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Genes showing differential expression related to the early G, phase of the cell cycle during synchronized
circadian growth of the toxic dinoflagellate Alexandrium fundyense were identified and characterized by differ-
ential display (DD). The determination in our previous work that toxin production in Alexandrium is relegated
to a narrow time frame in early G, led to the hypothesis that transcriptionally up- or downregulated genes
during this subphase of the cell cycle might be related to toxin biosynthesis. Three genes, encoding S-
adenosylhomocysteine hydrolase (Sakhh), methionine aminopeptidase (Map), and a histone-like protein (HAf),
were isolated. Sahh was downregulated, while Map and HAf were upregulated, during the early G, phase of the
cell cycle. Sahh and Map encoded amino acid sequences with about 90 and 70% similarity to those encoded by
several eukaryotic and prokaryotic Sahh and Map genes, respectively. The partial Map sequence also contained
three cobalt binding motifs characteristic of all Map genes. HAf encoded an amino acid sequence with 60%
similarity to those of two histone-like proteins from the dinoflagellate Crypthecodinium cohnii Biecheler. This
stundy documents the potential of applying DD to the identification of genes that are related to physiological
processes or cell cycle events in phytoplankton under conditions where small sample volumes represent an
experimental constraint. The identification of an additional 21 genes with various cell cycle-related DD
patterns also provides evidence for the importance of pretranslational or transcriptional regulation in
dinoflagellates, contrary to previous reports suggesting the possibility that translational mechanisms are the

primary means of circadian regulation in this group of organisms.

Marine dinoflagellates represent a substantial fraction of
bloom-forming phytoplankton in coastal areas of the world’s
oceans {4). In addition to the formation of red tides, some
species of dinoflagellates produce a range of toxins that are
poisonous to higher levels of the food web (49). One group of
toxins synthesized by these harmful algal bloom organisms
causes paralytic shellfish poisoning (PSP). The toxins included
in this group are called saxitoxins (STX) and are all cyclic
perhydropurine compounds differing in their specific toxicities
(17, 49). Besides dinoflagellates, other organisms biosynthesize
toxins causing PSP, such as, for example, bacteria (26, 51) and
cyanobacteria (33, 50).

Classic mating experiments with toxic and nontoxic strains of
Gymnodinium spp. and Alexandrium spp. have revealed that
the inheritance of toxigenic potential and of toxin composition
in dinoflagellates follows Mendelian rules (35, 43, 44). The
nonrandom segregation patterns observed in the crossings also
imply chromosomal localization of the genes involved in toxin
biosynthesis and interconversions among derivatives (34, 44).
A series of studies with synchronized cultures of Alexandrium
fundyense has further shown that STX is accumulated during a
discrete time period localized in the G, phase of the cell cycle
(Fig. 1) (52). The combination of these two factors, nuclear
genes and discontinuous toxigenesis, gave rise to the hypoth-
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esis that STX biosynthesis could be regulated at the transcrip-
tional level, with the genes responsible for toxin production
being activated in a cyclic pattern. Furthermore, comparative
analysis of cells harvested when toxin accumulation is on or off
would allow the identification of genes that are expressed while
STX is produced and that are therefore potentially related to
toxigenesis. (Note that we use the term toxigenesis to mean
toxin accumulated in the cell, ignoring losses due to leakage or
catabolism.)

Due to the harmful effects of STX production on humans
and the environment, much work has been done on the ecology
and physiology of STX biosynthesis in 4. fundyense as well as
on monitoring and predicting outbreaks of blooms caused by
this organism. One of the key elements in studying bloom
dynamics is the determination of in situ growth rates for Alex-
andrium. Current approaches rely on the analysis of the rela-
tive distributions of cells in the different cell cycle stages (9,
10). Alternative methods in which cell cycle-related genes ex-
hibiting cyclic expression patterns are used as indicators of
population growth rates have yet to be developed for
dinoflagellates (25, 32). Dinoflagellates have a typical eukary-
otic cell cycle with regulatory mechanisms resembling those of
other eukaryotes (42, 56). The identification of genes whose
expression is cell cycle dependent would be the first step to-
ward the rational development of new methods for measuring
cell growth rates in Alexandrium.

Recent advances in the development of molecular tools
aimed at analyzing differences between complex genomes at
the level of gene expression show great promise in this regard.
One such tool is differential display (DD), a genetic approach
that allows the analysis of differentially expressed genes in




2106 TARONCHER-OLDENBURG AND ANDERSON

A

II

0.1

[ 50 L o.0s
P 60 006 I
k=
3 =
= g
8 w 004 &
[~3 —_—
o =
E‘Q e

20 L o0z

N A, AN, = 1

0 2 24 36

Time (h)

FIG. 1. STX biosynthesis and the cell cycle in synchronously growing A.
fundyense. Lines show relative distributions of cells in the different cell cycle
stages (G, [@], S [#], and G, plus M [A]). Positive toxin production rates (bars;
prox) were limited to the first 8 to 10 h of the G, cell cycle phase. No toxin
production was detected for the remainder of the cell cycle. Arrows denote
sampling points for the DD analysis protocol; two were during Gy, the first (I)
when toxin was accumulated and the second (II) after it stopped, one was during
the S phase (III), and the last one was during G, (IV). Shaded areas, dark
periods of the cycle of 14 h of light and 10 h of darkness under which A. fundyense
was synchronized.

eukaryotes (28, 57). This technique has been used successfully
to identify developmentally, environmentally, or hormonally
regulated genes in protozoa, plants, animals, and humans (2,
21, 48, 54, 55). In this procedure, the two or more sets of
differentially expressed mRNAs to be compared are used as
templates to generate the corresponding c¢cDNAs. Subse-
quently, the cDNA fragments are amplified by means of PCR
using a combination of an mRNA-specific oligo(dT) “anchor”
primer together with an arbitrary decamer primer in the pres-
ence of radioactively labeled deoxynucleoside triphosphates
(dNTPs). After separation by denaturing polyacrylamide gel
electrophoresis, differentially amplified cDNAs are identified
by autoradiography. These cDNAs are further cloned and used
as probes to screen cDNA libraries of the organism of interest.

The goal of this study was to identify genes for which ex-
pression was correlated to cell cycle progression and possibly
toxin production in Alexandrium. Differential display was used
to analyze mRNA expression patterns among cells differing in
their cell cycle stage and toxigenic status. A first approach
consisted of comparing phylogenetically closely related toxic
and nontoxic strains of Alexandrium tamarense and A. fundy-
ense. A second approach consisted of the identification of
genes for which expression cycles were correlated to progres-
sion through the cell cycle or to the superimposed, discontin-
uous pattern of STX biosynthesis in 4. fundyense. Several
genes were identified, and their possible roles in cell cycle
regulation and STX biosynthesis were explored.

MATERIALS AND METHODS

Organisms. Batch cultures of the nontoxic strains A. tamarense PGt183 (Ply-
mouth, United Kingdom), PelV (Galicia, Spain), and WKS-1 (Tanabe Bay,
Japan) and the toxic strains 4. tamarense GtPP03 (Perch Pond, Mass.), AtSL12
(St. Lawrence estuary, Canada), and GtLI21 (Moriches Bay, N.Y.) and A. fundy-
ense GtCA28 (Cape Ann, Mass.) and Gt7 (Bay of Fundy, Canada) were used in
this study. Cultures were maintained at 20°C in /2 medium (14) modified by the
addition of H,SeO; (107% M) and by reducing the concentration of CuSO, to
10™¥ M. Vineyard Sound seawater (filtered through a 0.2-um-pore-size filter;
31°00 salinity) was used as the medium base. Throughout the experiment,

irradiance of ca. 250 pmol of photons m~2 s™! was provided by cool white
33 p p
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fluorescent bulbs on a cycle of 14 h of light and 10 h of darkness. Cultures were
harvested in mid-exponential phase.

Synchronization of A. fundyense. Cultures of A. fundyense GtCA28 (see above
for details) were synchronized by a dark-induced block/release method (52).
Low-density (approximately 500 cells ml™ '), exponentially growing cultures (on
a cycle of 14 h of light and 10 h of darkness) of A. fundyense strain GtCA28 were
left in continuous darkness for 82 h and then reexposed to the original light-
darkness cycle. At the end of the dark blocking period, all the cells had divided
once more and were arrested in the G, phase of their cell cycle. Cell size and
density were monitored with a Multisizer apparatus (Coulter Electronics, Hi-
aleah, Fla.) every 2 h for a period of 2 days. Samples for DNA analysis (50,000
to 100,000 cells) were taken with the same periodicity and were preserved in 5%
formaldehyde at —20°C. The samples were treated with the DNA-specific stain
propidium iodide (PI) (4 pug of PI mIi~%; 250 U of RNase A ml™!) and analyzed
on a FACScan flow cytometer (Becton Dickinson).

RNA purification. Cells (10° to 3 X 10°) were harvested through centrifugation
at 4,400 X g for 5 min at 4°C. The pellet was deep-frozen in liquid N, and then
resuspended in 1 ml of RNA STAT-60 (Teltest “B”, Inc., Friendswood, Tex.).
The suspensions were placed in a N, cell disruption bomb, and the cells were
ruptured in three consecutive cycles of nitrogen decompression at 2,000 1b/in?
(Parr Instrument Company, Moline, I1l.). Homogenates were processed by fol-
lowing the manufacturer’s protocol (RNA precipitation for 1 h), with an addi-
tional RNA precipitation in the presence of sodium acetate (pH 5.2; final con-
centration, 0.3 M) and 2 volumes of ethanol for T h at —70°C. RNA was
quantified and stored at —70°C.

DD. DD of mRNA was performed as previously described by Liang et al. (27,
28). The reverse transcription and PCR were modified as follows. Total RNA
(0.2 ug) was reverse transcribed with a mixture containing 200 U of Moloney
murine leukemia virus reverse transcriptase (RTase; Superscript, RNase H™;
GIBCO-BRL), 40 M dNTPs, and a2 1 uM concentration of one of the four
different degenerate oligo(dT) primers (NBI, Plymouth, Minn.) T,,VN (where V
stands for dA, dC, or dG and N stands for dA, dC, dG, or dT). Control reactions
were performed with total RNA in the absence of RTase or with RNase-treated
RNA in the presence of RTase. The resulting cDNA was then amplified by PCR
with a combination of the respective degenerate oligo(dT) primer and one
random decamer primer (10-mer kit A; Operon Technologies) in the presence of
[«-**P[dATP on a Perkin-Elmer 2400 thermocycler. The reactions were per-
formed in duplicate as a control for replicability of band patterns. All compo-
nents of the PCR remained the same as originally described except for a 10-fold
increase in the concentration of the random decamer primer (2 uM). The
samples were denatured at 94°C for 15 s directly preceding PCR. Parameters for
the 40-cycle PCR were as follows: denaturation at 94°C for 15 s, annealing at
40°C for 1 min, and extension at 72°C for 1 min. At the end an additional
extension at 72°C for 10 min was performed. The radiolabeled PCR products
were analyzed on 6% denaturing polyacrylamide gels.

Cloning and sequencing. Bands identified as differentially expressed on the
DD gels (details in Results) were excised, extracted from the acrylamide by
boiling in H,O, and precipitated in the presence of 0.3 M sodium acetate-0.5 mg
of glycogen ml~*~4 volumes of ethanol. The DNA was then reamplified using the
same primer and the PCR conditions described above, except that the dNTP
concentration was increased 10-fold. The PCR product was cloned using the
pCR-TRAP cloning system (GenHunter Corp., Brookline, Mass.). Cloned frag-
ments were sequenced on a LiCor automated sequencing system using pCR-
TRAP-specific primers (Aidseq; GenHunter Corp.).

¢DNA library construction and screening. Approximately 10® cells of expo-
nentially growing 4. fundyense were harvested, and their RNA was processed as
described above. One milligram of fresh total RNA was further purified for
poly(A)* mRNA with an oligo(dT) column (5Prime—3Prime, Inc., Boulder,
Colo.). Five micrograms of poly(A)* mRNA was used for construction of a
lambda phage ¢cDNA library (ZAP cDNA cloning kit; Stratagene, La Jolla,
Calif.). The library was further amplified (2 X 10° PFU/ul), and approximately
10° plaques were screened on each round.

DD probes for screening the library were obtained by labeling the cloned
cDNA of interest with digoxigenin (DIG)-11-dUTP (Genius nonradioactive nu-
cleic acid labeling and detection system, Roche, Indianapolis, Ind.) in a 30-cycle
PCR with the following parameters: denaturation at 94°C for 30 s, annealing at
52°C for 40 s, and extension at 72°C for 1 min. At the end an additional extension
at 72°C for 5 min was performed. The final concentrations of dNTPs in the
reaction mixture were optimized to the following values: 20 uM dATP, dCTP,
and dGTP, 13 pM dTTP, and 7 pM DIG-dUTP. The yield of DIG-labeled PCR
product was estimated as indicated by the manufacturer, and hybridizations were
conducted overnight in a standard hybridization buffer (5% SSC [1x SSC is 0.15
M NaCl plus 0.015 M sodium citrate], 2% [wt/vol] blocking reagent, 0.1%
N-lauroylsarcosine, 0.2% sodium dodecyl sulfate [SDS]), with a probe concen-
tration of 10 ng ml~" at a temperature of 65°C. Positive plaques were detected
using the chemiluminescent substrate CSPD (Roche). Plaques were further
purified in a second and if necessary third screening until single plaques could be
isolated. The phagemid representing the cDNA of interest was then excised in
vivo, cloned, and sequenced following the manufacturer’s protocols (ZAP cDNA
cloning kit; Stratagene).

RNA blot analysis. Ten micrograms of total DNase-treated RNA representing
each of the four ccll cycle stages described below was loaded on positively
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FIG. 2. Comparison of inter- and intraspecific DD analysis of dinoflagellates.
(A) Three toxic strains of 4. tamarense, three nontoxic strains of A. tamarense,
and two toxic strains of 4. fundyense were compared. The inter- and intrageneric
variabilities were high. (The image is a composite of lanes from one gel rear-
ranged for clarity.) (B) Three different cell cycle stages in synchronized cultures
of A. fundyense (GtCA28) were analyzed. In contrast to what was seen in panel
A, the patterns were identical and hence allowed the identification of differen-
tially expressed bands (Fig. 4).

charged nylon membranes (Boehringer Mannheim, Indianapolis, Ind.). The DD
probes were labeled as described above. Hybridizations were performed over-
night in high-SDS concentration buffer, as recommended by the manufacturer, at
42°C (Genius nonradioactive nucleic acid labeling and detection system; Roche).
Detection of positive dots was performed as detailed above for the cDNA library
screenings.

Sequence analysis. The nucleotide sequences obtained were compared to
sequences in the nonreductant GenBank, EMBL, DDBJ, and PDB sequence
databases using the Basic Local Alignment Search Tool program (BLAST) in its
versions for nucleotides (BLASTN) and amino acids (BLASTX) (3). The cor-
responding amino acid sequence was predicted using the universal genetic code.
The deduced protein sequences were further characterized with the sequence
analysis software program MacVector (Oxford Molecular Limited). Percent sim-
ilarities were determined based on the following similarity groupings for amino
acids: () H, Q, E,D, R, K, N, G; (ii) V, L, I, M; (iii) C, S, A, T; (iv) E, Y; (v)
P; and (vi) W (amino acids were counted as similar when more than half of the
amino acids at a particular position on the aligned sequences were included in
one of the six subgroupings).

Nucleotide sequence accession numbers. The DNA sequences determined in
this study have been assigned GenBank accession no. AF105295 (Sahh),
AF105293 (Map), and AF105294 (HAf).

RESULTS

DD of mRNA from toxic and nontoxic Alexandrium. DD of
several toxic and nontoxic strains of 4. tamarense and two toxic
A. fundyense strains (see Materials and Methods for specific
strain information) was done using T,,VC as the degenerate
oligo(dT) primer and OP-03 as the random decamer. High
variability was observed among the DD patterns of the differ-
ent strains of A. tamarense analyzed (Fig. 2A). Interspecific
variations between A. tamarense and A. fundyense were also
high (Fig. 2A).
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TABLE 1. Cell cycle-related differential expression patterns
observed in this study

Presence (+) or absence (—) of band on DD
No. of DD bands sequencing gel in:

showing specific pattern

G, (early) G, (late) S G,
8 - - + +
4 - + + -
3 + + + -
3 + + - +
2 + - - -
2 - + - -
1 - + + +
1 + + - -

DD of synchronized cultures of 4. fundyense. DD of mRNA
was applied to synchronized cells of A. fundyense in different
cell cycle stages (Fig. 2B) and while toxin production was on or
off (52). Two samples were drawn during G,, one while toxin
production was active (Fig. 1, I) and a second one once toxi-
genesis was over (II); a third sample comprised cells in S phase
(III), and the fourth one represented cells that were predom-
inantly in G, (IV). A total of 80 different anchor-plus-random-
primer combinations were used to ensure total representation
of the mRNA populations (27). All samples were run in du-
plicate, and, in order to avoid false positives, only those bands
present in both reactions were included in the analysis. The
average identity between band patterns for every primer com-
bination was approximately 97%.

Twenty-four bands were identified as differentially expressed
at the four time points selected. The various expression pat-
terns observed are summarized in Table 1. Several different
expression patterns were observed. Most bands were present
throughout the cell cycle (i.e., not differentially expressed), as
exemplified by band D in Fig. 3. Others showed cell cycle
stage-specific expression, as was the case for band E in the
same figure, which was induced throughout G, but which was
not detectable during S and G,. Only those bands correspond-
ing to genes showing suppression (band A) or induction (bands
B and C) during toxigenesis at the beginning of G, were iso-

Toxin Production
ON OFF

A m IV

FIG. 3. DD comparing celis of A. fundyense in three different cell cycle stages
(G, S, and G,) and while STX production was turned on or off (I through IV
refer to the four sampling points in Fig. 1; double lanes represent duplicate
reverse transcription-PCRSs). Band A is downregulated, while bands B and C are
upregulated, relative to toxin production. Band D is constitutively expressed,
while band E is G, specific (expressed in early and late Gy).
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FIG. 4. RNA dot blot analysis confirming the induction of DD bands A, B,
and C (shown from top to bottom) in A. fundyense. Total RNA (10 ug per dot)
corresponding to four equivalent sampling points (I through IV; Fig. 1) on the
24-hour cycle immediately following the cycle analyzed by DD was hybridized
with cDNA probes generated by PCR of cloned ¢cDNA fragments obtained from
the DD gels (see Results).

lated for further characterization (Fig. 3). The three bands
were singled out by these criteria, excised, cloned, and subse-
quently used as probes to recover the corresponding cDNAs
from an A. fundyense cDNA library. The DD expression pat-
terns were also confirmed by RNA dot blot analysis using total
RNA from the equivalent cell cycle stages (I through IV) on
the 24-h cycle immediately following the cycle analyzed by DD
(Fig. 4). As described below, the three genes were similar to
those encoding S-adenosylhomocysteine hydrolase, methio-
nine aminopeptidase, and a histone-like protein (HAf).

S-Adenosylhomocysteine hydrolase. The 131-bp band A was
downregulated during toxin biosynthesis (Fig. 3 and 4). Its
sequence showed that only the random decamer had been
applied during the PCR amplification step of DD (data not
shown). It has been shown previously that a significant propor-
tion of DD bands can result from the amplification of cDNA
with only one primer, either the anchored, mRNA-specific
primer or the random decamer (15, 27). These bands are
equally reproducible and represent potentially transcription-
ally regulated genes. Such single-primer bands are the result of
the random decamer sequence and its inverse complement
being present on the same cDNA. Generation of these bands
resembles arbitrarily primed PCR fingerprinting of RNA, a
technique similar to DD, which relies on the use of only one
primer for the generation of ¢cDNAs representative of ex-
pressed sequences in eukaryotic and prokaryotic cells (58, 59).

The alignment of the partial protein, as deduced from the
rescued cDNA fragment, showed a 90% similarity with S-
adenosylhomocysteine hydrolases from eukaryotes and pro-
karyotes. Some specific values are as follows (GenBank acces-
sion numbers are in parentheses): tobacco (Nicotiana sylvestris,
BAA03709), 85% similarity and 75% identity; yeast (Schizo-
saccharomyces pombe; CAA17833), 75% similarity and 62%
identity; and a cyanobacterium (Synechocystis sp.; P74008),
63% similarity and 44% identity (Fig. 5A).

Methionine aminopeptidase. The 115-bp band B was up-
regulated during toxin biosynthesis in G, (Fig. 3 and 4). The
fragment rescued from the cDNA library corresponded to the
3" end of the mRNA (data not shown). The alignment of the
deduced protein with the carboxy ends of three other methio-
nine aminopeptidases showed a similarity of 70%. Some spe-
cific values are as follows (GenBank accession numbers are in
parentheses): yeast (Saccharomyces cerevisiae; AAB67398),
61% similarity and 44% identity; a cyanobacterium (Synecho-

APPL. ENVIRON. MICROBIOL.

AA.fwldyense 1 VNDCVTKSKFDNVYGCRHSLP[DL-JIMRATD V] 29
N. sylvestris 1 VNDSVTKSXFYDNLYGCRHSLPIDGLMRATD V| 30

S. pombe 1 VNDSVTXKSKFDNLFGCEK SLVDGXKE’ATDV 30
Synechocyslis 1 v D AfOlT x[RFLY D NJRI¥ 6 T[G{Q s[T L 6 I I R & T[N[L1} 30

A fundyense 3 [MIlGJeKIR[AL I CGYGDVGKGCA|L[AHNR|GA[GARY| 59

N. sylvestris 31 MIAGK|VALVAGYGDVGXKGCAAALK|QAIGARY| 60

8. pombe 31 HIAGKVLVVAGPGDVGKGCSTSLRSQGARV 60

i 31 lLnacr|Tilvvacycfwcle K gfvlajm R Alk|c M|g AlDIV] 60

A. fundyense 60 LTTEIDFIC(ALAQACMEGFQVVTLELS V[Vic[E]v 89
N. sylvestris 61 |[TtvTEIDPIiclALQATMEG[LloVLTLER|VV|]SDV 90
S. pombe 61 IVTIVDPINALQAAHDG!EVTMEEAVK@G 90
h i 61 (zvrezfsievipla1 Eaamnbc efRlvuplMialElA A H[Q|G 90
A fundyense 9 [DIFLIJTTTGRN|F KT I}T L[E R|M K K N[N AT VI|g[¥ 1] 119
N. sylvestris 91 IDIFVTTTGNK|DII IiM V[D HMR K NINAIVCNI| 120
S. pombe 97 QJIFPVTTTGCR|DIIIRG[EBFNE EDISIVCNI| 120
A i ot bDrrirfvlzeNkinlviirelenray Dl A T v CN[s 720
A. fundyense 120 GHFDNBIBHABLBGHPGIKENIKA viD R F| 749
N. sylvestris 121 GHPDNBIXJHLGBTPPGVKRITIKP T|p R{W 750
S pombe 121 GHPDVBXDVAWLKAN-AKDVNIXP ViD R Y[ 148
i 121len pplT B[ DL X[s{Lix B0 - AKEVXKEVRINPTEQY 149
A. fundyense 150‘! [c)-HeTIVLAS[CRLLNLGCATGHP S FV| 178
N. sylvestris 751PBTNSGXIVLARGRLHNLGCATGHPSPV 180
S. pombe 150 E L X N -HxxLLAbGRLVNLGcATGHpspv 178
Synechocystis 150@1.@“@- sltzvifCleRerr v N LKA AfElc 8 » s[Aly] 178
A. fundyense 179 xscsrrNQvLDNLTLL 195
N, sylvestris 187 |[K SCSFPTNQV IAQLIE|LWK 197
S. pombe 179 HSCSPTNQVLAQ!AWT 195
Synechocystis 179 [ /Dl A N o[R]L afC B H{ufv[K] 195
B A, fundyense 1 vispvfarlREG F v V KiT L vIEHEK E F[F H|G V[P g 30
S cerevisize 1 I E|K HA[T EN K CiS V V RIT|Y{C I E F|F H|C S{» N[ 30
Synechocystis 1 IQSHADVKITA 30
E coli 7 IQ[KF VIEJA[E G F SV V RIE|YICIEEY R G{F RIE E{P Q| 30
A. fundyense 31 [viF| R -nsDERrKMolefCler[r TPERZ VL T E G 5|R 59
S cerevisige 31 |1]|P| AXNRTPGVIMKPGMVir TESBIM I NE G T{W 60
Synechocystis 31 IPGKAGKKRLRPGHVHINBGTW 60
E. coli 31 WL DsRETNVVILK? ¢ x|Tr TEEEIM v N[AIG[K K 60
A. fundyense 60 [D]w WOPGw T|VATIS[OIHGRIAAC FIEIE L © I TLA 89
S. cerevisiae 817 X D welpDlw r[s T[T Qoo k(L sacriildL LV T E 90
Synechocystis 61 A LLDDGW'X‘AITKDGKLSAQFI‘ITE 90
E. coli 61 TRIEIMKD e wr|lv k[T kDlrRS[LsaQ YEIEII VY T Dl 9
A. fundyense 90 C[EVMT 96
S. cerevisiae 91 VETLTARNKKSPGGPRQRIK 172
Synechocystis 91 vg ILTILGE 100
E. coli 91 ClBILMLRXKDDTIPAILIISHDE 772

A fundyense 1 e[slajT R SIR T R T{a] 13

M S
C. cohnii 1 MAPKMKAAPAMKGKAHTXTGLABA 30
C. cohnii 1 - - -TKKAMTEXTGLAEA| 19

A. fundyense 14 c[a] s[R|&JT)r [Sla r afF]- VATAEV K KL 42
C. cohnii 31 WRR|RPSIF W[RAawelrsicAaARVYVXKT] 60
C cohnii 20 u@elk e sis SRARP|- PlSA[GlB VR KT 48
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A. fundyense 43 [clvre[tveclp Yy NIT X|LJRIEfX P AT QAlsfx|-_ - - - w[Kk V] 68
C. cohnii 61 [RLTIPGLVMYKTREKKPATKAGKREXPFGKYV]| 90
C. cohnil 49 [eRuf7]1 P GLVMVETREKPATKAGKRENPGKRV] 78

A. fundyense 69 cfrlr viA|w - -~ - - - - H{V|[F P L X A{CJR{L C 85
C. cohnii 91 VLVKAS-DVVKAYPVKALKTD 113
C. cohnii 79 |[VLYKRAQPAXK|ITIVVEAYPVXALEK|[DN 102

FIG. 5. Partial alignments of the A. fundyense amino acid sequences deter-
mined in this study. (A) S-Adenosylhomocysteine hydrolase aligned with tobacco
(N. sylvestris), yeast (S. pombe), and a cyanobacterium (Synechocystis sp.). (B)
Methionine aminopeptidase aligned with yeast (S. cerevisiae), a cyanobacterium
(Synechocystis sp.), and E. coli. The shaded areas correspond to three of the five
highly conserved copper binding regions that have been described for this en-
zyme (see text). (C) Histone-like protein aligned with two different histone-like
protein sequences from C. cohnii. Boxes denote higher than 50% identity (bold-
face) or similarity (lightface) among organisms.

cystis sp.; BAA10466), 61% similarity and 42% identity; and
Escherichia coli (PO7906), 63% similarity and 46% identity
(Fig. 5B). In addition, three of the five highly conserved copper
binding regions that have been described for this enzyme were
identified in the 4. fundyense sequence (Fig. 5SB; shaded areas).
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The other two metal-binding domains fall within the missing
section of the sequence.

Histone-like protein. The 318-bp band C was upregulated
during toxigenesis, coinciding with the beginning of the G,
phase of the cell cycle (Fig. 3 and 4). A 577-bp cDNA with a
255-bp open reading frame (ORF) was recovered (data not
shown). The database scarch aligned this sequence to the se-
quences encoding two histone-like proteins from Cryptheco-
dinium cohnii Biecheler, GenBank accession no. Q01239 and
Q01238 (Fig. 5C). The combined similarity was 60%, with each
of the two different histone-like proteins showing a similarity of
52% and an identity of 35%. The ORF obtained from the
cDNA library encodes a protein with 85 amino acids and a
molecular mass of approximately 9.3 kDa.

DISCUSSION

In this study we report the identification of several transcrip-
tionally regulated genes that are differentially expressed
throughout the cell cycle of A. fundyense and are either up- or
downregulated during toxigenesis. The ability to obtain cells at
different times from a single culture of A. tamarense while the
cells were progressing synchronously through the cell cycle and
toxin production was turned on or off was essential to this study
and provided a robust system for identifying molecular factors
related to the cell cycle and possibly toxigenesis. The advan-
tages of using DD over other techniques, such as subtractive
hybridization, to identify differentially expressed genes was
that it only required small amounts of RNA for the analysis of
relative mRNA levels and resolved up and downregulation
simultaneously.

Synchronized growth and DD. The application of DD to the
identification of genes that are cell cycle regulated or expressed
during periods of toxin accumulation in Alexandrium spp., and
hence potentially related to toxin biosynthesis, was contingent
on the design of a system that would allow the comparison of
cells in different cell cycle stages. Cells of a single, synchro-
nously growing isolate were collected at different cell cycle
stages and while toxin production was turned on or off. In
addition, a second experimental setup for the identification of
toxigenesis-related genes was possible: phylogenetically close
toxic and nontoxic strains of Alexandrium spp. were compared
by DD analysis. As discussed above, mutant selection was not
a realistic option.

Extensive work has been done on the phylogeny of the
Alexandrium group using rRNA gene sequences (46). Based on
the phylogenetic distance information we ran DD gels com-
paring toxic and nontoxic strains of A. tamarense that were
closely related, but their genetic variation was still large
enough to make it impossible to identify differentially ex-
pressed genes over the general variation between DD patterns
due to interstrain dissimilarities (Fig. 2). Variations in DD
patterns arise from differences in the nucleotide sequences of
the mRNAs. Changes in just one nucleotide in the region
binding to the DD primers can result in no annealing of a
specific primer, and hence no amplification of the mRNA. This
same mRNA might be amplified by a different set of primers.
Therefore, the absence of a specific band does not mean that
the corresponding gene is not expressed but rather indicates
that it is not amplified by this particular set of primers. The
similarity among the DD patterns has to be at least 90 to 95%
to make the comparison meaningful. Variabilities of the mag-
nitude observed in Fig. 2A result in an impossibility to make
any prediction about the actual regulation of the genes iden-
tified as differentially expressed because of the uncertainty
about the identity between similar bands. Interspecific com-
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parisons between A. tamarense and A. fundyense were equally
uninformative because of variations (Fig. 2A). The sensitivity
of DD to changes in sequences was such that the cells to be
compared had to be identical in their genetic makeup to avoid
a noisy background.

The alternative was to take advantage of the discontinuity in
toxin accumulation over the cell cycle in synchronously grow-
ing cells of A. fundyense that we had previously reported (52).
When we performed DD on samples drawn at different times
throughout the cell cycle of A. fundyense, the patterns of the
reverse transcribed and amplified mRNA components ana-
lyzed were largely identical, resulting in a uniform background
over which specific, differentially expressed genes could be
identified (Fig. 2B). One potential problem with our experi-
mental setup was that despite the remarkable degree of syn-
chrony achieved, a significant overlap of cell cycle stages was
still present (Fig. 1). Samples III and IV (Fig. 1) represent a
mixture of cells in different cell cycle stages with only a pre-
dominance (55 and 62%, respectively) of cells in either S phase
or G,. This could result in a compromised analysis of true S or
G, gene expression and could potentially mask the expression
patterns of those genes that might be turned off only in S or
only in G,. The focus of our research was on the identification
of genes expressed in early G, and absent during the rest of the
cell cycle or, conversely, suppressed in early G; and present
throughout the rest of the cell cycle.

S-Adenosylhomocysteine hydrolase. The enzyme S-adeno-
sylhomocysteine hydrolase (encoded by Sahh) has a key role in
the regulation of the S-adenosylmethionine (SAM) pathway,
one of the main elements of one-carbon metabolism in the cell.
It catalyzes the reversible cleavage of S-adenosylhomocysteine,
the side product of SAM-mediated methylation reactions, into
adenosine and homocysteine. Similar to our observation for 4.
fundyense is the finding that this enzyme is transcriptionally
regulated in other organisms. Transcription of Sakh is induced
by pathogenic attack in parsley (23), and the gene is differen-
tially expressed over the progression of developmental stages
in lucerne (1).

The connection Sahh downregulation in A. fundyense might
bear to STX biosynthesis lies in the postulated presence of one
SAM-dependent methylation step in the early phases of the
synthesis of the STX backbone (49). By regulating the supply
of SAM, this pathway could limit or enhance the activity of the
toxigenic enzymes. Such a correlation, though, would most
probably be nonspecific for toxin biosynthesis, since SAM is
involved in a wide spectrum of anabolic and catabolic pro-
cesses in the cell (e.g., methionine degradation).

Methionine aminopeptidase. Methionine aminopeptidase
(encoded by Map) is responsible for cleaving the amino-termi-
nal methionine during the processing of most nascent proteins.
It is cobalt dependent, and its active site contains two zinc ion
binding domains (6). The partial Alexandrium sequence re-
ported here contains three of the five highly conserved do-
mains responsible for its metal-binding character. The function
of this enzyme in other organisms clearly relates to regulation
of protein synthesis and enzyme activities in general and is
essential for the viability of the organism. Map genes are
present and active throughout the entire life cycle of a cell.
Depending on the organism, the number of different Map
genes in a cell can vary depending on the developmental status
or cell cycle stage of the cell (6). Regulation further happens at
both the transcriptional and posttranslational levels in different
organisms (6).

Protein biosynthesis regulation at this primary level might
have a direct influence on toxin biosynthesis via complex in-
teractions between different components of the general cellu-
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lar metabolism, but no straight correlation to STX biosynthesis
can be inferred. Other scenarios cannot be completely ex-
cluded, as recent reports have shown that in addition to its
protein-editing function, methionine aminopeptidase also acts
as an inhibitor of eukaryotic initiation factor 2a phosphoryla-
tion and is involved in the regulation of angiogenesis in higher
eukaryotes (13), implying that not all the functions of Map are
known yet.

Histone-like protein. Dinoflagellate nuclei are unique among
eukaryotes in that their chromosomes remain condensed
throughout the entire cell cycle, in contrast to the unwinding
and relaxation of the chromatin observed in all other eukary-
otic organisms (reviewed in reference 40). In addition to this,
dinoflagellates also lack the typical histone proteins and nu-
cleosome structures that define nuclei of other eukaryotic or-
ganisms (18, 38). Nonetheless, dinoflagellate chromosomes
have been shown to contain an alternative suite of basic pro-
teins, the so-called histone-like proteins (39, 41). No clear
function has been ascribed to these proteins, but the evidence
gathered so far suggests that rather than having an intrinsic
structural or stabilizing function they might be involved in
transcriptional regulation or, perhaps, initiation (45).

Band C of the DD analysis rescued a full-length cDNA
encoding an amino acid sequence with a high similarity to
those of histone-like proteins from the dinoflagellate Crypthe-
codinium cohnii. Despite a difference in their sizes, these pro-
teins exhibit remarkably similar hydropathy and antigenicity
profiles (data not shown). The core structure consists of one
small and highly hydrophobic region flanked by two larger and
very hydrophilic domains. This overlap in molecular character-
istics might relate to the function of these proteins. A differ-
ential or cyclic de novo synthesis of histone-like proteins sim-
ilar to the one seen here has been suggested for C. cohnii based
on immunocytochemical studies (12). Cell cycle-dependent ex-
pression has, for example, been shown for histones in plants
(8). No information is available on histone-like proteins in A.
fundyense.

Cell cycle-related genes in 4. fundyense. The isolation of a
histone-like protein illustrates the fact that DD analysis of any
population of synchronized cells is, by definition, an ideal sys-
tem to identify genes related to cell cycle progression. As
mentioned above, histone-like proteins are closely associated
with DNA and its structure or some of its functions, which
means that its biosynthesis is probably regulated in a DNA- or
cell cycle-dependent manner.

As mentioned in the introduction, one of the challenges in
studying bloom dynamics is the determination of in situ growth
rates for Alexandrium. Current approaches rely on the analysis
of the relative distributions of celis in the different cell cycle
stages (9, 10). These analyses can be done at a species-specific
level by combining the flow-cytometric determination of rela-
tive DNA distributions with the precise detection of organisms
using rRNA-based species-specific probes (47). An alternative
approach consists of using cell cycle-related genes as indicators
of population growth rates (24, 25, 32, 37). The species-specific
detection of a cell cycle-related gene and its concomitant quan-
tification will, potentially, allow the determination of precise in
situ growth rates of Alexandrium and other harmful algal
bloom species in the future.

DD and STX biosynthesis in 4. fundyense. Biosynthetic path-
ways can be regulated at many different levels. Expression of a
specific enzyme can be regulated at the transcriptional level,
through the induction or suppression of gene transcription
itself, or at the pretranslational level, which includes mRNA
editing, regulation of translation, and posttranslational mech-
anisms such as protein maturation and enzyme inhibition. Lit-
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tle is known about the regulation of STX biosynthesis in
dinoflagellates. Enhancement and inhibition of toxigenesis
have been shown under various environmental conditions (5, 7,
16). Toxin content and variations in generation time or the
length of the cell cycle have been suggested to be correlated
(5). More recently, STX biosynthesis has also been shown to be
coupled to the G, phase of the cell cycle (52). All this evidence
led us to the hypothesis that STX biosynthesis might be regu-
lated in a cell cycle-dependent manner.

Many cell cycle-dependent genes are known to be transcrip-
tionally regulated in eukaryotes (8, 36). Based on this and our
ability to synchronize cultures of A. fundyense, we set out to
identify genes regulated in patterns that correlated with epi-
sodes of toxin accumulation during the early part of the G,
phase of the cell cyzle. Out of the three genes we isolated, only
one might bear some correlation to STX biosynthesis. The
enzyme S-adenosylhomocysteine hydrolase regulates the sup-
ply of methylating units, SAM, in the cell and hence affects not
just the methylation step in STX biosynthesis but also other
methyl-dependent pathways in the cells. No genes with un-
known functions were isolated in this study.

In the future, alternative approaches to the identification of
genes related to toxigenesis could include the comparative
analysis by DD of cells growing under different physiological
conditions, such as phosphorus limitation or increased arginine
supply, that are known to induce toxin accumulation in Alex-
andrium (5).

Genetic regulation in A. fundyense. Few data on genetic
regulation in dinoflagellates exist. The best-studied system is
the regulation of luciferin binding protein (LBP) in Gonyaulax
polyedra (29, 31). The synthesis of LBP is under circadian
control, and its corresponding mRNA is present throughout
the cell cycle. Translation is repressed in the presence of a
protein that binds specifically to a 3'-untranslated region of the
mRNA. The regulation of two other families of proteins, the
peridinin chlorophyll a binding proteins and the chlorophyll a
to ¢ binding proteins, has been studied at a physiological level
similar to that at which STX production has been studied (20,
22, 53). The activation pattern of the cell cycle regulatory
protein CDC2 kinase has been characterized in Gambierdicus
toxicus (56). CDC2 kinase is constitutively expressed through-
out the cell cycle and is activated only in mitotic cells. Evidence
for the presence of this ubiquitous regulator of cell cycle pro-
gression in eukaryotes has also been gathered with C. cohnii
(42).

The common denominator to all the previous systems is
translational regulation. In this study we show for the first time
that a large component of transcriptional or pretranslational
regulation does indeed occur in dinoflagellates. Previous re-
ports had suggested the possibility that translational mecha-
nisms could be the primary means of circadian regulation in
these organisms (30). We have not only shown the induction
and suppression of the three genes described here, but also
observed transcriptional or pretranslational regulation of
about 20 other genes with various DD patterns (Table 1). A
complete picture of the importance of transcriptional regula-
tion will only be achieved by the introduction of such global
observation technologies as DNA chip expression profiling to
the study of dinoflagellate regulation.

DD and dinoflagellates. This study illustrates the potential
of applying DD to the identification of transcriptionally regu-
lated genes in dinoflagellates and other phytoplankton. Many
of these organisms cannot be cultivated or, when finally culti-
vated, do not produce enough material for traditional molec-
ular studies. This is not a problem with DD due to the ampli-
fication step inherent to the method. DD is also a useful way to
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identify gene function in organisms where mutant isolation is
not feasible. In this study, we adapted DD to the analysis of
different cell cycle stages in Alexandrium. Other applications
include the study of different life cycle stages of phytoplankton
and the isolation of specific genes induced by environmental
stresses. Examples for these applications on higher eukaryotes
already exist in the literature. Sexual-stage-specific mRNAs
have been isolated in Eimeria bovis, a parasitic protozoan, and
genes involved in the different steps of hematopoiesis have
been identified in mice (2, 15). Tissue-specific markers have
been observed in the rhodophyte Porphyra perforata (19).
Genes induced by ozone stress in Arabidopsis thaliana and
genes induced by phosphate depletion in rat kidney have been
isolated (11, 48).

In conclusion, transcriptional or pretranslational regulation
of gene expression in dinoflagellates can no longer be ignored,
as demonstrated by the identification of over 20 different gene
products in A. fundyense that are differentially expressed over
the cell cycle of the organism. We have further shown the
potential to use DD to look for mechanisms that could under-
lie cell cycle control or the regulation of STX biosynthesis.
Finally, this study has also documented the potential of apply-
ing DD to the identification of genes that are related to certain
physiological or developmental processes in phytoplankton.
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