changes in H33258 fluorescence over 25 hours are shown in

Fig. 28 for U.fenestrata collected on August 28th, 1989. Fluorescence patterns were as

expected for photorepair: TS fluorescence increased (14 fi units), DC was almost

unchanged (0.4 fi units) and LC decreased by about 8 fi units. However, fluorescence

signal loss was observed for all samples for incubation times longer than 15 hours. A

similar pattern was observed for E. intestinalis collected on September 7th with the

exception that DC dropped during incubation. Photorepair in N. larix samples was

measured on May 10th, August 27th and September 7th. All three samples displayed

an increase in the TS fluorescence between to and t1 (16.6, 7 and 1.7 fi units,

respectively). DC fluorescence increased from to to t1 on May 22nd and August 27th

(8.6 and 3.5 fi units) and slightly decreased on September 7th (2 fi unit). LC on

September 7th dropped between time points, but exceeded the DC as well as the TS on

May 22nd and August 27th. Two more measurements with U. fenestrata (both

September 27th) showed either no photorepair activity at all as DC, LC and TS
fluorescence all dropped with time or net fluorescence change was negative despite a

large TS increase due to a larger DC increase.

Table 6 shows estimates of the amount of dimers repaired. Measurements at t2

were omitted as fluorescence dropped for all samples during incubation periods longer

than 15 hours. Dissimilarities in standard additions to LC versus DC and the TS (Fig.

29) allowed photorepair calculations only based on TS and DC measurements. The LC

fluorescence at to was used as a reference for the amount of native DNA present in a

sample.

Standard additions to LC yielded on average 85 % of the DNA signal expected in

accordance with previous standard additions for SEC samples. Standard additions to
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solutions containing dimerized pA-pT however resulted in only about 50 % of the

expected fluorescence. An interspecific comparison of between standard additions

showed that differences in residual interference were more pronounced between the

Chlorophyceae than between N. larix and Enteromorpha (Fig. 29). Standard additions

to Ulva homogenate yielded about 90 % recovery for light controls and about 70 %

recovery for DC and TS. Enteromorpha and N. larix yielded about 82 % for LC, 50 %

forTS andonly35 %forDC.



Table 5. Date, location, sampling conditions, and species collected for photolyase
activity measurements.

SAMPLING SPECIES
DATE

5-10-89 N. larix
8-27-89 N. larix
8-28-89 U.fenestrata
9-07-89 E. intestinalis
9-07-89 U. fenestrata
9-07-89 N. larix
9-27-89 U. fenestrata
9-27-89 U. fenestrata

LOCATIONa SAMPLING
CONDiTIONS

Yaquina Head late afternoon
Boiler Bay
Boiler Bay
Seal Rock
Seal Rock
Seal Rock
HMSC
HMSC

late morning
late afternoon
early afternoon
early afternoon
early afternoon
early noon
early noon

92

a Sampling locations were all on the Oregon Coast; HMSC = Hatfield Marine Science
Center, Newport OR.
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Figure 28. Changes in fluorescence signal over time due to photolyase activity

measured for U.fenestrata collected on August 28, 1989. TS - Test solution; DC

Dark control; LC = Light Control.
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Table 6. Photolyase activity calculated for N. larix, U. fenestrata, and E. intestinalis.

DATE ALGA TIME TSa DC DNAb ng dimers
(hours) (.tg/ml) repaired

per pg DNA
per hour

5-10 Larix 12 16.6 8.6 0.58 10.22
8-27 Larix 14 7.2 3.5 0.23 10.22
8-28 Ulva 12 14.5 0.4 0.55 19.31
9-07 Entero 12 2.5 6.0 0.27 23.74
9-07 Ulva 12 -5.7 -12.2 0.33 14.71
9-07 Larix 12 1.7 2.0 0.36 7.83
9-27 Ulva 12 13.1 16.2 0.42 neg
9-27 Ulva 12 -3.4 - 2.5 0.56 rieg

a Test solution (TS) and dark control (DC) are given in relative fluorescence units
b DNA concentrations determined by LC fluorescence at t0.



Figure 29. Percent fluorescence recovery after standard additions to N. larix, U.

fenesrrata and E. intestinalis to dark control (DC Plain), light control (LC RHatch),

and test solution (TS - LHatch). Only TS and DC contained dimerized pA-pT.
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DISCUSSION

Total amounts of algal DNA and RNA estimated by the methods used in this study

are given in Table 7. DNA concentrations ranged from 40 to 2154 ng/mg organic

carbon and RNA from 0 to 1565 ng/mg organic carbon. RNA/DNA ratios varied from

0.6 to 9 but were also often negative. These values were lower than nucleic acid

estimates obtained for macrophytes, freshwater angiosperms and terrestrial plants by

other authors (Table 8), raising possibilities of artifact and underestimation. I will

therefore consider the methodological merits and shortcomings of individual techniques

used during this investigation. A discussion of limitations that arise from the use of

H33258 or EthDi as nucleic stains for DNA and RNA will follow. I will then consider

some general biochemical aspects with respect to the amounts of DNA and RNA found

in marine macrophytes and the validity of RNAIDNA concepts with respect to cell

metabolism and activity, and finally assess the application of fluorescent assays to

monitor photolyase activity in marine macrophytes.

The selection of a buffer for nucleic acid measurements with fluorochromes was

based on fluorescence responses of each dye to increasing DNA concentrations,

linearity of those responses, magnitude of inherent fluorescence, and the pka of each

buffer. These considerations were directed primarily to the response of H33258, which

seemed to be more sensitive to buffer conditions than EthDi. Variations observed in

slope for H33258 in SSC, Tris-NaC1, and borate buffer can be at least partially

attributed to sensitivity of H33258 to small differences in pH, especially outside the

range of 6.5 to 7.5 (Cesarone et al. 1979). Other factors must have affected H33258

response in phosphate/borate buffer. Although spectral studies in 0.025 M phosphate

buffer by Cesarone et al. (1979) did not indicate any negative interactions between

phosphate and H33258, phosphate at higher molarity might prevent the successful

attachment of H33258 to the DNA double helix by binding directly to methyl groups of
thymine or by obstructing the major groove while being linked to phosphate groups of

DNA. Experiments in phosphate/borate buffer resulted in highly variable and unstable

measurements with low fluorescence yields. Phosphate/borate buffer was therefore

considered unsuitable for quantification of DNA with the fluorochrome H33258. The

use of SSC as a buffer medium was also rejected despite a linear fluorescence response

of H33258 and EthDi to DNA standards. High SSC buffer fluorescence for H33258



Table 7. DNA and RNA concentrations estimated with methods used in this study.

TREATMENT

Simple homogenate
Hexane pre-extraction
Nensorb Columns
SEC, simple homogenate
SEC, hexane pre-extracted

SPECIES DNAa

U.fenestrata 453 197

N. larix 680 - 150

N. larix 40 - 42

N. larix 2154 - 438
N. larix 2620 480

a Nucleic acid concentrations in ng/mg organic carbon.

462 none
1565 - 783

none
1242 - none
150 none
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Table 8. Estimates of RNA and DNA concentrations in marine macrophytes,
freshwater angiosperms, and terrestrial plants.

SPECIES DNAa RNA RNA/DNA REFERENCEd

U.fenestrata 15- 34 0- 35 1.0- 2.3 (1)
N. larixb 11- 172 0- 99 0.6- 9.0 (1)
Macrocystis pyrjfera
E. intestinalis NDC 90- 160 (2)
Potamogeronpectinatus 1050-1370 3820-5010 3.6- 3.7 (3)
Spinach 100- 120 960-1200 8.0-12 (4)
Marchantia 30- 40 100- 180 2.5- 9 (4)
Storage tissue of
peanut,comandbeans 60- 570 660-1360 1.5-11 (5)

Numerous plant species 10- 130 ND ND (6)

a Nucleic acid concentrations in ng/mg wet weight
b Maximum RNA and DNA concentrations determined for N. larix in this study.
C not determined
d (1) this study; (2) Su & Gibor 1988; (3) Jana & Choudhuri 1982a; (4) Laulhere &
Rozier 1976; (5) Cherry 1962; (6) Hattori et al. 1987
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(about 50 fi units) made evaluation of small fluorescence changes in a sample hard to

interpret and reduced the sensitivity of the assay. In addition, difficulties in adjustment

of SSC buffer to a stable pH were considered to be a limiting factor for the volumes of

buffer prepared and used. Borate buffer was rejected because of its pka of 9.23, which

is slightly too high for biochemical work. Measurements in Tris-NaC1 buffer provided

satisfactory fluorescence yield and relatively low buffer blanks for H33258 and EthDi.

Because the DNA responses were linear in TrisNaCl buffer, because the buffer had a

Pka of 8.2 close to optimal pH and because it had been successfully used for similar

work by other authors (Paul & Meyers 1982; Markovits et al. 1979), Tris-NaC1 was

chosen for subsequent work.

Comparisons between fluorescence responses of EthDi and H33258 to DNA and

of EthDi to DNA and RNA in Tris-NaC1 buffer showed that although both dyes were

highly sensitive to the types of nucleic acids measured, fluorescence response to DNA

was 1.4 times higher for EthDi than for H33258. The response of EthDi to RNA was

2.8 times smaller than for the same concentration of DNA. These differences in

fluorescence yield have to be considered in nucleic acid calculations to prevent

overestimation of DNA or underestimation of RNA. A difference in slope for

fluorescence response to E. coli DNA and calf thymus DNA in Tris-NaCl buffer was

observed for both dyes. This inconsistency can not be explained by stronger

fluorescence response of H33258 to dA-dT rich DNA (Comings 1975; Weisblum &

Haenssler 1974) because EthDi is not sensitive to the base composition of natural DNA

(Markovits et al. 1979). In fact, E. coli has a smaller dA-dT ratio (50 %) than calf

thymus DNA (60 %), but higher fluorescence yield was observed for the latter. The

most likely explanation is a difference in purification procedures for each type of DNA

which might have compromised gravimetric determinations of the actual amount of

DNA contained in the stock solutions. Small variations might also have been due to

differences among H33258 batches, which deviated slightly from each other in

molecular weights due to variations in salt content and degree of hydration.

Unfortunately, much of this work was done with calf thymus DNA stock that had been

partially degraded during storage. Because most of the work was meant to show the

qualitative applicability of the methods rather than absolute determinations of algal

nucleic acids, daily standard responses were taken for comparisons. All calculations of

algal nucleic acid content however were based on slopes determined for fresh,

undegraded stocks of calf thymus DNA and yeast RNA (Fig. 2).
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Fluorescent dyes promised to be a rapid and convenient procedure to quantify

nucleic acids in algal homogenates. However, increases in nucleic acid fluorescence

proportional to the amounts of algal material added to buffer and DNA solutions were

not observed. Neither H33258 nor EthDi gave adequate DNA or RNA signals for N.

larix or U. taeniata homogenates. Immediate decreases in DNA standard fluorescence

indicated high concentrations of substances interfering with the assay. Although small

fluorescence increases were observed for U. taeniata and N. larix homogenates, the

overall interference and the high BGF of the N. larix homogenate were so intense that

they compromised nucleic acid calculations. Measurements with U. fenestrata came

closest to the expected fluorochrome behavior. Linear increases in nucleic acid

fluorescence in homogenate were observed in buffer and in DNA solutions at algal

concentrations up to 15 mg/mi. It was apparent that direct fluorescence assays, despite

high binding affinities and high sensitivity of fluorochromes to polynucleotide

sequences, were faced with problems similar to those encountered in traditional

colorimetric methods.

Interference has been observed in a number of organisms (Karsten & Wollenberger

1972; DeBevoise & Taghon 1988; Clemmesen 1988; Kumar et al. 1988), most severely

in material that originates from plant and algal sources (Thomas & Sheratt 1956; De

Deken-Grenson & De Deken 1959; Smillie & Krotkov 1960; Cherry 1962; El-

Hamalawi et al. 1975; Laulhere & Rozier 1976; Newbury & Possingham 1977; Hattori

et al. 1987; Rezaian & Krake 1987, Su & Gibor 1988). Out of an interest in the

ecological significance of biochemical defense strategies in N. larix (Carlson et al.

1989), this alga was chosen for subsequent experiments despite its apparent high degree

of interference.

Attention was first given to two accessory photosynthetic pigments found in N.

larix, phycoerythrin and phycocyanin, which may account for up to 2 % of the dry

weight in some littoral marine algae (0 Heocha 1971). In aqueous solutions

phycoerythrins and phycocyanins emit in the orange and red wavelength ranges,

respectively, when suitably irradiated. Interference at EthDi wavelengths was seen as

large increases in BGF from high concentrations of phycoerythrin and phycocyanin,

while no such increase was observed for H33258 wavelengths. These observations

were in agreement with several other authors who had found that BGF arising from

various cell components in cell homogenates could contribute up to 60 % of

fluorescence signals (Thoresen et al. 1983; Itturiaga et al. 1984; Karsten &
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Wollenberger 1972). In the presence of DNA, high concentrations of these pigments

interfered with nucleic acid fluorescence of EthDi and H33258. H33258 fluorescence

measurements decreased at pigment concentrations above 1 j.Lg/ml phycoerythrin, while

interference for EthDi measurements was obscured by the high pigment BGF. Total

fluorescence increase was smaller in DNA standard solution with EthDi than in buffer

without dye for both phycocyanin and phycoerythrin. Because the photosynthetic

effectiveness of biliproteins is founded in their ability to absorb at wavelengths from

460 nm to 600 nm for phycoerythrin and from 500 nm to 700 nm for phycocyanin,

interference might be explained by partial overlap of absorption spectra of these

pigments with emission wavelengths of EthDi or with the excitation spectra of H33258

and EthDi. Degree of interference will vary with algal material since the definite

absorption spectra of individual species depend on actual phycobiin composition and

surrounding protein characteristics of the phycobilisomes (0 Heocha 1971).

Interference will also depend on total pigment concentrations which change with

environmental conditions such as light, water clarity and zonation.

Like all plant materials, N. larix also contains hydrophobic pigments such as

chlorophylls and carotenoids. Chlorophyll a has absorption peaks in the vicinity of

H33258 and EthDi emission and carotenoids absorb at around 450 nm. Interference of

chlorophyll a with nucleic acid fluorescence measurements was reported by Mordy &

Carlson (1991) who found that pigment concentrations above 0.06 mg/mi and 0.02

mg/mi resulted in loss of H33258 and EthDi signals, respectively. To remove these

pigments and other hydrophobic components, algal tissue was extracted with organic

solvents prior to fluorescence measurements.

Solvent extraction did not eliminate interference in N. larix homogenates. Patterns

of BGF, nucleic acid, and nucleic acid and DNA fluorescence observed after most

solvent extractions resembled those observed for simple homogenates of N. larix. Only

hexane treatments resulted in linear nucleic acid fluorescence increases over a small

range of algal concentration for both fluorochromes when homogenate was added to

buffer and DNA standard solutions. Grinding of algal material in acetone, an effective

extractor of chiorophylls and carotenoids, led to a significant increase in EthDi signal in

buffer but no such increase was observed in standard solution or when measured with

H33258. Acetone has also hydrophilic characteristics, so loss of DNA and RNA might

have occurred during sample preparation when acetone phases were discarded, which

would explain constant fluorescence signals with H33258 but not the increases seen
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with EthDi. Linear increase in BGF at H33258 wavelengths observed for methanol pre-

extracted homogenate was likely the result of residual solvent in the solution. BGF was
slightly enhanced for all organic solvent pre-extractions except for acetone, probably

due to release of additional pigments from cell membranes. Although solvent pre-

extraction did not eliminate interference, some cell components had been removed as

comparisons between fluorescence loss in DNA standard solution among simple and

solvent pre-treated homogenates expressed as percentage of the original fluorescence

signals revealed. The comparison also showed that percentage fluorescence decline

was the same for H33258 and EthDi measurements in simple homogenates while

grinding in solvents improved fluorescence signals primarily for EthDi. UV absorbance

spectra of simple and solvent pre-extracted homogenates explained partly the EthDi

improvement. N. larix homogenate displayed strong absorbance characteristics in the

near UV range which overlapped with the excitation wavelength of H33258 at 338 nm

and EthDi at 300 nm, and with the emission wavelengths of H33258 at 450 nm.

Excitation of the fluorochromes and the emission of fluorescence signals upon binding

could have been impaired at the respective wavelengths. Decreases in absorbance

intensity at 320 nm were observed especially after acetone and methanol treatments.

These decreases could have had the effect of improving EthDi fluorescence. However,

there were no obvious changes in the absorbance spectrum to explain the apparent

efficiency of the use of hexane. Based on pigment concentrations reported for Ulva and

two red seaweed species by Lopez-Figueroa & Niell (1990), it is possible that 1 mg N.

larix/ml solution contained enough chlorophyll a and phycoerythrin, and 3 to 5 mg N.

larix/ml contained enough phycocyanin, to reach pigment concentrations that interfere

with nucleic acid measurements. However, neither the absorbance spectra of simple

algal homogenates which had high absorbances outside the wavelength range for

photosynthetic pigments, nor the results of the organic solvent extractions supported the

assumption that interference was primarily due to high concentrations of photosynthetic

pigments. A survey of emission characteristics of N. larix homogenate excited at

H33258 and EthDi wavelengths, which showed only small emissions in the range from

350 to 500 nm for low concentrations of algal homogenate, further diminished the

possibility that observed interference was due to photosynthetic pigments.

Traditional nucleic acid isolation techniques commonly involve phenolic exactions

in conjunction with chloroform additions with the primary goal to denature proteins and

to dissociate proteins from nucleic acids (Kirby 1968; Wallace 1987). Interference of

proteins with these fluorescence assays was possible in several forms. Three amino
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acids (phenylalanine, tyrosine, and tryptophan) absorb in the near UV due to their

aromatic ring structures, overlapping with excitation wavelengths of EthDi and

H33258, possibly impairing fluorescence response. Interference might also have been

based on aggregate formation between nucleic acids and proteins by ionic interactions.

All types of nucleic acids interact with proteins forming transient complexes for reasons

of transport, regulation, or other metabolic processes necessary for natural cell

processes. A close coupling exists especially between proteins and rRNA since

ribosomes typically contain 50 to 60 % RNA as an integral part of their structures

(Noller 1984). Nucleic acids might also undergo artificial aggregation with proteins in

the presence of divalent cations such as Mg2, or upon changes in tertiary structure

where hydrogen bonds which were originally satisfied intramolecularly become

available for intermolecular interactions with proteins (Boedker 1968). Finally,

chromosomal DNA forms stable nonspecific complexes with structural proteins, the

nucleohistones, that stabilize the tertiary structure of DNA and might change the

binding sites for intercalating and cationic dyes (Bonaly et al. 1987).

N. larix homogenate was therefore incubated with pronase and heparin prior to

fluorescence measurements to digest cellular proteins and to dissociate histoproteins

from the DNA double helices. Although Karsten & Wollenberger (1972) found that the

use of pronase and heparin increased the fluorescence yield of ethidium bromide in

studies with rat tissue, incubation of the algal homogenate with pronase and heparin in

this study did not improve nucleic acid estimations with either of the fluorochromes.

Interference patterns observed were similar to experiments with straight homogenate

where nucleic acid fluorescence of DNA standard solutions decreased exponentially

with increasing amounts of algal homogenate added. No nucleic acid fluorescence was

observed that could be attributed to algal DNA or RNA. Because organic solvents such

as chloroform are also very effective protein denaturants, I concluded that major

interference could not be assigned to large amounts of proteins either in the form of free

biomolecules or as histoproteins. The beneficial application of pronase or heparin on

nucleic acid estimates in connection with other techniques could not be reproduced in

these experiments.

As principle primary producers, marine macrophytes are predominantly composed

of carbohydrates, presenting another possible source of interference (Thomas & Sherratt

in 1956. Hattori et al 1987, Su & Gibor 1988). Algal homogenates were therefore

incubated with cellulase and agarase prior to fluorescence measurements. Incubation
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with these carbohydrate-degrading enzymes did not improve nucleic acid yield.

Fluorescence measurements resembled observations made for simple algal

homogenates, including immediate exponential decreases in fluorescence upon

additions of algal homogenates to fluorochrome-containing DNA standard solutions.

Carbohydrate degradation might have been inefficient. Cell walls of marine

macrophytes differ from those of terrestrial plants in several aspects. Cellulose as a

structural component of the algal thallus is partially replaced by xylan and mannan,

which provide greater flexibility to the organisms (McCandless, 1981; McCandless &

Craigie 1979). In the Rhodophyta, amounts of cellulose range from 1 to 8 % of the dry

weight whereas in higher plants this proportion is frequently 30 % (Kloareg & Quatrano

1988). Cellulase degradation might have therefore been inefficient for the majority of

algal structural carbohydrates present. Because cellulose is known to resist towards

enzymatic degradation, twenty minutes of homogenate incubation might have been too

short for efficient degradation. Cell walls of marine algae are also characterized by the

prevalence of polyanionic polysaccharides over neutral polysaccharides and by high

concentrations of sulfated polysaccharides in the amorphous phase of the matrix

(McCandless & Craigie 1979; Kloareg & Quatrano 1988). These materials may

constitute up to 70 % of the dry matter in some red seaweeds, and difficulties in RNA

extractions were thought to arise from polysaccharide "densities and ion binding

properties similar to those of RNA" (Su & Gibor 1988). Because the highest sulfate

content in Rhodophyta is found in carrageenans (20 38 %) rather than in agars (2%),

the use of agarase might also have been inappropriate. The ecological significance of

these matrix polysaccharides is suspected to lay in their involvement with mechanical,

osmotic and ionic regulations. Sulfated polysaccharides may passively contribute to

cell ionic regulation by selectively binding cations and sequestering certain ions out of

seawater (McCandless 1981; McCandless & Craigie 1979). Interference might

therefore arise if enhanced concentrations of cations associated with algal cell walls

mediated aggregation of nucleic acids with each other or with proteins or caused

precipitations of insoluble complexes that trapped DNA or RNA. The use of EDTA as

a chelator in the extraction buffer should have counteracted and inhibited such

processes. Despite questionable applications of the enzymes used, I assumed that the

presence of carbohydrates was not the principle reason for the difficulties encountered

with fluorescence measurements.

Rhodophyta also contain a wide diversity of secondary metabolites (Fenical 1975)

including unusual carbon-halogen compounds such as alkenes, phenols, terpenoids and
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fatty acids. Production of these metabolites probably evolved primarily as a result of

biological interactions and involve mechanisms that reduce or avoid competition and

provide protection against pathogens, epiphytes or herbivores (Vadas 1979). The two

major bromophenols identified in N. larix were lanosol (2,3-dibromo-4,5-

dihydroxybenzaldehyde) and its disulfate ester, 2,3-dibromo-5-hydroxy benzyl- 1',4-

disulfate (Carlson et al. 1989; Weinstein et al. 1975; Phillips & Towers 1981, 1982).

High lanosol concentrations (from 1.2 % up to 6 % lanosol on a dry-weight basis

(Phillips & Towers 1982; Carison et al. 1989)) could have affected nucleic acid

measurements. Interactions of phenols or their quinones with extraction procedures for

nucleic acids and proteins have been reported for a variety of tissues (Loomis 1974;

Newbury & Possingham 1979; Rezaian & Krake 1987; Hattori et al. 1987; Kumar et al.

1988; Su & Gibor 1988). Problems arise due to complex formation between proteins or

nucleic acids with phenols through hydrogen bonding, covalent bonds with quinones,

and ionic and hydrophobic interactions (Loomis 1974). Lanosol has an absorption

maximum at 292 nm (Weinstein et al. 1975), so an overlap with the excitation

wavelength of EthDi and H33258 might provide additional problems. Phenols in N.

larix are halogenated and the presence of bromine atoms which are known to quench

EthDi emission from the phenanthridium chromophore (Gautier et al. 1979b) might

have had additional impact on fluorescence measurements.

C18 columns are primarily used to remove lipophilic compounds such as

chlorophylls, carotenoids, and fatty acids from sample homogenates. I used C18

columns in this study in order to retain hydrophobic secondary metabolites such as

phenols and quinones, although lanosol was too polar to be retained by these columns

(M. Sparrow, personal communication). Despite hydrophilic characteristics of nucleic

acids, DNA standards were also retained on C18 columns. It was, however, difficult to

elute them with ethanol. DNA standard recovery for the highest concentration used (1.5

tg/ml) was 28 % when measured with H33258 and 22 % when measured with EthDi,

hardly enough for quantitative measurements. Use of higher ethanol concentrations

(above 10 %) to improve DNA recovery was limited by high buffer fluorescence and

suppression of H33258 fluorescence response due to changes in the secondary structure

of DNA which reduced binding affinity of H33258 to DNA (Stokke & Steen 1985).

The possibility that low recovery could be attributed to size exclusion retention on C18

columns was rejected after larger volumes of eluants and a modification of the method

which included an additional rinses with Reagent A solution did not improve recovery.

C18 columns might act as filters for high molecular weight molecules, capturing



nucleic acids on top of the silica beads and preventing their passage through the

columns. Because even DNA standards showed poor recovery, low nucleic acid

fluorescence following upon additions of homogenate eluate to buffer and DNA

solutions was not surprising. Use of the C18 columns did suggest that the majority of

interference was of low molecular weight and polar nature because additions of pass-

thru to buffer and DNA standard solutions resulted in fluorescence signal decreases as

before despite a partial coloration of the C 18 packing. These results supported the

possibility that lanosol was primarily responsible for observed interference.

Nensorb columns developed by Johnson et al. (1986) were thought to be a possible

method to separate DNA and RNA from these low molecular weight phenols because

they selectively bind proteins and nucleic acids while salts and low molecular weight

materials are not retained. A further advantage was the apparent concentration of

diluted samples which facilitates nucleic acid measurements. Nucleic acids were in fact

efficiently removed from standard solutions and no fluorescence signals above buffer

fluorescence were observed in pass-thru samples or in subsequent rinses with Reagent

A. DNA and RNA were recovered in a DDW/alcohol solution (50 % methanol) and

averaged 69 % RNA and 83 % and 92 % DNA when measured with H33258 and EthDi,

respectively. Responses of H33258 and EthDi to DNA and RNA standards were linear

and similar in all solutions used, although DNA standard responses seemed to be

slightly suppressed for higher concentrations of DNA when measured with EthDi.

Buffer fluorescence was always enhanced when methanol was present and was taken

into consideration when nucleic acid estimates were made. Despite the successful

application of Nensorb columns for DNA and RNA standards, no success was obtained

when algal homogenates were used. Additions of increasing amounts of N. larix eluates

to buffer and DNA standard solutions did result in linear increases in fluorescence

signals for H33258 and EthDi, but they were offset by increases in BGF. Nucleic acid

calculations led to rather disappointing concentrations even when corrected for standard

recovery. In a further experiment, internal DNA standards were added to N. larix

homogenates prior to Nensorb treatment to check on whether low fluorescence signals

were the result of natural low algal nucleic acid concentrations or whether nucleic acids

did not bind to functional groups of the resin in presence of interfering compounds.

Standard recovery was reduced to 22 to 28 % DNA and no RNA at all could be

recovered from the eluate. It seemed therefore that nucleic acids in algal homogenate

were not retained by the support resin. Complex formation between nucleic acids and

other molecules might block, occupy or change functional groups necessary for



I[I

attachment to the resin. Binding sites on the resin might have also been occupied by

interfering compounds, especially if nucleic acid attachment to the resin was based on

interactions similar to aggregate formation. Because proteins and nucleic acids

compete for the same binding sites on Nensorb columns and because binding sites are

limited to a total of 20 tg macromolecules (Johnson et al. 1986), capacity of the

columns might have been exhausted by the algal concentrations used. Natural phenols

found in the algal tissue might have had solvent properties that prevented binding of

nucleic acids. Absorbance scans of the eluate gave no indications of retention, much

less of selective retention, of nucleic acids in the homogenate by the Nensorb columns.

Size-exclusion chromatography allows the separation of proteins, nucleic acids and

other macromolecular substances based on molecular size. Because molecular weights

of phenols and nucleic acids differ by several orders of magnitude, it should have been

possible to at least partially separate DNA and RNA from bromophenols and hence

improve nucleic acid measurements. Conditions chosen (column length, flowrate) did

not permit separation of nucleic acids from other components such as cellular proteins,

galactans, or phycobiliproteins.

Under the given conditions, elution of calf thymus DNA and yeast RNA standards

took place after 18 and 29 minutes, respectively. Nucleic acids from these two sources

could be clearly distinguished from each other but when individual types of RNA were

used, rRNA co-eluted with DNA and fractions of tRNA co-eluted with both DNA and

yeast RNA. The latter two elution patterns were not compatible with earlier

assumptions that yeast RNA was a mixture of tRNA and rRNA. Because rRNA is an

integral part of ribosomes (Noller 1984), it may have been associated with proteins and

consequently of larger molecular weight than naked rRNA. Transfer RNA was

assumed to be smaller than rRNA and even if the second tRNA peak was due to

shearing or partial degradation of tRNA by nucleases, these observations do not explain

why the presumed mixture of RNA types in yeast RNA eluted in a single peak. Despite

these uncertainties it was apparent that algal nucleic acids were contained in the first 7

SEC fractions. Recoveries especially of higher DNA and RNA concentrations from

SEC were high. On average 96% and 80 % of the DNA could be recovered when

measured with H33258 and EthDi respectively. Higher recovery for H33258 was

partially influenced by recoveries at low DNA concentrations that exceeded 100 %.

Conversely, lower recoveries of EthDi-measured DNA might have been due to changes

in tertiary structure during passage through the columns, which affected intercalating
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dyes like EthDi more than cationic dyes like H33258 that bind to the outside of DNA.

Comparison between elution patterns observed for nucleic acid standards and N. larix

homogenates showed that separation of DNA and RNA from interfering substances was

at least partially achieved.

Two absorbance peaks could be distinguished for algal homogenates. The first

peak co-eluted with DNA standards while a second, completely separated peak eluted

after about 38 minutes. A small absorbance enhancement was also seen after 33

minutes, co-eluting with yeast RNA. Fluorescence measurements with H33258 and

EthDi confirmed a linkage between absorbance intensity of the first peak and nucleic

acid presence. Fluorescence signals above buffer fluorescence were obtained for the

first seven fractions with highest signals measured in fractions 2 and 3. EthDi

fluorescence was lower than that of H33258 in almost all fractions despite its expected

higher fluorescence response to the same amounts of DNA and its sensitivity to RNA as

well as DNA. Incubation of algal homogenates with different enzymes prior to SEC did

not change elution patterns significantly while fluorescence measurements confirmed

that observed signals were due to DNA and RNA. DNase removed 85 % of the H33258

and 80 % of the EthDi fluorescence signals. RNase had little or no effect on H33258

measurements but reduced EthDi fluorescence by 21 %. Because the response of EthDi

to RNA is only one third of the response of EthDi to DNA, a proportionally smaller

fluorescence loss after nuclease treatment does not necessarily mean that less RNA was

present. Considering the slopes of EthDi standard response obtained for DNA and

RNA, fluorescence loss due to DNase was equivalent to 0.45 jtg/ml DNA and 0.33

p.g/ml RNA. These measurements confirmed that RNA was present in the samples

although at lower concentrations than DNA.

Fluorescence measurements also confirmed that the majority of interfering

compounds are of lower molecular weight than the nucleic acids and were contained in

the second absorbance peak. Fluorescence signals from nucleic acids were less than

buffer fluorescence in fractions 8 11. H33258 response was especially affected in

those fractions. Additions of small amounts of DNA standard to individual fractions

showed that some interference was also present in the early fractions, suppressing

fluorescence in the first seven fractions by 11 % to 28 %, especially for EthDi

fluorescence. This residual interference helps to explain why cumulative fluorescence

signals obtained with EthDi were lower than those obtained with H33258.
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I assumed that the second peak contained phenols not complexed with nucleic

acids while interference observed during the first part of elution was due to compounds

associated with nucleic acids. This assumption was supported by the observation that

another low molecular weight compound, sodium azide, eluted at about 50 minutes,

shortly after the second peak carrying interference. It should be mentioned that phenols

were presumably not the only substances responsible for problems encountered during

extraction and fluorochrome measurements. Green algae, which displayed similar

interference patterns, do not contain abundant phenolic compounds. However,

Chiorophyta produce other secondary metabolites such as halogenated terpenoids

(Luening 1985) which might interact with nucleic acids and fluorochromes in similar

ways. It is therefore necessary to determine interferences for each species investigated

and to focus on exceptional cell components such as secondary metabolites.

Because pre-extraction of algal homogenate was beneficial in nucleic acid

extractions, the same treatment was applied to samples prior to SEC. After hexane pre-

extraction, average interference was reduced by several percent for both fluorochromes

used, except for measurements with H33258 in the seventh fraction. However,

individual fractions, especially fractions 2 and 3, often showed extreme interference not

reflected in average values so that despite corrections, DNA and RNA concentrations

were underestimated. DNA concentrations determined by SEC for simple homogenates

ranged from 378 to 2154 ng/mg organic carbon and 0 to 1242 ng RNA/mg organic

carbon. RNA/DNA ratios were always below 1. DNA concentrations in samples pre-

extracted with hexane prior to SEC were on average higher: from 489 to 2622 ng/mg.

In 7 out of 10 out of these samples no RNA could be detected; the remaining samples

ranged from 29 to 103 ng RNA/mg algae. Use of hexane changed elution patterns by

removing a large part of the absorbance in the first peak.

Other cell components besides phenols might have contributed to interference.

Algal homogenates were therefore incubated with enzymes prior to SEC. Pronase

incubation removed almost 50 % of the absorbance in first elution peak while heparin,

agarase, and cellulase had no significant impact on absorbance intensities.

Fluorescence measurements following enzyme pretreatments resulted in inconclusive

nucleic acid estimates. Because enzyme incubations (except for heparin) were at

elevated temperatures, degradation of DNA or RNA might have occurred so that minor

improvements due to enzyme degradation were overshadowed by decreases in nucleic
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acid concentration. Too few experiments were carried through to determine merits of

such pretreatments before SEC.

Low RNA concentrations were estimated in all SEC samples. Although I assumed

that elution of RNA was completed by fraction 7, some RNA might have been lost in

natural samples with fraction 8. Tetrasporophytes of N. larix are polyploid, so amounts

of DNA might have been sufficient for fluorescence measurements but RNA

concentrations might have been too low due to dilution during SEC. Concentration of

SEC samples via ultracentrifugation resulted in higher DNA and RNA fluorescence

signals but also enhanced interference: interference was so intense that corrections

became impossible. Low RNA numbers might also be attributed to higher interference

observed in fractions 3 and 4 of untreated homogenate when measured with EthDi.

These fractions were supposed to contain DNA and RNA but interference in EthDi

measurements will automatically diminish and underestimate RNA numbers. Many

fractions of hexane pre-extracted homogenate had lower than buffer-only fluorescence

when EthDi measurements were done (9 of 20 in simple homogenates and 6 of 9 in

hexane pretreatments compared with only 5 of 24 and 1 of 13, respectively, when

measured with EthDi). These "negative" values were primarily in those fractions

(2,4,5, and 6) in which rRNA was expected. No correlation was found between

frequency of these low value fractions and the amounts of algae contained in the

solutions. A further source of error in estimating RNA is the speed with which RNA

molecules aggregate depending on RNA concentrations (Boedker 1968). Bonds formed

between partially-degraded or sheared RNA molecules might limit binding sites for

EthDi (Boedker 1968). However, the most likely reason for low RNA concentrations

was suspected to be degradation of RNA due to ribonuclease activity, in SEC samples

and in other techniques. Disruption of cells inevitably results in mixing of nucleic acids

with nucleases. While degradation of DNA during nucleic acid isolation is generally

considered a minor problem, RNA is less stable and more susceptible to intracellular or

extracellular (contaminant) nucleases. Plant and macrophyte tissues are especially high

in nuclease concentrations (El-Hamalawi et al. 1975; Su & Gibor 1988). Although

precautions were taken during sampling, storage and handling processes, such as

freezing of small samples batches on dry ice immediately upon collection, use of gloves

and autoclaved glassware, and maintenance of samples on ice during pretreatment, low

RNA yields suggested nuclease activity. Nucleases may have been active during

storage of those samples kept in a conventional freezer because RNase activity at

temperatures around - 10'C is reduced but not completely inhibited. Most nuclease-
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induced degradation probably happened during sample preparation. Thirty to 120

minutes passed between thawing a sample and final fluorescence measurements, most

at room temperature or greater. The only nuclease inhibitors used (infrequently) were

pronase and heparin. In contrast to observations by Karsten & Wollenberger (1972),

use of pronase on simple homogenate or in SEC samples did not improve fluorescence

yield. Because enzymatic inhibition of nucleases is only successful if rate of

denaturation exceeds rate of degradation, inactivation in nuclease-rich material by

pronase might have been too slow. Heparin as a ribonuclease inhibitor (Taylor 1979;

Zoeliner & Fellig 1953) might have been ineffective for the same reasons, or because it

was too dilute (Chirgwin et al. 1979). Unlike ionic detergents such as SDS, Triton X-

100 does not destroy catalytic properties of enzymes and does not inhibit RNase (Zubay

1989). Only organic solvents, including hexane treatment of SEC samples, might have

irreversibly denatured RNases (Seda et al. 1959).

Because RNA and DNA concentrations estimated in this study were lower than

estimates in other studies, there may have been problems in releasing the nucleic acids

from the algal tissue. Specific characteristics of algal cell walls were already mentioned

in connection with polysaccharide content of the algal thallus. Isolation of nucleic acids

is dependent on the initial grinding process and complete cell disruption. It is possible

that rigid cell walls might have prevented complete release of DNA or RNA. Cell wall

resistance to grinding processes were reported for gram positive microbes (Barsotti et

al. 1987), fungal mycelia (Specht et al. 1962; Biel & Parrish 1986; Weeks et al. 1986),

plants (Hattori et al. 1987) and macrophytes (Su & Gibor 1988). Utilization of Triton

X- 100, EDTA and intense sonication should have destabilized and ruptured cell walls

and membranes and maximized nucleic acid release during this study.

Assuming that nucleic acids were effectively extracted, the next problem was

interference in the fluorescence assay. This interference was undoubtedly due to

changes in the ability of H33258 and EthDi to bind properly to specific structures of

polynucleotide strands. H33258 is thought to bind without intercalation in the major

groove of the double helix of A-T rich regions, perhaps by hydrophobic interaction with

the methyl of thymine (Comings 1975). H33258 is highly specific for DNA (Bontemps

et al. 1975; Comings 1975; Mueller & Gautier 1975, Latt & Stetten 1976) and has a

binding constant of 5x105 M1 at low ionic strength and physiological pH (Bontemps et

al. 1975). EthDi is a mono-intercalating dye that requires 4 adjacent base pairs to

intercalate one of its phenanthridinium rings into RNA or DNA. Aggregate formation
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between nucleic acids and interfering components probably altered fluorochrome

binding sites on the polynucleotide chain. The binding sites may have been obstructed

or they may have undergone changes in secondary or tertiary conformation to become

inaccessible or inflexible especially with respect to intercalation. Part of the

polynucleotide strands may even be damaged through depurination or phosphodiester

bonds and cross-linking cleavage of nucleotide strands by reactive oxidation products

such as oxidized phenols (Wallace 1979). Even in the absence of interfering

substances, both of these dyes have limitations which can compromise nucleic acid

estimates. H33258 and EthDi are both characterized by low quantum yield in the

unbound form and by strong fluorescence properties in the presence of nucleic acids.

However, H33258 has been shown to bind preferentially to adenine-thymine rich

regions of the DNA helix (Mueller & Gautier 1975) and is therefore biased with respect

to sequence. Binding of H33258 to dG-dC regions resulted in only 50 % of the signal

observed for dA-dT rich regions (Weissblum & Haenssler 1974). Therefore it is

necessary to employ DNA standards with similar base composition to sample DNA.

Calf thymus and E. coli DNA standards used in this study had 60 % and 50 % dA-dT

content, respectively. Percentage dA-dT in organisms can range from 30 % to a

maximum of 70 %. Based on fluorescence data given by Comings (1975) DNA

concentrations calculated for N. larix could have been underestimated by as much as 45

% if algal DNA was 30 % dA-dT range or overestimated by about 25 % for a dA-dT

content of 70 %. Nuclease treatment of algal homogenate prior to SEC may give a

rough estimate of what the dA-dT ratio ofN. larix DNA could be. The amount of DNA

removed by DNase when measured with H33258 was equivalent to 0.67 jtg/m1

compared to 0.45 p.g/ml when measured with EthDi. Mordy & Carlson (1991)

estimated dA-dT contents of phytoplankton cultures by comparing H33258 and EthDi

fluorescence responses after RNase digestion. The differences observed were applied

to a linear relationship between fluorescence response of H33258 to different nucleic

acid standards of various dA-dT contents reported by Weisblum & Haenssler (1974)

and Comings (1975). Using this relationship, the difference between the amount of

DNA measured by H33258 and EthDi would result in a dA-dT content of 100 %.

However, the data of Weisbium & Haenssler differ from those obtained by Comings

and the relationship obtained was highly variable. Differences in susceptibility of

H33258 and EthDi to interference will also influence this ratio. Therefore it was

assumed that the dA-dT content of N. larix DNA was probably higher than 60 %.

Because RNA calculations were based on amounts of DNA determined with H33258,

overestimation of DNA would cause underestimates of RNA. H33258 concentrations
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used for measurement were lx 10-6 M, suitable for DNA standards in the range of 1 to

10 .ig/m1 DNA. H33258 is known to bind in at least two different ways to DNA

(Stokke & Steen 1985). Type 1 binding dominates at low dye/phosphate ratios (DIP)

and has a maximum quantum yield around 450 nm. Type 2 binding occurs at DIP ratios

above 0.05, shifts the emission maximum to 480 nm, and quenches type 1 fluorescence

either in form of an "energy sink "mechanism or by changing the DNA-dye complex

conformation (Stokke & Steen 1985). Although D/P ratios recalculated from DNA

estimates obtained in N. larix homogenate did not exceed 0.05, quenching of

fluorescence due to type 2 binding can not be excluded because these low estimates

might actually have been the result of quenching.

Similar uncertainties exist for use of EthDi. EthDi is an intercalating dye that

binds to DNA as well as RNA independent of base composition (Markovits et al. 1979).

Three different types of binding have been characterized for EthDi, which depend on

environmental conditions, the amount of dye and DIP ratios. Primary binding by

intercalation is the only binding that results in fluorescence emission and occurs only at

low D/P ratios. Secondary and tertiary binding are electrostatic, require fewer base

pairs, and interfere with the primary binding by quenching existing fluorescence

(Markovits et al. 1983). EthDi does require base-paired regions as binding sites which

explains differences seen in fluorescence yield for similar concentrations of DNA and

RNA. Depending on the type of RNA measured, the amount of base-paired regions

will vary. Mordy & Carlson (1991) found that responses of EthDi to tRNA were

relatively linear, but that responses to rRNA were spoon-shaped and required at least

300 ng/ml rRNA to yield measurable signals. Therefore, amounts of RNA measured in

a homogenate will be influenced by types of RNA present. Ribosomal RNA is the most

abundant RNA type present in the pool of RNA, (about 82 % in E. coli; Lehninger

1982), so cellular RNA might be underestimated at low concentrations of rRNA.

Bonaly et al. (1987) showed that fluorescence responses of ethidium bromide, an

intercalator closely related to EthDi, changed with different phases of the cell cycle in

Euglena gracilis. Depending on cell age, modifications in chromatin organization

changed accessibility of intercalating dyes to DNA, resulting in lower fluorescence for

nucleic acids present during stationary stage than during active growth. Similar

changes might be possible for EthDi and might have to be considered in other

organisms.
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If, despite these uncertainties, the amounts of DNA and RNA measured during this

study were accurate, the question remains why nucleic acid concentrations found in

other plants were at least twice as high. One reason is that nucleic acid concentrations

given in Table 8 are expressed in ng DNA or RNA per mg fresh weight. Fresh weight

is a very inaccurate unit, biased by handling procedures and by variables such as water

content or tissue structure. These make it hard to compare different species. A more

appropriate way to express nucleic acid concentrations is to reference them to organic

carbon. N. larix is a turf-forming alga characterized by a robust and complex thallus

with high concentrations of structural components that can withstand the physically-

rough environment of the rocky shore intertidal. In comparison, Ulva and

Enteromorpha species are only 1 to 2 cell layers thick and can be described as salad-

like, characterized by a high water content. None of the other plants reported in Table 8

actually resemble N. larix in their appearance or structure. In addition, marine algae

accumulate inorganic and organic osmolytes in response to salinity fluctuations and

osmotic gradients (Edwards et al. 1987), contributing to differences in wet weight.

These differences in structural biomass and in physiology might explain a "lower"

nucleic acid content in N. larix compared to other terrestrial plants even though the

algal tetrasporophyte generation is polyploid and might therefore have more DNA per

cell than plants with diploid or haploid chromosome sets.

The use of RNA/DNA ratios as an index for metabolic activity was initiated based

on the knowledge that RNA is an obligate precursor to protein synthesis while the

amount of DNA per cell was assumed to stay relatively constant in somatic tissues.

RNA/DNA ratios have been proved especially useful as indicator of nutritional stress

and growth rate in fish larvae and invertebrates (e.g. Buckley 1979; Buckley 1984;

Bulow et al. 1980; Buckley et al. 1984; Wright & Martin 1985; Wright & Hetzel 1985;

Clemmesen 1987, 1988, DeBevoise & Taghon 1988). A linear decrease in RNA/DNA

ratios was observed under nutritional stress indicating a decrease in RNA and

subsequently protein synthesis. RNA/DNA ratios in microbial and phytoplankton

assemblages showed similar linear relationships, yielding valuable ecological

information concerning productivities (Karl 1981; Dortch et al. 1983). The use of

RNAIDNA ratios as biochemical indicators to assess the "health" of aquatic organisms

however revealed that DNA concentrations were sensitive to changes in environmental

conditions. Studies concerned with reduced growth of aquatic organisms exposed to

toxicants such as petroleum, heavy metals, and synthetic organic compounds were done

with marine macrophytes (Davavin et. al. 1978), freshwater angiosperms (Jana &
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Choudhuri 1982b), fish (Wilder & Stanely 1982; Kumar & Ansari 1986) and arthropods

(McKee & Knowles 1986; Knowles & McKee 1987; Knowles et al. 1987). RNA/DNA

ratios in these organisms either increased with decreasing protein synthesis or stayed

the same depending on whether only biosynthesis of DNA was impaired or whether

reduction of DNA and RNA took place. It is therefore necessary to have control

samples and to consider absolute nucleic acid content as well as RNA/DNA ratios to

evaluate sublethal aspects of pollutants. Non-linear responses in RNA/DNA ratios were

also observed in culture studies with a marine bacterium by Moyer & Morita (1989).

DNA was catabolized to a larger degree than RNA when the bacterial cells were

starved, probably to reduce the amount of DNA to a minimum sufficient to maintain

functional throughout the starvation period and to conserve RNA and proteins to

immediately restore protein synthesis upon replenishment of more favorable conditions.

Evaluations of RNA/DNA ratios also have to take the source of tissue material into

consideration. Most of the studies mentioned have been concerned with somatic tissues

while the effects of reproduction on RNA/DNA ratios are less well established (van der

Plas & Voogt 1982; Robbins et al. 1990). RNA/DNA ratios will change with sexual

maturation and will differ in male and female organisms. The reproductive stages of

Chiorophyta and Phaeophyta are characterized by two and of Rhodophyta by three

generations. Although some species show similar phenotypes for these generations,

they differ in ploidy which will affect nucleic acid estimates. Changes in DNA and

RNA content will also occur with maturation, aging and senescence (Jana & Choudhuri

1982a), similar to changes observed in animals. It is necessary to evaluate which of

these parameters needs to be stressed depending on the intent of each individual

investigation.

Despite all the uncertainties associated with separation of nucleic acids from algal

tissue sources and limitations of the methods used, algal DNA could be used to measure

photolyase activity in N.larix, U.fenestrata and E. intestinalis. Algal DNA which was

separated from other cell components by SEC was incubated for several hours with

synthetic, dimerized DNA and changes in fluorescence intensity over time were

measured. Photorepair activity in these three macrophytes ranged from 8 to 24 dimers

repaired per ng native DNA per hour, similar to activities measured by Carlson et al.

(1991) for phytoplankton cells. The following changes in TS, DC and LC fluorescence

were predicted at the beginning of the experiments: cleavage of pyrimidine dimers by

photolyase activity should lead to increases in IS fluorescence; DNA repair by light-

independent repair mechanisms or loss of DNA as a result of nuclease activities should
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induce small positive or negative changes in DC, and fluorescence signals in LC

samples should stay constant or drop as a consequence of degradation of native DNA

by nucleases. Although some samples behaved according to predicted patterns (U.

fenestrata on August 28 and E. intestinalis on September 7), most fluorescence

measurements deviated from this pattern. Strong increases in DC and LC fluorescence

that exceeded TS fluorescence or fluorescence decreases in DC, LC, and TS were

frequently observed. Intense fluorescence increases in DC due to unintentional

activation of photolyase during sample preparation was possible, while intense dark

repair activities were unlikely since they require coordinated activities of numerous

undamaged enzymes. Degradation of interfering compounds during incubation and

reduction of interference resulting in higher fluorescence responses was also plausible.

DC fluorescence exceeded TS fluorescence in some samples when the only difference

between TS and DC samples was illumination of TS during incubation. High irradiance

can cause photoinhibition in plants, induced by photooxidation of the photosynthetic

apparatus. A similar damage of one or both of the photolyase chromophores might

inhibit photorepair in the TS, while stimulated photorepair in the DC would be

unaffected. Since light intensity used during these experiments was considered to be

rather too low than too high, photoinhibition seems unlikely. Large fluorescence

increases in LC due to photorepair were also quite unlikely since the amount of UV-

damaged DNA in LC was probably small compared to the amount of dimers added as

substrate to the TS and DC. As mentioned above, increases in fluorescence signals not

due to photorepair must be associated with light-induced changes of the cell extract.

Bleaching of chlorophyll a during incubation and reduction of interference with

H33258 measurements was possible. However, standard additions with small amounts

of DNA to LC showed in all but one case slightly higher fluorescence responses for the

first time point, when interference should have been highest, and standard addition

recovery worsened with time. Chlorophylls however may have not been contained in

the DNA fractions due to their small molecular weights. Because irradiation was the

same for LC and TS, similar changes should have been observed in both solutions.

Fluorescence changes might have been also associated with pronase activity and

nucleoprotein removal from the outside of the DNA. Although previous experiments

did not show any improvement in fluorescence response when heparin was used,

pronase activity over several hours might have been more effective. Decreases in

fluorescence were mainly attributed to DNase activity over time. If DNA activity was

favored by high DNA concentrations as when pA-pT was present, fluorescence

decreases should have been faster in TS and DC than in LC.
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Photolyase activity was on average higher in Ulva and Enreromorpha than in N.

larix. The former consist of only one to two cell layers compared to the complex

thallus of N. larix and their transparent tissue might require a highly effective repair

mechanism. Phenols or other pigments inN. larix might be beneficial in absorbing

some UV radiation to partially prevent penetration of cell-damaging radiation. UV-

absorbing pigments have been found in other algae (Sivalingam et al. 1974; Nakamura

& Kobayashi 1982) and might be more numerous inN. larix than in Ulva or

Enreromorpha. Sampling time and conditions might have correlated with photolyase

activity. UV radiation is highest around noon, and the longer an organisms is exposed

to UV radiation, the higher the probability that DNA will be dimerized. Ulva samples

collected in late afternoon seemed to show higher photolyase activity than samples

collected at morning. However the data were too few to draw definite conclusions.

Photorepair results obtained by these fluorescence measurements were associated

with many uncertainties which need to be taken into consideration. Fluorescence

responses inconsistent with predicted patterns have already been discussed. Photolyase

activity was expressed as the amount of dimers repaired per ng native DNA. This

amount of DNA is most likely an underestimate due to interference. No corrections for

standard additions were applied because standard additions to LC differed from

standard additions to DC and TC due to the presence of dimers and because no other

control samples were available. Photolyase activity under natural conditions will

presumably be slower than the activity observed in this study because of the presence of

excess substrate. Differences in photolyase activity might therefore not be due to

higher photorepair activity but to differences in vm for photolyases of different algal

species. Rates calculated above do give an estimate of potential activity rates of

different photolyases. Because these potential activities might be determined by the

susceptibility of an organism to DNA damage, the values are of importance and deserve

further attention.

Although the data presented here are too few to make conclusive statements about

photorepair in macroalgae, this is preliminary evidence for photorepair activity by

photolyase not previously shown in any marine macrophytes. With respect to

increasing ozone depletion induced by man-made pollutants, the development of

techniques that allow impact studies on DNA damage in natural systems deserve far

more attention than so far received.
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SUMMARY AND RECOMMENDATIONS

Nucleic acid estimates in simple tissue homogenates of marine macrophytes with

the fluorochromes H33258 and EthDi were severely impaired by high concentrations of

interfering compounds. The isolation and extraction techniques used pointed towards

compounds characterized by low molecular weight and high polarity, insensitive to

organic solvent extraction and enzymatic degradation. Interference was therefore

thought to primarily arise from high concentrations of phenols found in many seaweeds,

which might prevent successful fluorochrome binding by complex formation with

nucleic acids. Although none of the investigated methods was sufficiently effective to

allow accurate estimates of total nucleic acid content or to reliably establish the

metabolic status of seaweeds by RNA/DNA ratios, isolation of nucleic acids by size

exclusion chromatography was partially successful. Grinding of algal tissue with

hexane prior to SEC removed part of the interfering compounds and resulted in the

highest amounts of nucleic acids measured during this study. Nuclease treatment of

algal homogenate showed that fluorescence measured was due to nucleic acids and that

the fluorochromes used were appropriate for DNA and RNA measurements in algal

tissue homogenate. Additions of algal homogenate to DNA standard solutions were a

reliable way to monitor the degree of interference and to compare possible

improvements achieved by different techniques used. Photolyase associated with DNA

isolated by SEC from several macrophytes showed active photorepair of dimerized pA-

pT, an observation not reported before.

For future work several recommendations can be made to improve nucleic acid

extraction and isolation and to obtain more reliable estimates. Degradation of RNA by

nucleases should be minimized from the initial steps of homogenization on by grinding

algae in liquid nitrogen. The addition of nuclease inhibitors to the homogenate should

also be considered. Reagents such diethyl pyrocarbonate (Laulhere & Rozier 1976),

diethyl oxydiformate (Weeks et al. 1986), polyvinyl sulfate, macaloid, guanidine

thiocyanate, guanidine hydrochloride (Su & Gibor 1988), SDS, bentonite (Rezaian &

Krake 1987) or urea are available. It should be considered that most of these inhibitors

inactivate RNases reversibly and that reactivation of enzymes occurs as soon as

inhibitor concentrations are lowered by dilution. Also, partial destruction of DNA by

attack of single stranded nucleic acids or depurination of adenine bases by

diethylpyrocarbonate may restrict the application of some of these compound in
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quantitative nucleic acid estimations with H33258 and EthDi. It is also possible that

additional interference with fluorochromes may be induced by the addition of such

reagents.

Phenols present in algal tissue may have been a severe problem in this study.

Influence of an algal phenol such as lanosol on H33258 and EthDi fluorescence should

be investigated. The use of natural and artificial polymers such as polyvinylpyrrolidone

(PVP), amberlite, portamine, amberlite or even bovine serum albumin has been

proposed by Loomis (1974) to serve as phenol adsorbents or quinone scavengers.

Antioxidants like mercaptobenzothiazole, sulfites, borate and germanate might prevent

oxidation of phenols to highly reactive quinones. Other authors proposed the use of

ammonium acetate (Kumar et al. 1988; sodium acetate (Laulhere & Rozier 1976;

Rezaian & Krake 1987), sodium perchlorate (Newbury & Possingham 1977), NaBH4

(Su & Gibor 1988), 8-hydroxyquinoline (Wallace 1982) to either remove or inactivate

the amount of phenols, diacids and other quinones present. Possible contribution of

these reagents to the existing interference might occur and has to be assessed.

Future photolyase experiments also require several improvements. To obtain a

reliable light control sample and to establish the effects of illumination during

incubation on cell constituents in the DNA extract, the same amount of dimers should

be added to LC, DC, and TS. Inactivation of photolyase in LC might be obtained by

purging samples with oxygen instead of nitrogen to inactivate photolyases. To prevent

premature inactivation or partial destruction of photolyase due to pronase during sample

preparation, all handling steps should be done under yellow light and in a cold room.

Maximum photolyase activity requires maximum light intensity and a powerful light

source is essential. Replacement of H33258 with another dye such as acridine dimer,

which is extremely sensitive to pA-pT, caused higher interference and can therefore not

be recommended (C. Mordy, pers. communication).

Consideration of the above mentioned recommendations may lead to more reliable

nucleic acid estimates in tissue homogenates of marine macrophytes and may present a

further step towards understanding metabolic activity and growth rates in more complex

organisms.
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