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Figure 2. Locations of collection sites around the Pensacola area.

1) Greenshores Reclamation Site at the north end of the Three Mile Bridge (30°25°0.51 "N, 87°11°39.53 W) in Pensacola Bay, Pensacola, Florida; 2) Santa
Rosa Sound at the Gulf Coast Ecological Division of the Environmental Protection Agency on Sabine Island, Gulf Breeze, Florida (30°20°22.97 "N,

87°9°24.68 "W), 3) Santa Rosa Sound at Navarre, Florida, along the south side of the Navarre Beach Bridge (30°23°05.65 "N, 86°54°45.51 W), 4) free floating
specimens in the Gulf of Mexico in the vicinity of Pensacola Beach, Florida (30°20°25.48 N, 87°04°34.32”'W). Satellite map from Google Maps.



87°04°34.32”W); and Santa Rosa Sound at Navarre, Florida along the south side of the
Navarre Beach Bridge (30°23°05.65”°N, 86°54°45.51”W). Several specimens were
collected from Tampa Bay by Dr. Peggy Winter; however, no physical parameters were
measured at the time those samples were recorded. Otherwise, physical data were
collected at each sampling site including, dissolved oxygen (DO) determined by Winkler
Titration (Strickland & Parsons, 1965) or DO Meter (Hach senslon6, Loveland, CO),
depth, percent coverage, salinity using a refractometer, both ambient and water
temperature, pH, and substrate type. Samples were collected by wading or snorkeling
and transported to the lab on ice. Vegetative fragments from all sampling sites were

placed in culture.

Culture Techniques

Field collections of Ectocarpus were rinsed with one liter of filtered, site seawater
(GF/F pore size filter) mixed with 1mL of Triton X used to reduce surface tension and
remove epiphytes (Andersen, 2005). Subsequently, small, tip fragments of the collected
Ectocarpus were placed in a fresh, seawater-Triton X solution and stirred for
approximately 30 seconds with a magnetic stir bar. The seawater-Triton X solution was
changed several times, and samples were checked under the microscope for epiphytes.
An average of three solution changes were needed to remove epiphytes. Serial dilution
was used to remove dislodged epiphytes. Samples were passed through several dishes
containing filtered seawater; an average of seven dishes were needed.

Cleaned specimens and samples obtained from culture collections were

maintained in Provasoli’s Enhanced Seawater and Erdschreiber’s Media (Starr & Zeikus,

14



1993). Samples were transferred under a HEPA-filtered, continuous flow hood to
prevent contamination and cultured in 10 mL of culture medium in autoclaved Pyrex 175
mm x 22 mm cultures tubes, or in sterile 100 mm x 15 mm Petri dishes. Salinity of
filtered site water used in the media ranged from 23 to 25 ppt. Cultures were kept at 15
°C or 25 °C on a 14/10 hour, light/dark cycle. Culture solution was replaced

approximately every other week.

Field Sample and Culture Collection Labels
Environmental samples were named based on location and date of collection.
Months were abbreviated as follows: February (F), March (M), April (A), May (Ma), and
June (Ju). The Greenshores Reclamation Site was designated as GS; Navarre Beach as
N; the Gulf of Mexico as GM; Sabine Island as SI; and Tampa Bay as TB (Table 2).
Samples from culture collections were given names that corresponded with the acronym

for the culture institution followed by a number (Table 3).

Virus Detection
Microscopic examination of each of the field samples and culture collections was
performed to look for evidence of viral infection. The virus was detected visually by
inspecting the sporangia for an enlarged, bulbous or inflated appearance, as opposed to
the narrow conical appearance of healthy sporangia (Figure 1b). Sporangia filled with a
white mucous surrounding the brown cells of the zoospores was another indicator for

viral infection (Miiller, 1996).
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Table 2

Collected Specimens and the Naming Scheme Used for Identification Purposes.

Greenshores Reclamation Site

Name Date of Collection
GSF1 2/2006
GSM1 03/13/2006
GSM2 03/13/2006
GSAl 04/07/2006
GSA2 04/14/2006
GSA3 04/14/2006
GSA4 04/28/2006
GSMal 05/04/2006
GSMa2 05/10/2006
GSMa3 05/19/2006
GSMa4 05/26/2006
GSJul 06/09/2006
Navarre Beach

Name Date of Collection
NF1 02/03/2006
Gulf of Mexico

Name Date of Collection
GMlJul 06/23/2006
Sabine Island

Name Date of Collection
SIJul 06/30/2006
Tampa Bay
Name Date of Collection
TB1 6/2006
TB2 6/2006
TB3 6/2006

Note: GS, Greenshores Reclamation Site; N, Navarre Beach;, GM, Gulf of Mexico, SI, Sabine Island; TB,

Tampa Bay, F, February; M, March, A, April; Ma, May; Ju, June.



Table 3

Culture Collection Names and Related Culture Numbers Used for Identification Purposes
During Experiments.

University of Texas Culture Collection of Algae

ID # Culture # Genus species (Collection site)

UTI LB1433 Ectocarpus sp. (Also in Cambridge Culture Collection 1310/236)
UT2 LB1636 Ectocarpus fasciculatus (Also in Cambridge Culture Collection

1310/1)
Culture Collection of Algae (SAG) at the University of Gottingen
ID # Culture # Genus species (Collection site)
SAGI1 21.93 Ectocarpus siliculosus (female from Naples, Italy)
SAG2 22.93 Ectocarpus siliculosus (male from Naples, Italy)

SAG3 209.80 Ectocarpus siliculosus (unknown origin)
SAG4 210.80 Ectocarpus siliculosus (unknown origin)
SAGS 63.81 Ectocarpus siliculosus (from Werra near Hann. Miinden)

Cambridge Culture Collection of Alga and Protozoa

ID # Culture # Genus species (Collection site)
CCCl1 1310/3 Ectocarpus siliculosus (non viral infected female, San Juan, Peru)
CCC2 1310/4 Ectocarpus siliculosus (viral infected male, San Juan, Peru)

The Provasoli-Guillard National Center for Culture of Marine Phytoplankton

ID # Culture # Genus species (Collection site)

CCMP1 1930 Ectocarpus sp. (from Nantucket Sound)

Carolina Biological Supply

ID # Culture # Genus species (Collection site)

Carolina None Ectocarpus sp. (unknown collection site)

Ward’s Natural Science

ID # Culture # Genus species (Collection site)
Wi None Ectocarpus sp. (unknown collection site)
From Dieter G. Miiller
ID # Culture # Genus species (Collection site)
NZ14 None Ectocarpus siliculosus (infected with EsV-1 virus; from coast of

New Zealand, obtained from Dieter G. Miiller)

Note: UT, University of Texas Culture Collection; CCC, Cambridge Culture Collection; SAG, Culture
Collection of Algae (SAG) at the University of Gottingen;, CCMP, Provasoli-Guillard National Center for
Culture of Marine Phytoplankton; Carolina, Carolina Biological Supply; W, Ward’s Natural Science;
NZ14, Culture from Dieter G. Miiller (Fakuldt fiir Biologie der Universtit, Konstanz, Germany).



PCR amplification of GP-1 protein from the viral coat was selected as a molecular
marker because it was a precise measure of infection and structurally amenable to
binding with a primer. Primers for the GP-1 sequence (Braiitigam et al., 1995) were
incubated with DNA isolated from the seaweed using times and temperatures determined
by Brautigam et al. (1995; Table 4). All PCR products were run on a 2% agarose gel at
80 V for approximately 1 to 1.5 hours in TAE buffer (242 g Tris-HCI, 57.1 mL glacial
acetic acid, 100 mL 0.5 M Sodium EDTA, pH 8.0, in 1 L H,O). Bands measuring 692 bp
and matching the bands produced from known infected samples, NZ14 and CCC2, were

used as indicators of infection.

Table 4
Protocols for Amplification of 18S, GP-1, and rbcL Using PCR and a Thermocycler.
Process Temperature Time
Initial Heat-up 94 °C
Denaturing 94 °C 1 min.
Annealing
For GP-1 52°C 2 min.
For 18S and rbcL 56 °C 2 min.
Elongation 72 °C 2 min.
Final Elongation 72 °C 7 min.
Holding temperature 4°C 0

Microscopic Examination and Species Determination
Microscopic examination evaluated both species determination and condition of
samples. Examinations were made using a Leica Model DMLS light microscope. All
measurements were taken at 200X magnification using a calibrated ocular micrometer.
Chloroplast condition was determined for specimens in culture using a scale of one to

five; one signified a transparent or dull chloroplast color, while a five represented a rich

18



golden-brown color and the typical chloroplast shape. The ranks were used to evaluate
health within the culture medium, and samples with low numbers were transferred to
fresh medium.

Branch tips from field samples and culture collections were examined under the
microscope to determine presence or absence of epiphytes, vegetative cell size, and size
of the plurilocular and unilocular sporangia. Approximately 30 cells per branch were
measured for length and width, and results were expressed in micrometers.
Measurements were compared to values from published taxonomic keys (Dawes, 1974;
Earle, 1969; Schneider & Searles, 1991; Taylor, W. M. R., 1967; Taylor, W.R., 1972)
and used for microscopic identification to species. A one way ANOVA with an a-value
of 0.05 was applied to the means of the cell and sporangia lengths and widths and

compared to published values for known species.

DNA Extraction Methods
Several methods were used for DNA extraction from Ectocarpus spp. For all
procedures dried seaweed samples ranging from 30 mg to 1 g were used. Summaries of
methods for DNA extraction using Chelex 100, CTAB, and Extract-N-Amp are

described; however, most samples were extracted with Extract-N-Amp.

Chelex 100 Extraction

A volume of 200 to 300 puL of a 5% Chelex solution (Table 5) was pipetted into a
sterile microfuge tube containing the Ectocarpus sample. The Chelex 100 acted as a
grinding matrix facilitating cell breakage without DNA damage. A sterile micropestle

(022365622, Eppendorf Inc., Westbury, NY) was used to grind the tissue; micropestles
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were sterilized by rinsing in a 10% bleach solution or by autoclaving on the liquid cycle
for 30 minutes. The micropestle was propelled by hand or a high speed motor set at
medium speed for approximately 3 minutes. A small sample was removed and examined

under the microscope to determine whether the cells were crushed adequately.

Table 5
Buffers for Chelex 100 and CTAB Extraction Methods.
Buffer Solution
5% Chelex 100 Resin w/v in sterile 90 mM Tris-HCI (pH 8.0) and
Chelex 100 50 uM EDTA
2% (w/v) hexadecyltrimethylammonium (CTAB) 0.1 mol/L Tris-
CTAB HCI (pH 8.0) 0.2mol/L EDTA, 1.4 mol / L NaCl, 0.1 (w/v) sodium

dodecyl sulfate (SDS), 3.5mmol L DIECA, 1% w/v PVPP

Ground samples were incubated on ice for 30 minutes or in a water bath at 65 —
80 °C for 30 minutes. Tubes were spun on a centrifuge (Beckman, J2-HC, Fullerton,
CA) at 10,000 x g for 2 minutes at 4 °C to pellet plant debris. The supernatant was
transferred to a clean, sterile microfuge tube, and 10 pL of Proteinase K was added.
Tubes were incubated in a water bath at 50 °C for 50 minutes for protein degradation, and
subsequently placed in a water bath at a rolling boil for 10 minutes to degrade Proteinase
K activity. Samples were centrifuged at 10,000 x g for five minutes at 4 °C. The
supernatant containing the extracted DNA was transferred to a clean, sterile tube and

stored at -20 °C (Goff & Moon, 1993).
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CTAB Extraction

A modified CTAB method (Philips, Smith, & Morden, 2001) was used to extract
DNA from Ectocarpus to eliminate compounds, especially polyphenolic compounds that
contaminate DNA extraction in brown seaweeds. Samples were dried briefly on a sterile
paper towel autoclaved for 30 minutes on the liquid cycle and then weighed.
Approximately 1 g of dry seaweed was used for DNA extraction. The dried seaweed was
placed into a sterile mortar and pestle and ground under liquid nitrogen for 5 minutes.
Ground samples were transferred to sterile, screw top bottles containing 10 mL of
modified CTAB extraction buffer (Table 5) and were incubated at room temperature (25
°C) for 60 minutes on a platform shaker. Ten mL of chloroform was added to the tube
and mixed briefly. Samples were spun at 2500 x g for 10 minutes at 4 °C; the upper
aqueous phase was decanted into a clean sterile tube (Philips et al., 2001).

Samples were cleaned with 7 mL of ice cold isopropanol taken from a -20 °C
freezer and spun at 2500 x g for 10 minutes at 4 °C; the supernatant was poured off
retaining the pellet. The pellet was washed with 500 pL of 70% ethanol three times, and
after the third wash, it was allowed to evaporate to dryness. The pellet was resuspended
in 200 pL of TE buffer (10 mM Tris-HCI (pH 8.0) and 1 mM EDTA) and stored at -20

°C.

Extract-N-Amp
The Extract-N-Amp Plant PCR Kit (XNAP2, Sigma Aldrich, St. Louis, Missouri)
was designed for DNA extraction from higher plant tissue and was not tested previously

on algal samples prior to use with Ectocarpus. Normal protocol for higher plant
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extraction involved using a paper hole punch to remove tissue from the plant. To
compensate for the uniseriate filament of Ectocarpus, a 1 cm” area was drawn on an
index card to approximate the size of the hole punch. A sample was dried on sterile
paper towel, placed over the area outlined on the index card, and the portion covering the
1 cm” area was excised. The sample was weighed and placed in a sterile microfuge tube;
the 1 cm? samples weighed between 1 mg and 10 mg.

A volume of 100 pL of the provided Extraction Buffer was added to the tube
containing the seaweed, but for larger weights more Extraction Buffer was used. The
tube was vortexed briefly and placed in a 95 °C hot water bath for 10 minutes. The tube
was removed, and an equal volume of Dilution Solution was added. Tubes were allowed

to cool to room temperature and then stored at -20 °C.

PCR Techniques and Yield Analysis

Regardless of the extraction method, all DNA samples were amplified using the
same PCR techniques. In all cases, Jumpstart REDTaq DNA (P0982 Sigma Aldrich, St.
Louis, MO), inactivated with an antibody designed to prevent non-specific binding below
temperatures of 90 °C, was used to obtain multiple DNA copies. Frozen samples were
thawed on ice until ready for PCR analysis. Twenty-five puL of the Jumpstart PCR mix,
which included a mixture of the 4 DNA nucleotides, were added to a clean, sterile PCR
tube, then 3 pL of extracted algal DNA and a total of 2 uLL of forward and reverse
primers. In all, three primer sets were used, two for species determination and one for
viral detection in Ectocarpus; these included primers for 18S ribosomal DNA, the large

subunit of the Ribulose bisphosphate carboxylase/oxygenase gene (rbcL), and the GP-1
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protein coat of the EsV-1 virus, respectively (Table 6). A final volume of 50 pL was
achieved by adding proteinase-free, sterile water (Fisher Scientific, Pittsburgh,

Pennsylvania).

Table 6

Primers Used for Sequencing of Field Samples and Culture Collections.

. Sequence Length Source for Primer
Gene Primer Sequence (bp) Sequence
18S cagaggtgaaattcttggat 867 (Tan & Druehl, 1993)

gatccttctgeaggttcacctac

ttgaagctgcageagetgttg (Braiitigam et al.,

rbel acaagtagatgctgctcgcagg 1203 1995)
GP-1 gcgcatctatctagaatcegte 692 (Bratitigam et al.,
tgttgacagaatcgtcgtgtgg 1995)

Amplification was performed using a thermocycler (GeneAMP, PCR System
2400, Applied Biosystems, Forester City, California). Sterile mineral oil was not needed
as the machine had a top heated lid that prevented condensation. The protocol that
provided the best results and adopted throughout the study was 30 cycles each consisting
of a 1-minute denaturing step at 92 °C, a 2-minute annealing step at 58 °C, and a 2-
minute elongation step at 72 °C for the 18S and rbcL primers (Table 4). For the GP-1
primer, the same denaturing and elongation protocols were followed but a lower
temperature of 54 °C was selected for annealing (Table 4). All PCR products were run
on a 2% agarose gel stained with Img/mL of Ethidium Bromide. Bands from PCR
products were compared to a 1000-base pair (bp) ladder with separations at every 100 bp
for through-size comparison and to determine whether DNA fragments for the three

genes were obtained.
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Table 11 (continued).

510 520 530 540 550

e e e [ I
GSF1 GAGAACCTTCTTCAAATAAATCACATTCGTAAGCTATATAAGCAAAGAATTGATCACTT
GSJul GAGAACCTTCTTCAAATAAATCACATTCGTAAGCTATATAAGCAAAGAATTGATCACTT
GSMal GAGAACCTTCTTCAAATAAATCACATTCGTAAGCTATATAAGCAAAGAATTGATCACTT
GSMa2 GAGAACCTTCTTCAAATAAATCACATTCGTAAGCTATATAAGCAAAGAATTGATCACTT
GSMa3 CGCAACCTTCTTCAAAAAACTCACATTCATAAGCT - TGTAAGAAAACAAAGGATCACCT
GSMa4 GAGAACCTTCTTCAAATAAATCACATTCGTAAGCTATATAAGCAAAGAATTGATCACTT
NE1 GAGAACCTTCTTCAAATAAATCACATTCGTAAGCTATATAAGCAAAGAATTGATCACTT
Nz14 GAGAACCTTCCTTCAATAAATCACATTCATAAGCTATATAAGCAAAGAATTGATCACTT
SAGL GAGAACCTTCTTCAAATAAATCACATTCATAAGCTATATAAGCAAAGAATTGATCACTT
SAG2 GAGAACCTTCTTCAAATAAATCACATTCATAAGCTATATAAGCAAAGAATTGATCACTT
SAG3 GAGAACCTTCTTCAAATAAATCACATTCATAAGCTATATAAGCAAAGAATTGATCACTT
SAG4 GAGAACCTTCTTCAAATAAATCACATTCATAAGCTATATAAGCAAAGAATTGATCACTT
SAG5 GAGAACCTTCTTCAAATAAATCACATTCATAAGCTATATAAGCAAAGAATTGATCACTT
SIJul AAGACAAATCTTCAAATAAAACACATCAATAAGACATATAAGCAATAAACACTTGATCT
TB3 GAGACCCTTCTTCAAATAAATCACATTCGTAAGCTATATAAGCAAAGAATGGATCACTT
UT1 GAGAACCTTCTTCAAATAAATCACATTCATAAGCTATATAAAAAAAGAATGGATCGCTT
uT2 GAGAACCTTCTTCAAATAAATCACATTCATAAGCTATATAAGCAAAGAATTGATCACTT

Note: UT, University of Texas Culture Collection;, CCC, Cambridge Culture Collection; SAG, Culture Collection of Algae (SAG) at the University of Gottingen,
CCMP, Provasoli-Guillard National Center for Culture of Marine Phytoplankton; Carolina, Carolina Biological Supply; W, Ward’s Natural Science; NZ14,
Culture from Dieter G. Miiller; GS, Greenshores Reclamation Site; N, Navarre Beach;, GM, Gulf of Mexico, SI, Sabine Island; F, February; M, March; A, April;

Ma, May, Ju, June.
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Figure 5: Bayesian phylogenetic tree for the alignment of rbcL sequences for field and
culture collection specimens and results from BLAST search.

Values at the branches indicate Bayesian posterior probabilities, maximum parsimony bootstrap, and
neighbor-joining bootstrap support, respectively, na indicates values < 50%. Red color depicts subclade
1la, Blue color subclade 2a, Green color subclade 2b.



support was between SAG1, SAG4, and SAG2, both SAG1 and SAG2 were collected in
Naples, Italy, while SAG4 was of unknown origins. Clade 2 (Figure 5) did not have
strong internal support between the analyses. The smaller subclade 2a, containing CCCl1,
SIJul, and NZ14 did have strong support, which was similar to what was seen in the 18S
analysis for CCC1 and SIJul (Figure 4). The culture collection UT2, previously
identified as E. fasciculatus, showed a strong correlation with CCC2, which was similar
to the 18S alignment (Figure 4), and along, it with SAG3 formed subclade 2b. CCC2 and
SAG3 were previously identified as E. siliculosus. Again, the viability of UT2 as E.
fasciculatus was in doubt. The only sequence that did not fall within either clade 1 or
clade 2 was the BLAST sequence of AY307411, even though this sequence was reported
as UT1 (McCauley & Wehr, 2007). The UT1 from this study sorted into clade 2 for rbcL
and for 18S (Figures 4 & 5). There was a strong consensus between the analyses for the
separation of both clades from the outgroup, Fucus vesiculosus.

Based on the phylogenetic tree for bcL sequences two species were present
signified by the two clades; however, segregation of field and culture samples was
inconsistent when phylogenetic trees for 18S (Figure 4) and rbcL (Figure 5) were
compared. Apparently, these two gene sequences were not good indicators of speciation,
microscopic examination indicated all specimens were a single species, E. siliculosus.
Because the presumed sample of E. fasciculatus was not separated from E. siliculosus by
either microscopic examination or phylogenetic analysis, the accuracy of its identification

was questioned.
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CHAPTER 1V. DISCUSSION

Virus Detection

Several samples were found infected by the EsV-1 virus; however, symptoms of
viral infection were not evident in the plurilocular sporangia. Unilocular sporangia were
not evident in any of the cultures or field collected specimens. The plurilocular sporangia
were reported to occur at temperatures above 20 °C, while the unilocular sporangia occur
below 15 °C (Lee, 1999). Field samples were collected at temperatures ranging from 15
to 28 °C, with Ectocarpus disappearing around 28 °C. At all temperatures, plurilocular
sporangia were observed but no unilocular sporangia. It was possible but unlikely that
the local flora was dominated by gametophyte plants that formed only plurilocular
sporangia.

Characteristics of viral expression in plurilocular sporangia, such as large and
bulbous sporangia, were not observed during the study. Others have observed sporangia
with signs of infection on the same plant with healthy sporangia (Miiller & Stache, 1992),
so it was possible that infected sporangia were overlooked, but DNA analysis confirmed
the absence of infection. Although stained samples or transmission electron microscopy
were more accurate visual procedures for revealing sporangia filled with icosahedral viral
particles, they were not needed in the current study.

Cultures were kept at 25 °C and 15 °C but did not show evidence of unilocular
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sporangia. The visible plurilocular sporangia did not show any sign of viral infection.
Even examination of known, infected samples, NZ14 and CCC2, did not reveal abnormal
sporangia. Most likely the virus was dormant in these two cultures. As yet, mechanisms
controlling expression of the latent virus are unknown.

Previous studies indicated that viral genetic information was passed to progeny
during meiosis and mitosis, and healthy Ectocarpus in populations of infected samples
(Miiller, 1991b). In other studies, infection only appeared in samples put into culture,
indicating that viral expression was rare or occurred only under stressful conditions
(Miiller & Stache, 1992). Thus, microscopic investigation of EsV-1 was somewhat
unpredictable. Molecular methods, on the other hand, were successful when the virus
was active or latent.

As molecular methods became common place, studies investigating viral infection
were more frequent and reliable (Braiitigam et al., 1995; Klein, Lanka, Miiller, &
Knippers, 1994). The major advantage for DNA and PCR methods was the ability to
detect infection even when there was no visual sign of infection under the light
microscope or when the virus was latent. The GP-1 sequence was an excellent indicator
of viral infection because it was part of a single stranded, open reading frame region of
the EsV-1 genome (Klein et al., 1994). DNA extraction and amplification with PCR and
GP-1 primers confirmed infection in CCC2 and NZ14, two samples previously identified
as infected. With confirmation of the two known samples, GP-1 was used with certainty
as a positive identifier of viral infection. Samples SAG4, SAGS, and Carolina all showed

positive viral infection (Figure 3) and were previously unknown as infected. All other
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samples did not show any indication of viral infection, confirmed by the absence of a
band at approximately the 692-bp position on the gel (Figure 3).

Previous studies showed EsV-1 infection of Ectocarpus from several areas around
the world. Infected specimens were found in Argentina, Australia, California, Chile,
Denmark, English Channel, France, Irish Sea, Italy, Japan, Massachusetts, New Zealand,
North Carolina, Norway, Peru, and South Africa. Samples collected from the eastern and
western Gulf of Mexico, Tampa, Florida, and Port Aransas, Texas, did not show any
evidence of infection (Sengco et al., 1996) when analyzed for viral DNA in 1996.
Although more than a decade passed, EsV-1 infection still was absent from the Gulf of
Mexico in 2006. In view of the situation in Hann. Miiden , Germany, where one isolate,
SAGS, was infected and sister isolates were not (Sengco et al., 1996), additional
sampling must occur in additional locations to establish that EsV-1 is absent from the
Gulf of Mexico.

Samples collected from the northern Gulf of Mexico, in Pensacola and the
surrounding area, did not show evidence of infection based on PCR methods (Figure 3)
nor did specimens collected from Tampa Bay, Florida (Figure 3, Lanes 34 -36). EsV-1
had a known survival time of two to three days in seawater, and variations in the
temperature, salinity, culture conditions, axenic or xenic culture conditions did not affect
the survival time. The same study showed that when infected samples that had viral
symptoms were mixed with healthy populations, healthy zoospores became infected and
gave rise to new infected plants (Miiller, 1996; Miiller & Frenzer, 1993). The two to
three day survival period made viral particles appear unstable in the natural environment,

and laboratory observations supported this, but because release of viral particles was
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timed with the release of zoospores, there was little need for stability. Warm
temperatures, higher than 20 °C, adversely affected the ability of viral particles to infect
Ectocarpus, while cooler temperatures, near 12 °C promoted viral stability (Miiller &
Frenzer, 1993). This short survival time and the negative effects of warmer temperatures
may explain why infection did not spread to the Gulf of Mexico

Ectocarpus occurred throughout the Gulf of Mexico, the Caribbean Sea, the U.S.
Atlantic coast, and Atlantic Ocean near Barbados, Bermuda, and French Guiana (Earle,
1969; Taylor, W.R., 1972). Specimens from these coasts have yet to be examined for
infection with the EsV-1 virus. How common Ectocarpus was in the warmer Caribbean
Sea was also unknown. Ectocarpus appeared to prefer cooler, non-tropical water
temperatures and vanished from the northern Gulf of Mexico during the summer months
when temperatures exceeded 28 °C. While the main explanation for the disappearance of
Ectocarpus in summer was an increase in water temperature, it was possible the
competition from other species for substrate accounted for its disappearance in warmer
months. Based on current studies, viral infection was not a viable explanation for the
disappearance of Ectocarpus from July until November. Although a hypothesis that
proposed that the die off prevented viral infection seemed appropriate, similar die offs
were reported for North Carolina (Schneider & Searles, 1991) where infected plants were

discovered.
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Species Determination

Microscopic Examination

Microscopic examination of culture collection specimens known to be Ectocarpus
siliculosus, including all samples from the Culture Collection of Algae (SAG) at the
University of Géttingen, both samples from the Cambridge Culture Collection of Algae
and Protozoa, and the sample from New Zealand provided by Dieter G. Miiller, did not
show similar measurements to those from published sources (Dawes, 1974; Earle, 1969;
Taylor, W. M. R., 1967, Taylor, W.R., 1972; Table 8) because measurements in this
study were taken near branch tips, while those reported in taxonomic keys came from
basal portions of the thallus (Table 1). Thus, statistical analysis was not applied to
compare experimental data to published data from keys. However, on the basis of data
generated by the current study, ANOVA analysis demonstrated cell sizes for field
samples and known species from culture collections were not significantly different.
Cells from field samples averaged 29 um in width and 77 pm in length, while culture
collections average 25 and 69 um, respectively. Even the size of plurilocular sporangia
were not significantly different between field and culture collection specimens (Table 8).
Cell and plurilocular sporangia measurements indicated that all field samples were F.
siliculosus.

Two microscopic characteristics used to distinguish E. siliculosus and E.
fasciculatus were cell and plurilocular sporangium sizes. E. fasciculatus was the smaller
plant and had cells near its base measuring 10 to 18 pm wide and 10 to 72 pm long

(Schneider & Searles, 1991). In the current study, cell sizes near branch tips for culture
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UT2, previously identified as E. fasciculatus, averaged 30 pm wide and 65 pm long. The
published values were for the larger basal cells, and the experimental values were for the
smaller tip cells; thus, the discrepancy in cell size was troublesome. ANOVA between
known cultures of E. siliculosus and the UT2 culture of E. fasciculatus showed cell sizes
were not significantly different (Table 8). Comparison of sizes for plurilocular sporangia
revealed a similar trend. Sizes for sporangia from published taxonomic keys (Dawes,
1974; Schneider & Searles, 1991; Taylor, W. R., 1972) for E. fasciculatus were 18 to 40
pum wide and 70 to 150 um long compared to a range of 12 to 50 um wide and 50 to 400
um long for E. siliculosus. The plurilocular sporangia observed in field and culture
collections (Table 8) average 30 um wide and 130 um long for E. fasciculatus and 22 pm
wide and 152 um long for E. siliculosus. Both species were within the published size
ranges; however, ANOVA performed on experimental data showed that the sporangium
size for E. fasciculatus in culture UT2 was not significantly different from the sizes for
known culture collections previously identified as E. siliculosus (Table 8). Based on
comparisons of microscopic data for cell and sporangium sizes, the identification of UT2
as a good specimen of E. fasciculatus was questionable.

Microscopic measurements of cell size for unknown Ectocarpus spp. from culture
collections, CCMP1, W1, UTI, and Carolina, were compared using ANOVA to known
culture collections and were not significantly different (Table 8), giving a strong

indication that all the field and unknown culture collection samples were E. siliculosus.
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Use of PCR for Species Determination

With the advent of PCR, there were enumerable efforts to use molecular
techniques for species determination. Two commonly used genes for examination of
species and phylogeny were 18S and rbcL (Bailey & Freshwater, 1997; Cho, Lee, & Boo,
2004; Draisma, Olsen, Stam, & van Reine, 2002; Freshwater et al., 1994; McCauley &
Wehr, 2007; Miiller, Sheath, Vis, Crease, & Cole, 1998; Sherwood & Sheath, 2000; Tan
& Druehl, 1993). In land plants, rbcL was used to distinguish relationships between
family, order and genera. However, the highly conservative nature of rbcL made it
difficult to successfully distinguish between species of land plants. Divergence of rbcL.
was used to determine relationships at the species level within the red and other algae
(Freshwater et al., 1994). In comparison, the 18S rRNA sequence was used to evaluate
species for many other algae (Miiller et al., 1998; Sherwood & Sheath, 2000; Tan &
Druehl, 1993). Previously published data showed rbcL produced better results for
speciation in the red algae than 18S. The convergence of rbcL occurred at a much fast
rate than the apparently more conservative 18S gene (Sherwood & Sheath, 2000).
Although rbcL and 18S continued as preferred sequences, some alternate DNA regions
such as a RUBISCO plastid-encoded spacer, the small subunit of ribosomal RNA, and a
nuclear-encoded internal transcribed spacer (ITS) were used (Antione & Fleurence, 2003;
Bailey & Freshwater, 1997; Stache-Crain et al., 1997). A general dissatisfaction with
rbcL and 18S as separators for species triggered experimentation with other DNA

fragments.
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18§ Ribosomal RNA and Phylogeny

The phylogenetic tree for the 18S sequence (Figure 4) produced two distinct
clades and three subclades. The high consensus between the three analyses for clade 1
indicated that the grouping of the alignments were very close. The smaller subclade 1a
containing several of the culture collections and the three BLAST sequences did not have
as high a correlation, indicating separation of the subclade from the rest of the alignments
in clade 1 was probably not valid. The grouping within clade 1 indicated that the
unknown species from Ward’s Biological Supply (W1) was Ectocarpus siliculosus, and
this conclusion was reinforced by its grouping with the three known species of E.
siliculosus from the BLAST search and the known SAG culture collections (Figure 4).

An interesting occurrence in clade 1 was the group associated with UT2, the only
sample identified as E. fasciculatus (Figure 4). It was expected that UT2 would occupy
its own distinct clade, or occur near the bottom of the tree. This same aberrant pattern
was repeated in the phylogenetic tree produced for rbcL sequences (Figure 5). It could
be concluded that the highly conserved nature of both 18S and rbcL was apparently not
sensitive enough to separate Ecfocarpus species (Stache-Crain et al., 1997). However, an
alternate conclusion was E. fasciculatus was not a true species. Statistical analysis of
morphological data supported the conclusion that culture UT2 identified as F.
fasciculatus was not different from E. siliculosus (Table 4 & 8).

The high consensus of the grouping of GSA1 and GSA2 within subclade 1
(Figure 4) indicated that these field samples were related, an expected outcome because
the plants were collected within a week of each other at the same site. The other samples

collected at Greenshores were not grouped together as expected (Figure 4); however,
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these field samples did group with several specimens from culture collections and the
BLAST search, all of which were already identified as E. siliculosus. The groupings also
indicated that the field samples from Greenshores, the Gulf of Mexico, and Navarre
Beach were all related (Figure 4).

The subclade of clade 2, subclade 2a, showed a strong correlation between the
field samples TB2, TB3, and GSA3. This strong consensus indicated that the samples
were highly related, even though the collection sites were several hundred miles apart.
The consensus between these three specimens and GSA4 was not as strong, although it
was assumed, that as within clade 1, the specimens collected within one week of each
other were most likely the same species.

The lower consensus between the three analyses in clade 2 (Figure 4) did not
indicate a decent grouping within it. There was high consensus within subclade 2b,
between CCC1 and SIJul. Because CCC1 was already identified as E. siliculosus it was
assumed that SIJul was E. siliculosus. The specimen from the University of Texas
Culture Collection, UT1, was also grouped with CCC1 and SIJul. UT1 was an unknown
species of Ectocarpus. A recently published study identified UT1 as E. siliculosus
(McCauley & Wehr, 2007), and its grouping with CCCI1 in the current study also
supported the identification of UT1 as E. siliculosus.

The phylogenetic analysis of sequences for the 18S ribosomal subunit agreed with
the data collected by microscopic examination. These data indicated that the samples
collected from northwest Florida, including Greenshores Reclamation Site, the Gulf of
Mexico, Navarre Beach, Sabine Island and the eastern Gulf from Tampa Bay were all the

same species. In addition, field samples were closely related to culture collections
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previously identified as Ectocarpus siliculosus. The only anomaly in the phylogenetic
tree was culture specimen UT2, that was previously identified as E. fasciculatus but
grouped with known species of E. siliculosus (Figure 4). The highly conservative nature
of the 18S ribosomal sequence, perhaps, confounded the separation of Ectocarpus species
by segregating seemingly similar samples into two clades. Interpretation of the clades as
tribes or varieties was also problematic. Previous studies of 18S rRNA showed for the
red algae, Hildenbrandia, similar problems with separation of species (Sherwood &
Sheath, 2000), as did another study on brown seaweeds (Phaeophyceae; Draisma et al.,

2001).

rbeL and Phylogeny

Two distinct clades were evident for the phylogenetic tree based upon the rbcL.
sequence (Figure 5). Clade 1 had very little internal support among the three analyses.
The only strong consensus was a smaller subclade, subclade 1a, that consisted of three
specimens from the SAG culture collection, an association very similar to what was seen
for alignments of 18S (Figure 4). All of the field specimens, except for SIJul collected at
Sabine Island, were grouped in clade 1. Two of the BLAST sequences were also grouped
into clade 1. The low consensus among the three analyses made it difficult to claim the
field samples were E. siliculosus. Even though grouped with the two BLAST sequences,
it was difficult to claim the field specimens were E. siliculosus because of the weak
support from the three types of analyses.

The second clade for rbcL, as with the first, did not have a strong consensus

between the analyses (Figure 5). A smaller subclade containing CCC1 and SIJul,
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subclade 2a, showed a strong consensus that made it possible to conclude SIJul was E.
siliculosus because CCC1 was a known species of E. siliculosus. There was also a high
correlation between NZ14 and both CCC1 and S1Jul (Figure 5), further supporting SIJul
as E. siliculosus. Another subclade of clade 2, subclade 2b, contained CCC2 and UT2, E.
fasciculatus, and had a strong consensus among the three analyses. As with the 18S
phylogenetic tree, UT2 was grouped with an identified specimen of E. siliculosus
(Figures 4 & 5), raising, yet again, a question about whether UT2 was identified correctly
as E. fasciculatus.

One interesting anomaly with the phylogenetic tree for 7bcL was the separation of
one of the BLAST sequences, previously identified as E. siliculosus, from the rest of the
field and culture samples. The consensus for the arrangement of the two clades before
they split was strong but did not include AY307411, a sequence obtained from a BLAST
search for a sample from the University of Texas Culture Collection, LB1433, and
identical to sample UT1 in the current study. Examination of the alignment for rbcL for
AY307411 (Table 11) did not show any unusual areas that did not match the rest of the
sequences. As yet, it is unclear why the sequence for AY307411 was separated from the
rest of the sequences.

The bootstrapping for the maximum parsimony took over 100 hours to complete,
producing a large file of several thousand trees. This long computational time probably
introduced false positives into the search for a proper fit of the alignments and introduced
errors into the phylogenetic tree. The sequence for rbcL, as with the sequence of 18S,
was highly conserved, yielding very few mutations over enumerable generations.

Because of this low variation it was difficult to determine differences at the species level.
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Unlike the 18S phylogenetic tree, the rbcL trees were not very successful in identifying
field and unknown samples at the species level because of the low consensus between the
three analyses.

One possible alternative for future studies is to use a different PCR primer set for
rbcL. The primer sequences used were developed in 1995 (Braiitigam et al., 1995).
More recently developed primers may bind specifically to rbcL, thus, improving the
purity of the PCR product. With better product and sequences, errors are eliminated in
the phylogenetic tree and the three supporting analyses, Bayesian posterior probabilities,
maximum parsimony bootstrap, and neighbor-joining bootstrap. Previous studies of the
biogeography of Ectocarpus showed use of the RUBISCO spacer sequence was too
conserved to differentiate on the species level. Part of the »bcL, the RUBISCO spacer
showed similar results as this study including the difficulty of differentiating between E.
siliculosus and E. fasciculatus (Stache-Crain et al., 1997).

For future studies, new genes or DNA fragments, should be examined for species
determination. Recent research has favored the use of the small subunit of ribosomal
RNA (SSU). A popular sequence in previous studies was of the ITS (Antione &
Fleurence, 2003; Stache-Crain et al., 1997). Another focus of speciation in the algae has
been the RUBISCO spacer, though for Ectocarpus it was too conservative to be effective
(Stache-Crain et al., 1997). A better DNA indicator of speciation is needed for
Ectocarpus. Perhaps, genome sequencing will reveal a less well conserved region of

DNA.
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Comparison of Outcomes from Microscopic and Molecular Studies

Historically, microscopes were used for species identification and morphological
examinations. Microscopic examination was advantageous for species determination
because the equipment needed was usually available to scientists and relatively
inexpensive. The skills needed for microscopic identification were rather simple.
Perhaps, the most complicated skill was measuring the size of cells and reproductive
structures.

With the creation of numerous false species, Ectocarpus was difficult to identify
with accuracy at the species level. Only specimens put into culture were reliably
identified morphologically (Russell, 1966). The difference between E. siliculosus and E.
fasciculatus in terms of cell size was very minute and overlapped somewhat (Dawes,
1974; Earle, 1969; Taylor, W. R., 1972). One important morphological feature for
determining species was examination of the reproductive structures, mainly the
plurilocular sporangia, which often were not present in field samples. Plurilocular
sporangia for E. siliculosus were reported as wider and longer than E. fasciculatus in
taxonomic keys. Sporangia for cultures identified as E. siliculosus and E. fasciculatus
were not significantly different in size. Examination of additional specimens identified
as E. fasciculatus will resolve whether the size of the sporangium is a good indicator of
speciation.

The increasing use of molecular methods in taxonomic analyses in biology
redefined many species. Use of DNA extraction, PCR, and sequencing greatly improved
the ability to determine differences between species of many organisms. Several

methods for DNA extraction were used during this study. The most common method for
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DNA extraction in the plants and algae was the CTAB method (Rogers & Bendich,
1985).

The polyphenols produced by the brown seaweeds interfered with the purity of
DNA extractions. A slight modification to the CTAB extraction buffer permitted
extraction of DNA from the brown seaweeds (Philips et al., 2001) and eliminated
polyphenol contaminants. However, in this study the modified CTAB buffer was not the
best protocol for extracting DNA. Another method used Chelex 100, a reagent
commonly used to extract DNA from sperm and in the forensic lab (Walsh, Metzger, &
Higuchi, 1991). The protocol for the extracting DNA from algae with Chelex developed
(Braiitigam et al., 1995) was not as successful as the modified CTAB buffer.

The Extract-N-Amp method for DNA extraction was the most successful and
gave the most favorable results when visualizing DNA on a gel. According to Sigma-
Aldrich, this Ectocarpus study was the first study to try the Extract-N-Amp with
seaweed. One major advantage of the Extract-N-Amp method was the ease of use; it
took approximately 30 minutes from weighing the sample until the extraction was
complete and ready for PCR; thus, it was more efficient in handling specimens. Another
advantage was the very small amount of seaweed needed for extraction, usually 10 mg
dry weight. This procedure was advantageous for samples from culture collections for
which there was a limited amount of material, and research was delayed while cultures.
The only major disadvantage of using the Extract-N-Amp method was the proprietary
extraction buffer, thus, eliminating the opportunity to know its ingredients. Fortunately,

the chemicals were fairly inexpensive.
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An expected advantage to techniques using PCR coupled with DNA sequencing
for species identification was accuracy and discrimination. DNA for a species was fairly
constant over time, whereas cell size of a single plant varied greatly, and changes in
environmental conditions caused additional variations. Once DNA extraction and
subsequent PCR techniques were complete, sequencing and gels were run multiple times
quickly and easily.

The major disadvantage of PCR and sequencing methods was both methods
required specialized equipment and expensive reagents. The microfuge and thermocycler
were much less expensive than the DNA sequencer. Samples were sent to specialized
sequencing labs for analysis because the on site cost of a sequence was prohibitive.
Thus, routine taxonomic investigations would find the cost of molecular methods
prohibitive for smaller labs or institutes.

Analysis of sequencing results and constructing phylogenetic trees required a
precise knowledge of several computer programs. A simple error led to inaccurate
answers that remained undetected until far into the analysis. Time was another major
factor. Analyses, such as maximum parsimony bootstrapping and neighbor-joining
bootstrapping, took from several hours to upwards of several days to complete.

Between the two methods examined in this study for species determination,
microscopic examination and phylogenetic analysis, it was difficult to determine which
method was better or more accurate. Both had advantages and disadvantages. Overall, it
was better to have a combination of the two methods because microscopic examination

permitted quick species determination, while phylogenetic analysis required more time
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but was expected to give a more definitive determination. Thus, a combination of the

two methods was recommended as the best choice, although more skill was required.

Other Methods for Species Determination

One method of species determination not examined in this study specific for
identification of Ectocarpus was lipid analysis and the detection of DGTA. DGTA is a
membrane betaine lipid with a carboxyl group near a N-trimethyl-ammonium group
(Miiller & Eichenberger, 1994) and is restricted to algae containing both chlorophylls a
and ¢ (Kato et al., 1996). The occurrence of DGTA in many Phacophyceae was useful in
algal taxonomy within the group (Dembitsky, 1996). For Ectocarpus, the presence of
DGTA occurred only in E. fasciculatus, while E. siliculosus lacked DGTA (Miiller &
Eichenberger, 1994), thus limiting the use of DGTA to separation of one species from all
others. Examination of the betaine lipid content for Ectocarpus was not carried out in
this study. Future studies ought to use the presence of DGTA to confirm identification of

E. fasciculatus in conjunction with microscopic examination and sequence analysis.

Conclusions
The specimens of Ectocarpus collected around the northern Gulf of Mexico and
around the Tampa Bay area were not infected by the EsV-1 virus, which agreed with
results from a previous study in Tampa Bay, Florida, and Port Aransas, Texas (Sengco et
al., 1996). Because viral particles have a survival time of only two to three days in cool
water and an even shorter time in warm waters, the Gulf of Mexico may not provide
optimum conditions for infection. Geographically, the closest known infected sample

was collected from the North Carolina coast (Sengco et al., 1996). Collections from the
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Atlantic shores of Florida in the and further north to the coast of Georgia and South
Carolina are needed to ascertain whether there was a southern limit for infection by the
EsV-1, and whether water temperature was a factor. Other collections from the western
Gulf of Mexico, especially the coasts of Texas and Louisiana, also are needed to more
accurately describe the distribution of the EsV-1 virus.

Microscopic examination and sequence analysis of the specimens collected from
the northern Gulf of Mexico and Tampa Bay area showed that all specimens were likely
Ectocarpus siliculosus. Unexpectedly, phylogenetic trees were less conclusive than
microscopic examinations. Microscopic data and to a certain extent phylogenetic trees
were unable to support culture UT2 as a species of E. fasciculatus. UT2 appeared to be
E. siliculosus. While sequence data in the present study pointed to just one species, rbcL
and 18S were too highly conserved to easily distinguish E. siliculosus from E.
fasciculatus (Stache-Crain et al., 1997). Other sequences need to be examined in the
future for more definitive separations between Ectocarpus species.

Both microscopic examination and DNA sequencing analysis were important in
species determination. Both methods had their advantages and disadvantages.
Microscopic examination required very few skills, but it was difficult to distinguish
between species with certainty because cell and sporangia sizes overlapped. Sequence
analysis required more time, reagents, and equipment, but it had the potential to be more
accurate. The use of less conservative sequences of DNA may be needed to absolutely

distinguish between E. siliculosus and E. fasciculatus.
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