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 ANALYSIS OF TOXIC AND NON-TOXIC ALEXANDRIUM
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v, ABSTRACT
Sequences of small subunit ( Ss) and large subunit (Ls) ribosomal

RNA genes (rDNA) from the marine dinoflagellates Alexandrium
.. lamarense, A. catenella, A. fupdyense, A. affine, A. minutum, A.
. lusitanicum and A, andersoni were compared to assess the organisms’

- relationships. Cultures represent isolates from North America, Western
- ‘Europe, Thailand, Japan, Australia and the ballast water of several cargo
. vessels, and include both toxic and non-toxic strains. An emphasis was

' placed on the A. tamarense/catenella/fundyense "species complex,” a group

o - of morphotypxcally-sxmxlar orgamsms found in many reglons of the world.

“Two dxstmct SstRNA genes, termed the "A gene” and the "B gene,"

X ‘were found in a toxic A. fundvense isolated from eastern North America.
~ The B gene is considered to be a pseudogene. A restriction fragment
. . length polymorphism (RFLP) assay developed to detect the A and B genes
' revealed five distinct groups of Alexandrium isolates. Three subdivide the

- A tamarense/catenella/fundyense complex, but do not correlate with

morphospecies designations. The two remaining groups are associated with
cultures that clearly differ morphologically from the A. tamarense/ '
ga:gn;ﬂ_a/iu_g_dmgg group: the fourth group consists of A. affine isolates,
and the fifth group is represented by A. minutum, A. lusitanicum and A.
andersoni. The B gene was only found in A. mmgm;/ggzg_g;ﬂa/
fundyanse, but not in all members of this species complex. The B gene is

- not uniformly distributed among global populations of Alexandrum. All
A. tamarense/catenella/fundyense isolates from North America harbor this
gene, but it has also been found in some A. tamarense from scattered =
locations in Japan, as well as in A. tamarense from the ballast water of one
cargo vessel which was on a defined run from Japan to Australia. The B
gene may be endemic to North American populations of A. tamarense/
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o gg;;ng_l_g/ﬁmdlcmg It is péssible that in the recent past North American
“A. tamarense were introduced to Japancse waters, and cysts of these
~organisms have been tmnsported from Japan to Austraha

A subset of molates examined using the the RFLP assay were also
compared by cloning and sequencing a fragment of their LsrDNA. Eight

- major classes of LstDNA sequences, termed “ribotypes,” were identified.
Five ribotypes subdivide members of the A. tamarense/catenella/fundvense
- complex; all isolates containing the B gene cluster as one ribotype. The
. three remaining ribotypes are typified by: 1) A. affine; 2) A. miputum and
© A Insitanicum; and, 3) A. andersoni. LsrDNAs from A. minutum and A.
- lusitanicum are indistinguishable. A. minutum/lusitanicum/andersoni may
- represent another Alexandrium species complex, analogous to the A.

" tamarense/catenella/fundvense group. An organisms’ ability to produce

toxin appears to be correlated with its LstDNA phylogenetic lineage.

- Ribotypes ascribed by the LsrtDNA sequences are in complete agreement
* with, and cfier a finer-scale resolution of, groups defined by SstDNA
- restriction pa‘tems The SstDNA RFLP groups and LerNA nbotypes are

useful specxeSo and populauon specxﬁc markexs

Alcmdnum mmmnidsamglla/fmﬁm: exist as geneucany-
distinct “strains” (populations), not three genetically-distinct species:

representatives collected from the same geographic region appear the most
similar, regardless of morphotype, whereas those from geographically-

‘separated populations are more divergent even when the same

morphospecies are compared. Contrury to this general pattern, A.
tamarense/catenella from Japan were found to be exceptionally
heterogencous. Ballast water samples show that viable cysts (resting
spores) of toxigenic A. tamarense/catenella are being discharged into
Australian ports from multiple, genetically-distinct source populaticns.

. The rDNA sequences were also used to test theories accounting for
the evolution and global dispersal of A. tamarense/catenella/fundyense.
Results suggest a monophyletic radiation of these organisms from a
common ancestor that included, or gave rise to, multiple morphotypes.
Populations apgear to have diverged as a result of vicariance (geographic
isolation). The co-occurrence of genetically-distinct strains of these
organisms is an indication of dispersal. An example of this is seen in Japan
where an introduction of North American A. tamarense appears likely.
Determining the timing of dispersal events is problematic if based strictly
on rDNA sequence similarities, since these molecules undergo change on a
scale of millions of years. Thesis Supervisor: Donald M. Anderson
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Throughout the world's oceans, thousands of spec:cs of '

| -’phytoplankton form the base of the marine food cham Among thcsc

are 2 few dozen which are harmful to mankind. The negative

impacts of their "blooms" (sometimes called "red ndes) are

extraordinarily diverse, ranging from public health threats due to

toxic fish or shellfish, to destruction of marine life and sigmficant ’

. economic loss. In recent times, the list of known, hmnful

phytoplankton species has grown, new phytop!ankton toxms bave ;
been discovered, and the frequency of harmful blooms and thcxr
geographic range appears to be expanding (Anderson 1989, Smayda
1990). Part of the difficulty in understanding the relationships
between toxic and non-toxic phytoplankton species, their
mechanisms of toxigenesis, and their bloom dyntmics,}‘population

structure and apparent dispersal lies in the Iack of methods that

“allow for unambiguous identification of the species in quesnon

Studies of marine dinoflagellates of the genus Alexandrium
(formerly Protogonyaulax: Steidinger and Moestrup 1990) epitomize
this problem. Some, but not all, representatives of this diverse group
produce toxins responsible for paralytic shellfish poisoning, a
neurotoxic disorder that has caused human illness for centuries and
claimed hundreds of lives ( Quayle 1969, iNakash et al. 1971). Like
other harmful phytoplankton, toxigenic Am,uirmm appear to be
dispersing to regions of the world previously free of ti:ir presence
(Anderson 1989, Hallegraeff and Bolch 1991, 1992). In some U:ses,
populations of the same or similar species occur in different regions

of the world, yet little is known of their genetic affinities. These and
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f"othcr problems have brought A}mﬂmm spccxe; undt:r intense

. international scnnmy, wzth taxonomy. bxogeogrephy, and e!ncxdauon

of factors essennai for blocm formauon and toxigenesis among the
‘top rescarch pnonues AH of these themes share an abso!ute
teqmremen: for uncqmvoca! defimnon of the o, amsms inter- and
' intra-specific relanonshxps, and in each case w h ben:fit from

rapxd and sxmple assays to detcct A_Lq,undxmm spccxes?’or strains of

o spccxes, in culture or fieid samplcs Thxs thesis has grown from this

collective need: it represents a step towards the application of
molecular bxologxcal mcthods ag a means of identifying toxic and
non-toxic Alsmn_dmm specxes. and dehncatmg gioba!ly-d*smbuted

populanons

| At presem. Mn_dm{m taxonomy rchcs on detailed B o
dcscnpnons of the tnorphology of vegctanve cells and their zygouc
resting cystx (Taylcr 1984 1985 Ba!ech 1985 Balech and Tangen
1985).‘ Commual re- evaluatxon of thesc characters has altered the
gioup's generic and speczes ,gnncep:s, !eavmg a legacy of confusing
taxonomic designétibﬁs (Tayfor t§84 1935 Balech 1985, Steidingef
1990). A consensus to use the Alexandrium genus designation was
only reached in !989 (Stexdmgc:r and Moestrup 1990), howcvcr
specxes and “strain® (i.e., mb-speczes) cntcna commue to be a

subject of debate (Taytor 1985, 1550, Hallegraeff et al 1991). An
example of this centers on the "A. tamarense, A. catenella and A.




- W speéics complex.”!  All three specxcs are typxcally toxxc.

although their inherent toxicity can vary signifi candy (Maranda et al.
1985, Cembella et al. 1987). In fact, some isolates of A. tamarense
‘prodncc no toxin (Destombe et al. 1992), Taxonoxxiicf' authorities
N ‘agrec that A. tamarense, A. catenelia and A. mn_dy_:_nn_ are closely-
~related.  Their distinction as "species™ is based on ﬁne~scaie features _
.~ amidst a background of similar morphology (Balcch 1985 Balech and
Tangen 1985, Fukuyo 1985). Some authorities behey_e that these_ ’
morphological differences warrant the use of uniqué:specics o
assignments, while others argue that the morphological variants
represent strains, or "varieties,” of a single species (Balech 1985,
Fukuyo 1985, Taylo: 1985, Cembella and Taylor 1986, Cembella et al.
1987, 1988, Hayhome et al. 1989). The disagreemént"‘évct" ﬁne-ségle
taxonomic indicators inspifcd a search for & morpﬁblpgi’cally~
independent means of determining these speéies‘ ienéti# affinities.
: lsozyme elcctrophores:s. toxin composition ana!yses and cell |
reactivity towards monoclonal antibodies (Cembella et al. 1987,1
1988, Hayhome et al. 1989, Sako 1992, Sako et al. 1990, 1992) have
all been applicd to assess the different morphospecies’ relatedness.
- However, the conclusicns of these investigations are not consistent: in
some cases, groups defined by morphotype are the samé as those
defined by biochemical means (Sako et al. 1990, Sako 1992), but in
other cases they are not (Cembella and Taylor 1986; Cembclla et al.
1987, 1988; Hayhome et al 1989). Thus, results of sub-cellular

1 In the past, these species have been referred 10 as the "amarsasis group,” or
- "ramarensis/catenella complex;” throu ghout this text they are referred t0 as the
"mmarense/catenella/fundyense complex,” since all three are closely-relaed.
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charactenzanons used in an attempt to sctt!c the morpl:otaxonomxc

debate are in confhct, and the reianonshlp betwecn morphotype

: (the ensemble of genes respons:ble for morphology) and genotype

o remams obscure

| .‘sub-cellular charactcrs such as a!lozymes, toxin composmons, etc.)

Conclus:ons rcgaxﬂmg the vahduy of morphospec:es

2 dcsxgnauons, and the overall genetxc sxmﬂmty of A.tamarense/
e ;m.nsﬂa/innix‘n& seem S depend on the geographic origin of
B "”,‘vnsolates (Sako et al. 1990 Ccmbella et al 1988, Hayhome et al 1689).

v'Tlxe confus:on over morphotypc and its relanon to cells' subccllular

) chamctcnsncs may arise because geogr«phxcally separated

B popula xons of the same morphospecxes are genetxcally-dwcrgent

3 - That is, that gIobany—dnsmbmed populatxons may share a higher

- degree of morphologxcal similarity than bmchcmncal similarity. ~ An
| understandmg of and resolutxon to, the taxonomic controversy |

'thetefore -appears to requxre de :mtwn of geneuc re!atxonshxps
among g]obally-dxsmbu}r'd reprcsentauves of A.tamarense/

gm;_u_a/f_u_ngms_g In tum, quesuons concemmg these organisms'
dnspzzrsal should be approachab}e

Sequence analysis of vsmaﬁ ‘subunit (Ss) and férge subunit (Ls)
ribosomal RNA genes (rDNA) was undertaken in an effort to address
" these problems. Rxbosomal RNA and DNA sequences have been used
extensively as phylogenetic and taxonomic indicators (Olsen et al.
1986, Field et al. 1988, Sogin et al. 1986, Lenaers et al. 1988, 1989).
These genes are composcd‘of‘ “domains”™ which are both highly

conserved and kighly variable among all organisms (Gobel et al,,




3

N

“ 1987; Sogin and Gunderson 1987, Raue' et al. '1988, mtchdi.ct al
4_ 1984, Mitchot and Bachellerie 1987). The conserved and variable

| clements are valuable for both broad- and fine-scale taxonomic and
phylogenetic comparisons, respectively. Some of the fastest evolving
rDNA domains ("hypervariable regions”) have been employed as
species- and ev}le“n strain-specific markers (e.g., Gobel et al. 1987,
© McCutchan 1988, Qu et al. 1988, Stahl et al.1988, Guadet et al. 1989,
: ‘Gueho et al. 1989; Distel et al.,1991; Lenaers et al, 1991; Peterson
and Kurtzman, 1991, Rowan and Powers 1991). 'The demonstrated
utility of rDNA sequence analysis made this an attractive option for
attempting to delineate toxic and non-toxic Am_m_d_mm species and
populations. A further incentive was the potential of developing
rRNA/DNA-targeted probes as a rapid means of detecting these
organisms, either in an extracted nucleic acid formats or whole cell
hybridizations (e.g., Giovannoni et al. 1988, McCutchan et al. 1988,
Stahl et al. 1988, Delong et al., 1989, DeLong and Shah.y 1'990, Amann
et al. 1990 a and b, Distcl et al, 1991, Zarda ct al 1991).

Several different strategies were used to elucidate
Alexandrium rDNA sequences, each of which has its own advantages,
limitations and technical difficultics. Chapter 1 documents the first
attempt at determining thé complete SsrDNA sequence for a toxic,
eastern North American A. fupdyense. Surprisingly, this isolate was
found to harbor two distinct classes of SsTRNA genes, one of which
does not produce stable transcripts and is consideted to be a
pseudogene. Chapter 2 describes a restriction fragment length
polymorphism (RFLP) assay that was developed to screen Alexandrium

6




xsolates for the two c!asses of SsrRNA Renes, and repons on the utﬂxty of o

o Jrese markers as taxonomzc and blogeographrc mdxcators.‘ In Chapter 3
" quesnons of taxonomy and bmgeography were addressed m greater
R ,;_detail by sequencmg a frag,mem of LerNA from a dwerse collecnon '
| "" _‘:of Alg;_a_q_d_nym 1solates and by usmg the sequences to constmct a
S phylogenet:c tree. The LerNA sequences offer promxsmg targets for

‘*5—sgenus-, specxes- and stram-specrfic ohgonucieonde probes, thus, ‘

rapid- and hxghly spectfxc assays for a vanety of these orgamsms at
. T'yvanous ievels of taxonomlc orgamzatxon may now be m reach I ‘an
effort to place the f' ndmgs of Chapts 1- 3 m a sontext useful for |
o "'addressmg drspexsal hypotheses, a theorenca! evolutmnary B
| ['perspeenve for the A_ mgm/mw&w ccmplex is
- p:esented in Chapter 4 Fmally, a summary of dns work rs ngen in

‘Chapter 5 and consrderanons for fumre research are presemed m ,

S Chapter 6

G The quesnons that prompted\thxs mvesnganon}encqmpass
| ‘Am_an_dn_u_m taxonomy, pop\.latxon bxology, dnspersal and a need for
methods that allow rapxd and speclfic detecnon of ceﬂs in ccmplex
- field samples These same prob!ems are common to a host of
- harmful algal specres The expenmental approaches employed in
~this study should be apphcabie to many, if not all of these |

organisms.
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ABSTRACT

Two distinct small-subunit TRNA genes, termed the "A gene”
and "B gene,” were detected in a clonal isolate of the toxic
dinoflagellate, Alexandrium fundvense (Halim) Balech. The two
sequences, which occur in roughly a 1:1 ratio in PCR-amplified
material, differ at approximately 40 positions scattered _througﬁout
the length of the molecule. Transcripts of the B sequence‘ were not
detected in total RNA extracts from nutrient-replete and ammonium-
starved (sexually-induced) cultures or nutrieni-replete log-phase
cultures harvested at 2 h intervals over a complete circadian cycle.
Many of the position changes in the B gene deviate from universally-
and eukaryotic-conserved small-subunit fRNA sequences. In
contrast, the A gene is expressed under all culture conditions tested

and does not violate any conserved sequence positions. Thus, the B

sequence is not represented by stable transcripts, and is probably a
pseudogene. The B genc may serve as a useful marker for fine-scale

population and taxonomic analyses cf some Algxandrium species.

Key Index Words: Alexandrivm fundyense, red tide, PCR,
pseudogene, Pyrrophyta, smail-subunit rRNA,
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maﬂ‘subumt nbosomai RNA (SsrRNA) sequences arc wxdely 7
l".’f”wcepted for evaluatmg the evo!unenary histories of orgamsms
o K (Olsen et al !986 Sogin et al. 198% b, Field et al. 1988). Thesc
t}ffmo!ecn!cs have also been nsed as sp-,czcs- and even stram—specmc
matkets and consequcm!y appear to have potennal in addressmg

both popuiauon eco}ogy and f'me-scale taxonomic questions (e.g. w

._‘,};"fcobex et al. 1987, McCuichan et al. 1988, Stahl et al. 1988, Amann et

al 1990 sttcll et a} 1991). ‘While assessing the utility of nuclear

, {_; . SsrRNA gcue sequcnces (SerNAs} to delmeate popuiat:ons of v

A‘ "’*‘Yi_‘fﬁ’“closely.relatcd !oxzc dxnoﬁagellatzs, we dnscovcred sxgmﬁcam '

: vsethncc vanatwq bctween SerNAs fmm a clonal A]_g_ummm

bmdxgm_g (Hahm) Ba!ech cu!mre Thns vananon may provxde a |

'_f.}usefuf 100l for descnmmaimg between closcly~re!ated specxes or

i j_sﬁ'ains of Akmndmm

S 1_ Toxic dmcﬁagcnates of the geuus A},g;_zgmmgm are msponsxb!e |
o for paralync shelifish poisoning (PSP; "red tides”) along the
nonheastem coasts of the Umted Stazes and Canada, as well as other
temperste coastal waters throughout the world. These crganisms
~ pose an important prablcm in population biology and 1axonomy, as
 well as 2 serious economic and public health concern (Anderson
‘1989). An alarming trend in recent years has been the apparent
natural and human-assisted dispersal of toxic Alexandrium to
~ regions of the world previously free of their presence (Anderson
1989, Hallegraeff and Bolch 1991, 1992). However, techniques to
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unambiguously distinguish between populations of these organisms
are presently insuffcient to test specific dispersal theories.

i species are also the subject of an ohgoirig
taxonomic controvzrsy, and only recently has an international
agreement been x'gf*.a:hed on the appropriate genus designation
(Steidinger 1950, Steidinger a}and Moestrup 1990). Although the
confusion over genus name; appears to be over, there continue o be
‘concerns about species asiignmems (Taylor 1985). For example, in a
recent revision of Alexandrium taxonomy, the closely-related toxic
species A.tamarensc (Lebour) Balech, A. gm;n_;n_a‘(Whedon et
Kofoid) Balech and A. fundyense were distinguished on the basis of
fine-scale morphological features (Balech 1985, Balech and Tangen
'1985). Other authorities, however, believe these organisms
(commonly referred to as the “tamarensis group® or “tamarensis/
catenella complex”™) represent a single species complei comprised of
numerous biochemically-distinct varieties (Taylor 1985, Cembella
and Taylor 1986, Cemtella et al. 1987).

The disagreement o;cr fine-scale taxonomic indicators inspired
2 searc:; for additional biochemical and genetic markers that would
be useful in clarifying A_lgmminnm systematics. Detailed toxin
composition and enzyme electrophoretic studies, in conjunction with
traditional, morphologically-based taxonomic analyses, have all been
applied to assess the genetic similarity of AJexandrium isolates
(Maranda et al. 1985, Cembelia and Taylor 1986, Cembella et al.
1987, Hayhome ct al. 1939). Collectively, these markers represent
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(plex charac er ‘tates 'that are dcpendcm on thc coordmated

:-,exptesszon of multxpie gencS' equxtablc compansons of such

;charactets requ:re fastxdmus culnmng, harvestmg, preparauvc and ‘
,_anal"ncal*:procednres. Despxte such efforts populanon and '
taxonomic ‘:"Boundanes vmhm and betwccn Alexandrium species havez'yr
-remamed coarse. - 'rhns a: present, geneuc markers specxfic for manyf’;:'

\ams?fof A]_an_dnm are lackmg and there is dxsagreement over :‘

e!éuve xmpomnce of morphologxcallyobascd taxonomxc cmena.

state of the' orgamsm" nor the concomitant expression of other genes,

‘and therefore has many advantagcs over morphe!oglcal and _'; q

‘ biochemxcal smdxes conductcd prekusly Surprisingly, SerNAs ;
A ,;from a clona! toxxc. eastem North American A. fundyense (stram -
2 G:CA29 formerly &mmny_m}_aa tamarensis Taylor; Hayhome et al

19{1) amphfied usmg the polymerase chain reaction (PCR; Saiki et

L al.{.; 1988) ycontarmed two; distinct sequences. In contrast, the SsrDNA
s sequence recently reported for a nontoxic, western European A. |
‘ mm_u;mg (Destombe et al. 1992) includes only a single class of
génes. Here we dcscnbe zhe charactcnzanon of the two genes in A, | . *
:fm}_dmsg_ attempts to determine if both are expressed, their |
» relanansh:p to other known. functional SstTRNAs, and the implications

.v’,of _thxs fmdmg with rcgards to the use of rDNA sequences as genetic B
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and taxonomic markers for Alexandrium species. The use of these

genes in biogeographic studies will be presented elsewhere.

MATERIALS and METHODS

A culture of Alexandrium fundyense strain GtCA29, established
from a cyst isolated from Gulf of Maine sediments ~32 Km east of

Portsmouth, New Hampshire, was rendered clonal by isolation of a
single swimming cell. This culture was maintained as asexually
reproducing or "sexually induced” in f/2 or ammonia-encystment

medium, respectively, as described by Anderson et al. (1984).

RNA_isolation. All stock soluticns for RNA isolation were
prepared with DEPC-treated (Sigma) ddH20 using bakcd glassware
and disposable, pre-sterilized glass or plasticware. Where

appropriate, solutions were filtered and autoclaved.

Approximateiy 2L of a mid-late log culture (2-5,000 cells
mL-1) was concentrated on a 20 pum Nitex mesh, backwashed with
sterile sea water into a disposable 50mL centrifuge tube and briefly
spun to pellet the cells. The supernatant was removed by aspiration.
The cells were resuspended in ~10 mL of sterile sea water,
transferred into a disposable 15 mL centrifuge tube and pelleted
again. Supernatant was removed as before, and the tube was
immediately immersed in liquid nitrogen where it was stored until

further processing.
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The frozen cell pellet was allowed to thaw at toom temperature
bneﬂy, tesuspend in 5 5 - 6. O mL of freshly preparod gaanidine
1sothxocyanate lysxs buffer (5 M guanxdme 1sothaocyanate. 25 mM
NféCit pH 7.0; 25 mM EDTA, 25 mM EGTA, 0.5% sarkosyl, 2.0%
mercaptoethanol) placed m a t:mogen bomb (Parr Instrument Co)
that was then pressunzed to ~2 GGO psi for ~5 min. and released to
- atmosphenc pressure The resultmg lysate was collected into a fresh
1SmL dzsposable centnfuge tube and extracted three times with
pllenol ch!oroform (l l phenol equ:lxbrated wath 10mM Tris pH 8.0
K :;f‘and 01% nercaptoethanol), and once w;th chloroform 'Following the
: final extraction, the aqueous phase was transferred to baked Corex
| centnfuge tubes, and the. nucleic aexds were precxpxtated by the ,
addmon of 2.5 volumes of 100% EtOH, 1120 volume of 4M NH40Ac

(pH 5 O) and chtllmg at -70 °C for >1 h Precxpltates were collected

by" cenmfugatxon at 4°C for 20 min at !0%0 pm in a Beckman ‘
model 12 21 centnfuge fitted w1th a JA-ZO rotor. The supernatants
.’ : .iﬁiv'were dxscarded the pellets were bneﬂy ‘drained and then
- resuspended in 2 - 4 mL of DEPC-treated ddH0. Total RNA was
'r‘-‘i‘:’prec:pxtated by addmg LiCIz toa final concentration of 2M (Ausubel
’ et al, 1987) and leavmg the samples on 1ce overnight. The
precxpttated RNA was collected as above. The pellets were carefully
: t'iosed with chilled 2M LiCl), resuspended in a total volume of ~2mL
| of"DEPC-treated ddeO,;and precipitated once more using LiCl2 ag
" above. Precipitates were coliected again by centrifugation, and the
'RNA pellet was resuspended in ImL of DEPC-treated ddH20. An
aliquot of this was used for quantification (absorbence at 260 nm),

~and the remainder precipitated immediately (Ausubel et al., 1987).
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Precipitated RNA sémples were stored at -70°C until needed for
sequencing. For sequencing, an aliquot of the RNA precipitate was
transferred to a micr;cemﬁ.fugc tube, collected by centrifugation,
~and, resuspended in DEPC-treated ddH20 to a final concentration of

Vi
~ling mL-1.

D’iA__e_mgg_(j_qg Approximately 50 ml. of a mid-log culture
»( / 000 -3,000 cells mL-1) was briefly centrifuged to peliet the cells.
/ The supernatant was discarded. The cell pellet was resuspended in
2.0 mL of STE (10mM NaCl, 10mM Tris HCL pH 7.5, 1mM EDTA pH
8.0) and disrupted in a French pressure cell. SDS was added to a
final concentration of 1%, and the resulting solution was extracted
twice with phenol equilibrated with STE, once with STE-saturatcd
phenol:chlorcform:isoamyl alcohol (PCI; 24:24:1) and once with
chlorofoerm:isoamyl alcohol (CI; 24:1). DNA was precipitated by the
addition of two volumes of EtOH and 1/10 volume of 3M NaOAc,
followed by incubation at -209C for > 2 h. The precipitate was
collected by centrifugation, rinsed with 80% EtOH, spun again, and
resuspended in 200 pL of LT ( 10 mM Tris HCL pH 7.5, 10 rpM NaCL,
0.5 mM EDTA pH 8.0). The concentration of the DNA was'\';letemined
by diluting an aliquot of the resuspended material and reading its

absorbence at 260 nm (Ausubel et al. 1987).

PCR_amplification of SsrDNA. Universal eukaryotic primers

containing polylinker restriction sites (Medlin et al. 1988) were used
to amplify full-length SstDNAs (Sogin 1590) with 30 cycles of a

Perkin-Elmer Cetus DNA Thermal Cycler set as follows: 2 min
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. k_,dcnaturanon at 94 32 min ramp to 37°C 2 min_primer

| 37°C 3 min ramp to 72°C and 6 mm extensxon at 72°C Thrce
'-rcphcate 100 uL amphf’ cauon rcacnons wcre conducted m parallel

v nsmg lng, 10 ng and 100 ng, rcspecnvely, of A ﬁlﬂd:z:n gﬁnormc

" DNA. PCR products were subjected to agarosc gcl clccu'ophorcsxs. f .
" “ampli ficauons usmg IOng and IOOng of genomrc DNA yrelded the
- best product Products from each rephcate amphf‘ catxon were l _

. punfied by exrractmg oncc wr:h an equal volumc of STE P: C I and

e once with C I Afterwards, they were conccntratcd by EtOH ,
"'precrprtanon and resuspended m 10 uL LT The concentranon of N

‘ SerNAs in each rephcate was determmed by dxluung an ahquot of

o :the matenal and teadmg 1ts absorbence at 260 nm

SR W Punfied concemrated products from two
g A_ PCR amptrficatrorr reay n‘o‘rrs were mtxcd, dxgcsted wrth B_am HI and
" Sal T (New England Bzolabc) and ngated mto B_am Hllg_al I-cut o

L i’rephcanve forms of M13 mp18 and M13 mp19 bactenophage

| -‘_(Messmg, 1983) as descnbed by Medlm et al. (1988) Indrvrdual

: "chones were subsequently grown and screened by agarose ge!

elcctrophoresls for the presence of a correctly sized insert; 22 mp18 |
“ {(coding strand) and 24 mpI9 (nonocodmg strand) posmvc (msert-

- comammg) clones werc rdennfied

Ww The population of PCR
products was sampled by infecting E. coli (JM109) with a mixture of
all positive mp18 or mp19 phage. Single stranded, "pooled” mpl8‘

and mpl9 templates (ie. mixiures of all mpl8 or mpl9
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recombinants, respectively) were isolated as described by Messing
(1983). For analysis of individual clones, templates were prepared

separately from four clones in mpl8 and four clones in mplS.

Sequencing of SstDNA. All sequencing reactions were carried
out using modified T7 polymerase (Pharmacia or USB sequenase V
2.0) with dATP [0355] label (Amersham) and dideoxy chain

termination (Sanger and Coulson 1975). Coding and non-coding

strands of the amplified, cloned SsTDNA products were sequenced in

their entirety using a series of primers complementary to conserved .

sites in the molecule (Elwood et al. 1985).

Sequencing of SstRNA. Primers complementary to conserved
regions at Dictyostelium discoideum nucleotide positions 1139-1125
and 906-892 (Sogin and Gunderson 1987) were end-labelled with
ATP [735S] (Amersham; Ausubel et al. 1987) and used to sequence
(Lenaers et al. 1991) a portion of the SsrRNA which encompasses

multiple nucleotide differences in the A and B genes.
RESULTS

PCR amplification of SstDNAs frorﬁ A. fnn_dy_:m_;_ (GtCA29)
yielded a product of approximately 1800 nucleotides. Individual
SstDNA clones were combined, and the resultant "pool™ was
sequenced, permitting assessmcnt of genomic heterogeneity and
potential errors introduced during early rounds of the PCR reaction

(Medlin et al. 1988). This analysis revealed both sequence
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ambrgumes and length beterogenemes rn the cloned SerNAu;PCR

products. The length dxfferences obscurcd the ‘:pooled :clone e

sequencmg iadders, makmg n xmpossrble to resolve pomos:, of the
sequence. Therefore, 8' xndxvxdual SerNA clones “ each of the

°°6m5 a“d “°“‘°°dmg‘:‘; strands)fi_ were. .4aenced separately in order'" o

to{ charactcnze regrons of he ~zogenerty Sequences obtaxned from

dxffereaces in the cloned SerNAs.‘ Two drsunct classes of genes were_" '

xdennfied and termed ftne "AA"‘ ‘genc"(1802 base paxrs) and "B gene
(1800 base pau's) The sequences drffer by 13 transmons, 24 '

i transversxons 2 smgle base pa:r deletxons and 1 srngle base palr |
‘nsernon. 32 of these dxfferences were unambrguously 1dentrfied by
the”analysrs of mdzvrdua! SerNA clones (posrtrons:'l'l72-1300)

remammg 8 heterogenemes occurred m regrons“ that were not
1 ‘ "Iones (Frg 1) L

"_,'Thc "A gene and "B gcne cxlst as a “famxly of sequences m '

the PCR products, each wnh rts own mtrafam:ly vanauans

"-:'However, sequences wrthrn erther the:) "A gene. farmly or "B gene

: famxly are nearly xdenncal (>99% sumlar) For srmpzhcrty, the terms

A gene (or "A sequence ) and "B gene (or "B sequence") are used
"_throughout the remamder of thrs amcle as a deszgnanon of the "A
| gene famrly" "B gene famrly , respectrvely | "A gene cloncs included
molecules that differ at 6 posmons 4 transruons, 2 nansversxon);
l‘ 'gene clones” included molecu_les ‘that also differ at 6 posrtions 4

a transitions, 2 transversion). The substitutions within the A and B
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genes have not been reported in Fig. 1 since they are represented by
only a single SstDNA clene and are not corroborated by other

sequence data (cf., Scholin, 1592).

In order to determine if both genes encode stable transcripts, total

RNA was isolated frcm mid-log cultures that were grown under both

nutrient replete (asexually reproducing) and ammorium starved ("sexually

induced;” Anderson et al. 1984) conditions. RNA was alsd exfractcd from a
nutrient replete, log-phase culture at 2 h intervals over & complete
circadian cycle. Reverse transcriptase (RTase) sequencing of a portion of
the SstRNAs known to contain multiple differences between the (wo genes
revealed that transcripts of the A gene were clearly present in all samples.
In contrast, there is no evidence for the presence of B gene transcripts (Fig.
2).

Figure 2 illustrates the identification of SsrRNAs by RTase sequencing.
If wanscripts of the A and B genes were both present in ccllular RNA, a G/U
ambiguity would appear at position 574 and the single base deletion at
position 920 wou!ld cause a single base shift for some fraction of the
sequencing ladder above the position where it occurs in the autoradiograph.
By both criteria, there is no evidence for B gene transcripts; over-exposing
the autoradiograph aiso failed to reveal any trace amounts of B gene
SstfRNAs (data not shown).

further analysis of the A and B sequences was undertaken by
comparing them to 131 eukaryotic and 13 prokaryotic SsTRNAs
(Neefs et al. 1990). Of the 32 differences that were identified by
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_,sequencmg'mdxv:dua! A and B | gene ’cloncs. t!xe ma;oﬁ:y wm at e

posmons that are not vanable m fun..nonal SsrRNAs 7 occnrred at o
'umvtrsally-conserwd mes. 3 occnrred at posmons consenred among

'eukaryotes, 4 occumd at sttes ccnservad among dmoﬂagenatcs. |

'imong uveral dmoﬂagcnates (Amnm_dmmmgamu Hnlbzm. R .
Cxxmmmnimm& (Seligo) Chatten, memnmmmxm o

'_Ehrenberg), and 7 d:ffe:cnces occurred at evoluuouanly»vmable

i s:tesw D:screpancxes between thc A and B genes that vwlate

e f:'evolunonanly-conserved scqucnce posmons map excluswe!y to the B

I o dnsunct SsrRNA vgenes, named thc A gene and "B gm

: "(Fig l). have been idcnuﬁcd oy scquencmz PCR-amphﬁed SerNAs )

) }_{'_:;from a clonal culaxm of A. [nmm ’ﬂmse two sequences arc ~
. 97% identical. In tddinon, the A and B gcnes werc esnmated to be

, : prescnt in an approxxmatc! / 1:1 mio in the PCR~amphﬁed cloned

: Ss:DNAs

We xmtxaﬂy consxdered the possxbxhty that A, mw
: (GtCAZ‘?) was not a true clonc, but in fact was a mixture of two

Lewo of the mdmduan{ ne clones each contain one transition at different
positions in the molecule, and both of se substitutions dg deviate from universally-
- conserved positions. Because these substitutions are represented by single clones and not
éucgs;?nm;:;gz t; y other scqwcnce dma. we suspccx they are PCR or clonmg artifacts (cf.
in, :
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Fig. 2. Sequencing gel of SstTRNAs from total RNA extracts of
A. fundyense (GtCA29), with a cnmparison to known A and B
SsrDNA gene sequences. Numbers indicate nucleotide positions in
the A gene (Fig. 1). The complement of specific nucleotide
termination reactions are indicated above each lane. "N" represents

© no ddNTP addition. Arrows indicate differences between the A and

B genes and the identity of that position in the expressed SstRNAs.
"*" indicates a single base dJeletion within the B gene. The single-
base deletion (position 920) occurrs at an evolutionarily-variable
position. The G/T transversicn (position 974) cccurrs ata
universally-conserved position (Fig. 1). :
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disﬁnct A]_;z;mg_ng_m isolates. If this were the case, the cplture
would contain both A and B SsrDNAs transcripts. However, it
contained only A gene transcripts (Fig. 2J. Thus, it was highly
unlikely that the two, distinct SstDNAs cloned from A. fundyense
originated from a mixed culture. Two lines of reasoning then led us
o speculate that the B gene might be expressed under more
specialized circumstances. First, the apicomplexan Plasmodjum
berghei is known to carry two SsrRNA genes ‘that are differentially
expressed over the ccurse of its life cycle (Gunderson et al. 1987),
and dinoflagellate SsTRNAs do share a unique, common evolutionary
history with apicomplexans (Gajadhar et al. 1991) . We suspected
that an analogous switch in gene expression might occur in A.
fundyense as it progressed through a developmental cycle, perhaps
associated with the induction of sexuality. Second, since
dinoflagellates arc known to exhibit strong circadian rhythms in total
RNA synthesis and translational regulation of a gene involved with
luminescence (Walz et al. 1983, Morse et al. 1989), we reasoned that
differential expression of the A and B genes might occur during the
light and dark phases of growth. However, B gene transcripts do not
appear in total cellular RNA in response to sexual induction (nitrogen
starvation; Anderson et al. 1984) or over the course of a circadian
cycle (data not shown). Consequently, it appears that the B gene is

either transcriptionally-inactive and/or encodes an unstable product.

The probable nature of the B gene became apparent when it
was compared to other SSIRNA sequences. Nucleotide substitutions

in the B gene, but not the A gene, violatec many highly-conserved
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sequeuces (Fig l) 2 The B genes devzanons from evolunonanly-

conserved motxfs are especxal!y sxgmﬁcam because these sequence

elements are consxdered essennal to the bas:c core strucmre of a

functzonal nbcsome (Raue et al 1988). The fact that the B sequence |

;f:va‘nes from these hxgh!y-conserved elements and that B gene ,‘ ’

transcnpts are apparently rare or absent in RNA exu'acts leads us to

conc!ude that the B sequence is a pseudogcne. o

. Two Imee ef evxdence suggest that the A and B genes are o
| ?presen: m approxxmately equal proportions in the PCR products. ‘
" First, sequence ambiguities observed in the pooied clone sequencmg
\:"_‘_,’__Iadders always appeared with nearly eqnal band mtensmes, |
l"mdrcanng that templates. harboring alternative nucleondes are
equally abundam._ Those ambxgumes charactenzed by sequencmg
single SerNA c!ones revealed that one of twe nucleoude alternanves
| ef_kjiwas mdeed conngnous with either the A or B sequence. Second of
‘ the 8 mdxvxdual clones sequenced, 5 are A genes and 3 are B genes, |
B suggestmg that the propemons of cloned A and B sequences are ﬂ

. roughly eqmvalem

| : The B sequence cannot result from PCR ar‘tifact‘for several
 reasons. First, if errors were being introduced rendomly boih genes
would be expected to show multiple deviations from evolutionarily-
conserved positions, yet the B gene alone displays this type of
variance.3 Second, both sequences have been reproducibly aihiplified

2,3 ¢f. footnote 1
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and detected by either restriction fragment polymorphism analysis
(RFLP; Scholin and Anderson 1992) or direct sequencing of the PCR
products (data not shown). Thus, the A and B genes must be present
in the extracted DNA from A. fundyense. Furthermore, they
- consistently 'appear in a near 1:1 ratio (Scholin and Anderson 1992)

~ as predicted from sejuencing peoled and individual SstDNA clones.

If the ratio of A and B genes in PCR products reflects their
abundance in the extracted DNA, then the two genes may be present
in near equal numbers within the A. fundvense genome. This,
however, raises an interesting question: why are so many copies of
an apparent pseudogene being maintained? One possibility is that
the B gene is perpetuated simply as a result of its linkage to other,

~ functional TRNA genes. Analyzing individual A and B gene tDNA
cistrons along with their respective promoter regions would be
useful in addressing this possibility. Viral or other insertional
elements in close proximity to the B sequence should not be
discounted as players in the B gene's transcriptional inactivity

and/or maintenance (Jakubczak et al. 1992).

\ Despite the fact that we cannot fully explain the origin and
Apparent abundance ‘of the B gene within A. fupdyense, it
lnonethclcss holds promise as a biogecgraphic and taxonomic marker
’for this group of organisms. If the B jene is a pseudogene and is no
*’i';“:mgcr under seiective pressure, then it is likely to be evolving
ﬁépidly. These features should make the B gene a very sensitive

marker for identifying and dicidnguishing between groups of
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| “‘r‘substantral resource that should be used in conjuncuon with
' .'j‘sequrncmg methods that utilize either PCR amplified SerNAs or
~therr correspondmg RNA :ranscnpts /'

",E Ari: :za-Carmona ..nd C. Bibeau for their assistance in cloning and

morphologrcally-srmxlar, ' but geographrca!lydrstmct. strams or
mecres of Algmadnm Thls supyosmon rs supponed by companng
the A and B genes to the SerNA sequence recently reported for a }'

f "“‘,"-toxrc, Westem European A um_amﬁg (Destombe et al. 1992) |
j'l'hc: A ;amm_se, SerNA 1s approxxmatcly 98% rdennca! to the A ‘
mm_y_emg_ A gene and. lacks' "B hke homology In addmon, we have |
’ind‘pendenﬂy examrned PCR-amphﬁed SerNAs from the Westem
‘Eurcpean A xa_mmn_s_e usrng an RI' LP

'evrdence for presence of the B genc (Seholm and Anderson 1992)

-based assay and find no

-f-i“-‘vTherefore, both acnvely~expressed SsTRNA genes and the B gene

s appear to be rnforrnanve bxogeographrc and taxonomlc characters °f

Akzmﬂrmm spec:es

»The ﬁndmg of two small-subumt rRNA genes m A ﬁmd.uzm

nnderscores the nsk assocrated wrth usmg a smgle clone of a

t::_'multxgene famrly as m_g,_ representatrve sequence of an orgamsms "
-"genotype Mulnple cloncs must be pooled prior to' sequencing, or |
| v’rnchvrdually sequenced in order to assess the homogencxty of cloned -
| pr oducts and reduce the possrbllrty of obtammg artifactual data -
"~-"~”(Sogm 1990) In thrs regard the extensrve SstRNA data base is a

~ We thank D Ni Kulis for his help in cultunng A. fundyense, and

sequencmg of r!'ze rDNAs Thrs work was supported by grants from
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ABSTRACT

Two distinct small-subnnit ribosomal RNA genes (SstDNAs),
termed the "A gene” and "B gene,” were recently found in the toxic
dinoflagellate Alexandrium fundyense (Halim) Balech. A restriction
fragment length polymorphism (RFLP) assay was developed to
rapidly detect the A and B genetic markers. SsrDNAs from fifty eight
cultures with species designations of A. tamarense (Lebour) Balech,
A. catenella (Whedon et Kofoid) Balech, A. fundvense Balech, A.
affine (Fukuyo et Inoue) Balech, A. minutum Halim, A, mlumgu,m
Balech, and A. andersoni Balsch were screened. These cultures
represent isolates from North America. Western Europe, Thailand,
Japan, Australia, and the bailast water of several cargo ships. The
RFLP assay revealed five distinct groups among these isolates. Three
subdivide the “A. tamarenie/catsnelia/fundyancs species complex,”

. but do not correlate with morphospecies designations. The fourth

group consists of A. affine isolates. The fifth group is represented
by A. minutum, A. lusitanicum and A. andersoni.

The B gene was only found in Alexandrism tamarense. A.
gatenella and A. fundyense, but not in all members of this
closely-related group. Thus, there is no strict correlation
between the presence of the B sequence and morphospecies
designations. The B sequence is not essential for toxin
production, but those organisms harboring it are toxic. The B
gene is rot uniformly distributed amony global populations of
Alexandrium. All A tamarense, A catrnsiia and A, fundyense
isolates from MNorth America harbor this genc, but it has also
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gbeen found m some ﬁ_ mmam' frc-m scam:rcd lmauons m

© Japan, as wcil 33 lﬂ A. xamams. from the ballast water of one R

- 'f»v':,,::cargo vessel whxch was on a defined run from Japan to

g.';';‘;j;‘Austraha. The B gene may be endemxc to North Amcnc:m
» populations of A. 1amarense, A memn.a and A. ﬁm.dmsi ¥
sa, xt is possxble that in the mem past North American A.
_Mmaxm werc mzmduced to Japanese waters, }and a subset of
B thesc populatmns subsequently dispersed to Austraha. The B
. seqmnce may be usefu! for tracking ﬁns particular

| popuiations’ regional and/or global dxspersal.

‘ lwlms whxch do 5ot haxbm- the B sequcnce appear to
carry only a single class of small- subu-nt TRNA genes. ;
| f,ﬂ‘Howevcr. smce the enzymes used in the RFLP assay sample :
o tmly a small numbcr of bases in the A and B molecuhs it is
possible that other mmmm carry "B-like genes™ that have
not yet been detected. A more thorough search for thcsc
»mvlecu!es is necessary te establish the uniqueness of the B

xgeac and its apparent rmgm in Nonh America.
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INTRODUCTION

Marine dinoflagellates within the genus Alexandrium
(= Protogonyaulax Taylor; Steidinger and Moestrup 1990) include 2
number of species capable of producing pctent neurotoxins. These
toxins, typically referred to as paralytic shellfish poisons (PSP), can
accumulate in filter feeding shellfish and thereby pose a serious
health threat if consumed by humans (Prakash et al. 1971). Toxic
Alexandriuym are found in many regions of the world (Taylor 1984).
Compelling evidence from a number of investigators suggest that
these organisms have dispersed from source populations by both
natural (Anderson 1989, Hayhome et al.1939) and human-assisted
means (Anderson 1989, Hallegraeff et al. 1591, Hallegraeff and Bolch
1991, 1992). Because of the recognized dispersal and well-knowa
hazards of PSP, Alexandrinm species are receiving increased
international attention. Rapid and unequivccal identification of these
organisms has become one focal point of toxic dinoflagellate research.
Here we report on the application of molecular biological methods for
identifying strain-specific genetic markers in toxic and nontoxic
Alexandrium species, and the use of these markers for classifying
their globally-distributed populations.

At present, morphological characters are the primary means of
describing Alexandrium species (Balech 1985, Steidinger 199C). The
importance of morphological characters and their relationship to
species- and strain-level rlassifications continues to be a subject of

debate (Taylor 1990, 1985). Ap z:-mple centers on the toxigenic A.
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i'xammn&.A mm.u.a and A f.nndxmas. speczes complcx,

fvas vmenes or strams of ene specxes (Taylor 1985, Cembella et al

"-1988) chhemlcal characters snch as isozyme clcctrophorcnc A

'}1‘987) md cell surface antigens (Sako et al submitied) have been

Bl usedto discnmmatc betwecn isolates In some cases the bxochemzcal -

. | ,{lymarkers cortoborate morphotaxonomxc ¢lassifications (Sako et .al.
< 1990; Sako submmed), but in other cases they do not (Cembella and
" Taylor 1986; Cembella et nl \'087 1988; Hayhome et al 1989). As a

onii:hcanon 1s the fact that taxonomxc and bxogeographic case

.f'studxes to date have focussed pnmanly on rchonal rathek than

-:;j}glbbally-dxsmbuted populanons It thus seems posslb’a

":‘ff‘ithe coafusmn concemmg the vahdxty of specxes desx«max’ms may
o are genencally dxverg-nt %

Seqnence analysxs of genomic small-subunit (Ss) and large-

" could be used to classify populations of Amzmmmmmm;m A.
gam_ngna and A. fundyense, as well as other Alexandrium species

 (Destombe et al. 1992, Scholin and Anderson 1992, Scholin et al.
submitted). Se§ﬁences of fRNA and rDNA have been used |
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“morphotypxcaliy-sxmxlar orgamsms that some consider different " S
‘tspecies (eg Ba!ech 1985 Balech and Tangcn 1985) but others vxew :

‘pattems !Lemhella and Tayler 1986 Cembella et al. 1988 Hayhomc |
;e{ﬁ 1939 Saka et al. 1990), toxm ccmposmon proﬁ!cs (Cembeila et

,V,c‘onsequence, the relationshxp between morphotype aad bxochemxcal

or ;genetxc characters, mciudmg tox:cxty. remains obscum A further f

TR R 5 S
R »“have arxsen bccause d:ffetem populatmns of the same’ rﬂurphospccxcs )

| -:suhumt (Ls) ribosomal RNA (rRNA) genes (rfDNA) is one anethod that )




extensively to evaluate the evolutionary histories of organisms
(Clsen et al. 1986, Sogin et al. 1986, Field et al, 1988, Lenaers et al.,
1991) and have gained recogrition as species- and strain-specific
genetic markers (Gobel et al. 1987, McCutchan et al. 1988, Stahl et al.
1688, Amann et al. 1990, Distel et al. 1991). It was reasoned that
this well-established method might be useful in settling the dispute
over fine-scale Alexandrium taxonomic criteria and could help
elucidate the organisms’ global population structure. A unified
systematic scheme and classification of intraspecific genetic variation
should also provide the necessary references for testing dispersal

hypotheses.

A pre-requisite for all of these applications is acquiring,
compiling and analyzing sequences from representative Alexandrium
species collected from many locations throughout the world. As a
first step in creating such a data base, we sequenced SsrDNAs from a
clonal, toxic A. dem& isolated from eastern North America. This
analysis surprisingly revealed the existence of two distinct genes,
subsequently named the "A gene” and the "B gene” (Scholin et al.
submitted). Further study of these moclecules suggested that the B
sequence is a pseudogene (i.c., is non-functional). Because the A and
B gene sequences vary little from each other (~40 positions out of
1800), it is possible that divergence occurred relatively recently.
This raised the interesting possibility that the B gene could be
indicative of a specific population of A. fundyense. However, the
labor involved in identifying and documenting these two sequences

using cloning and sequencing protocols made the prospects of
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e exammmg a largc numbcr 'of culmres for thc same gcncs dxfﬁcult to

A resmctxon fragment Icugth polymorphxsm (RFLP) assay,
termed the "AIB gcno rcstnct:on tcst, was thcrefore dcveloped to
expedne thc scrcenmg procedure. RFLP assays are a convenient
| means of rapndly determmmg sequcnce heterogeneaty among defined
‘., 'DNA molecu!cs. Bccause of the ease of applying the technique, its
) cost effecuvcness and potcntxal for revealmg hxghly specific groups
of orgamsms these assays have becn used extensively in taxonomic
and ecologzcal s:udles, as welI as m forensxc science (eg. Curran et al.
1985, Wetton et al. 1987, Goff and Coleman 1988, Moody 1989, Levy
: et aI 1991 Rowan ard Powcrs 1991) The A/B gene rcstnctxon test
allows for rapxd detecnon of the A and B geactic markers usxng |

speclf' ic endonumeases which dxscnmmate nucleoude dxfferences

between the A and B gene sequences.' In this report we describe the S

‘ deve!opment of the RFLP assay, us application to variety of
Alexandrium spccnes collected from diverse regmns of the world and
- its utxhty for delmeanng specxfic populatlons of some of these )

- organisms. In the vfollowmg compamon paper (Scholin et al.
submitted manuscript), results of the RFLP assay are compared to
detailed sequence analysis of a portion of the LstDNA from a subset

of the cultures examined herein.
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MATERIALS and METHODS

Culturing
<

Cultures used in this study are listed in Table 1; strain and
species designations, isolation locale, and available toxicity
information are also presented. All were maintained in f/2 medium
as medified and described by Anderson et al. (1984). Cultures that :
were obtained from sources other than the Anderson lab are as |
follows: PWO0S, PW06, PI132, IP02, ACQHO1, ACGHO2 (S. Hail); Gony.#7
(A. White); Gt 429 (Provasoli-Guillard Culture Collection); Pzt 183
[North East Pacific Coast Culture collection (NEPCC 183]); PE1V, PE2V,
PAS5V and AL2V (1. Bravo); Gt Port (L. Provusoli); AM2 and AM3
(E. Erard-Le Denn); N 239 and N :‘520 [National Institute for
Eavironmental Studies (NIES-Collection, Japan)]; ND-I, OK875-1,
OF875-8, OF84423D3, WKS-1, WKS-3, WKS-8, CU-1 and CU-13
(M. Kodama); OF041, OF051, OF101 and TN9 (Y. Sako); ATIPO1,
ACPPO1, ACPP02, ACPP03, ACPP09, AMADO1, AMADOS, ATBBO1,
AABBO1/2, 172/21#2, 17272242, 172/21#4, ACJPO3, G. Crux, G. Hope
1 and G. Hope 2 (G. Hallegraeff). All strains listed in Table 1 are

currently maintained at the Woods Hole Oceanographic Institution.
Nucleic Acid Extraction

Approximately 10 - 15 mi of a mid-log culture were harvested
by gentle centrifugation, and the cell pellet resuspended in

approximately 200 pL of autoclaved Milli-Q water (Millipore Corp.) at
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room nemperamre ‘The cell slurry was transferred to 15 mL

stenle microce ntnfuge tube and adjusted to contam 1% SDS 10 mM

| "EDTA (pH 8. 0), 10 mM Tris HCI (pH 1.5) and 10 mM NaCl in a final

- volume of 250 uL Nuclexe aclds m thxs soluuon were punﬁed by
,extraetmg once w:th tns buffered phenol 2- 3 umes wnh -

| ‘phenol chloroform 1soamyl alcohol (PCI 24: 24 l) and once thh |
chloroform*xsoamyl alcohol (CI 241 Ausubel et al. 1987) Total

L nuelexc aexds were preexpxtated by the addmon of 2 volumes of ice-

cold lOO% ethanol and 1{10 volume 3 M NaOAc (pH 5 0), followed by
~ chilling at -20°C for at least 2 h. The preclpltate was collected by

'centnfuganon in a ehllled (~4°C) Sorvall mxcrofuge at ~12 000 xg for

-~ 15 mm, supematant was decanteé and the nuelexc acid peilet rmsed
, wnh 80% EtOH for at least 30 min at -20°C Aftel nnsmg, the |

| ) 'sample was spun agam, the EtOH wash removed the pellet bnefly
‘ 'au»dned and then resuspended in IO—SO uL of TE (10 mM Tns-HCl |

pH 7.5, 1 mM EDTA PH 80). The concentration of DNA was
determmed by dxlutmg an alanot and readmg its absorbence at
260nm (Ausubel et al. 1987) DNA samples were stored at ~20°C

until needed
Polymerase Chain Reaction (P‘CR)v Amplification of SstDNAs

Complete Ssvr\DNAse were amplified using the polymerase chain
reaction (PCR; Saiki et al. 1988) with universal eukaryotic primers
(Sogin 1990) using a Perkin Elmer Cetus DNA Thermal Cycler and
Perkin Elmer GeneAmp PCR Core Reagents as recommended by' the

manufacturers.  Amplifications were typically carried out as follows:

49




+++ 4+

R

LR R R R E R R T

*
+
*
+ <
+ +
+ +
+ +
+ +
+ 4+
+ -
+ +
+ +
+ +
+ +
+ +
+
+
+
+
+
+
+*

TOSH P90 RS 0 oV: ,Smpon

swsnpdsousAfod

VNQ3s§ Rinr]

A sk oouwsy ‘Aeg xepoly (qm) wermuw 'y Y | Soumiy
24 0K ouesAeq xiBpo (gg) weumu 'y ~z<_

"k K minuog (ga)wmononsm 'y uoqiy [Snwog | E
L S ureds ‘ofiaspeny (gp)wmoreensm Yy ATV m
ot s uredg ‘woren  (gy) wifo'y  Agvd e
ou  ou uredg ‘eoien (gm) swrmwwmy  Azaa | ™IS $
«O0u  ou ureds ‘wonen (gm) susmum Y Alad
ou  sA Wnypmowdly (1) Fwamwosy  g81IEL | NN
ou 4 VIN‘umisey (gm) vossapwo y oL
L s AN ‘voldqeg (gg) »swomwory  §ZI11D
saf e ND 'vouuD (ga) asuarumr 'y 9IND YD
4 ou ND ‘voisn (gg) »walpum/'y  IND¥)
w8 ou VI 'oowey (g3) sweowms'y  904dD
£ w4 VI 'yinowey (gg) Isuammumry 044D
£ ou VN 'SWQ (g3) MY dWND | eon g | o
s =74 VI ‘'wuy ode)y (ga) aswalpunf‘y ¢ZvDID o
sk ok yWkegyoumsd) (gg) suskpumfy 67y ID E
£ sA Apung jo Kkeg (gg) ssuadpunf 'y ( w4uon >
4 sk PUCTPUROJMIN  (gT) WA/ 'y pVANIY a
s oA PUCIPUTOIMIN  (g3) SM2mwinl Y EVANIY o
B4 =4 0uumE] I8 JoJinD (gg) FVAHpunS Y 10ISLY &
2 ou VO 'RAany uusINy (gg) WNFuamI Y 1108
L VA 'PUOS g (gg) opauamd 'y JHOOV
R ) VM ‘pues v, ‘gg) opavaw Yy IGHDOV .
o e STV "W Y) swadpunf 'y 0dl | PO°M
M s exseyy Y] stodiog (g, svMpS Y itid
£ L wpey Aowg uog (gg) -veowDry  90Md
4 s eysery ‘Auuog wod () M deowmr 'y SOM4

SONCL 7MY WWOUTUOIRI]  WONPRRTRIY - TS YOI NRNIS0D

Puo)

“(+.) POROPUI Ar8 2MMD 2D 20§ SAESSE J LRI Y JO SINSI PUE SINSUNIVIBY voredyndum Yod T WONIIsSy 2wl gy
VNGSS 1 Supsn pouaais Saano umipuoxaly Jo Airanxo} pus 3200} Uone|os) ‘suonsulisop sapsods ‘wIsqume urRag | AqvL

50




e

(2661 §otog pur grediafry) umooun

- . , - 7
e ea:u.&.w_.,.se.ﬁaasﬁas:_
pov (1o, umtied yonsnsar [y esq snopewous - (g, 5usl g pie y o jo s308onbas 2 1o pareq suaned tonans oy
S (e B tewonsaBip [ eq) pu iy osg) souoll oq pur °( g, YV sg) 28 g ap 'y, wonssBip | isg) 3u2B v oy jo onsLEmDRIYyD £18 YORALAR JO
A _ (a7 "R 99%) parsodiea wsy sodrey syonpond Y3 Jo souveand earworput (p
O Cusnoorssad Say ‘() VINOY JO UMY 200G UINMUOD Kw -, IPRUILEHGP 10U, SAEIPN  PU, Sisjkeus L 0/pus Kessaoiq ssaow Aq pauuiap (3
" (D) yensBagrery 0 puE (44) okexny A () wuaq 77-pasy H (gD 0aug 2 (W) 2188L, "W T (83) Y=o1vd | 10 v oy Fuyen 20) Aq pounuzpp W (q
S e : - . UOHIOGTIO0 ATNKND VORGPITY N'(J 94 W oen i Apwaams sSunsy] urens (¢

299 1577 Jo UBL0 - [ossaa jo pod Bune Mu
661 Yoiog pue yo:3s(rp]) mSuo pown
ONf SnOfRIOUR
101} FUOLBLA

@
)

~gPa0y 's ‘odvoyoures (HO)
g0y °s ‘oduoyoures (o)

yodeduis - (Ho)
2(S) weder wwiysey (4o)
‘8{(N) vedef ‘vmomp (HD)
- 9(N) ueder ‘veiompy (HO)
(N) vedsf ‘vesompy (HD)
- wewse), *Aeg flog  (HD)
. wueane] ‘Aeg fod (HO)
T VS ey uod (HO)

+ 4,,.4..9 + + +}

- o “Keg duyg vod (1)
0N *Keg dupyd w04 (HO)
;A *Keg dipyd wod (1HO)
A heg dynys wod - (HD)

o PUSIBYL IO SO (JX)
. 'wedug "wpUN SWLRH (JX)
7 wedsp ‘Keg oqeur), (4X)

- vedeg *Keg aquueL (J1)

= uedef "Aeg oeunjO (JA)
- ueder *Aeg oweunjO (A)
- wedep *Aeg owunj0 (44)
- wedef “feg olBumjQ (41)
o wedup ‘Aeg IO (JX)
. wedeq ‘Aeg ®pON (JA)
uedvef )QH SQUIYRH  (JA)

| RERRERRRERRRERRRRRRRRRRRRLLE
 BBBBEBIBBEBBBBEBBEBEIINRIIBecs

I S R R L.

VS ‘1A W04 (HD)

S pueiey o D (JA)

.. umdng ‘Keg oquus], (4X)

o uedef ‘Keg aqeue], (4X)
L wedsp *Aeg oreunjO (JA)

aTU2IDUD] Y T AOH ‘D
asurapwpy y  § 3oy D
pljauam 'y XN1) O
opvawd 'y - g0dIIY
asuapuy 'y 14 VfLLl

ISUIIDUDY Y Ut TUTLY

IRdUM Y T4 VUL

o "y J1088vVY
ssuduD) 'y - 10849LY
wmnut 'y 90AvWyY
“umnuw Yy [0QVINY

 wjppuApI Y 604DV |
- DjjNamI 'y . £0ddDV

oANDI Y TAAIV
oIy . 044DV
ssvamwm 'y EIND

- anfoy 1-nD
asvaiowD) Y SEIN
oIy goNml
R Ll A S T
HUIRUD) Y . SYM
eI "y 6-N.L
vl 'y 10140
UILINDY Y 1S040
-SUIIUD) Y 1$040
D) Y QETHYBAO

Huduo) 'y  §-€L840
WUIITWDL Y T-SLENO
1-GN
OUSN

ausoumy 'y
opnawI 'y

e
weyeq

THRWSS |,

pusjurw.

pueeyy, o

sfiunisny

ny

audef

1




el

4

denaturing at 929C - 1.5 min; cooling to 45-55°C - 30 sec; annealing
at 45 -550C - 1.5 min; warming to 72°C - 1.5 min; and, extension at
720C - 2.0 r;iin. This cycle was repeated 30 times with an auto

extension (5,;"scc/cyclc). PCR reactions for a given DNA preparation

“were done in duplicate or triplicate. Optimal, final concentrations of

primers were found to be 0.01 - 0.05 pM, (depending on the DNA
preparation used) using 3 mM MgCl) and 1 ng of total DNA ( when
necessary, dilutions of DNA were made in autoclaved Milli-Q water).
Following amplification, replicate reactions were pooled and purified
by extracting once with PCI and once with CI. The products were
concentrated by standard EtOH precipitation and resuspended in 10-
50 uL of TE (pH 7.3); 1 pL of this was run on an agarose gel and its
relative intensity compared to standards in order to determine an
approximate concentration (ng/uL). Amplified SstDNAs wefc stored

at -20°C until needed.
A/B Gene Restriction Test

Theoretical restriction maps of the A and B sequences (Scholin
et al.,, submitted) were generated using MacDNASIS Pro (v. 1.0;
Hitachi) DNA analysis software. The resultant cleavage sites of each
enzyme found to recognize one or both of the genes were then
compared to determine which enzymes would discriminate between

the two genes.

Bsa Al Bsrl, Hae 111, and Xba I were chosen for the RFLP
analysis of PCR-zmplified SsrDNAs. Approximateiy 50-100 ng of PCR
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product was digested wuh | each of the enzymes as directed by the |

mannfactnrer (New England onlabs) m 10-25 uL rcacnons for 1-3

Theorencal Restric'tion Maps of the A and B Genes B

" Computer-assxsted restncnon sne analysxs of the A and B

sequences resulted m the 1dennficauon of over lOO enzymes that o

\7

| \yould theoretxcally cleave at one or more locanons in one or both of
_};'the genes (data not shown) After mmal compansons, exghteen
f{,candldate enzymes were 1dentxf' ed that should d:fferennally

};,._i’;vrecogmze the two sequences, along thh two enzymes that ~were

" expected to cleave the genes at xdenncal locauons [Scholm Ph.D.
'\ -.thesxs(Appendxx B)]. “From tlus hst B_s_a AI Bsrl, HE_ m and Xb_al
were chosen to test the valldxty of the computer predxcuons (Fxgs. 1
:and 2a) oo : '
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Application of the A/B Gene Restriction Test

The suite of chosen enzymes was initially tested on PCK-
amplified SstDNAs from Algaanﬁmmfgm (strain GtCA29), the
isolats in which the A and B genes were first identified (Scholin et.al, :
submitted). This yielded products as predicted by the compﬁtcr' .
model (Fig. 2a; Fig. 2b-f, lane I). However, the PCR products also
contained a relatively small proportion of molecules that were |
~3008i) greater than the expected product of 1800bp [Fig. 2b, lane I; ,
occasionally the larger“band resolves into two fragments that are ;
~200bp and ~4C0bp gréater than the A and B genes (cf. Scholin and
Anderson, 1992)]. In addition, Bsa Al digestion gave rise to two

unpredicted, minor fragments (Fig. 2a; Fig. Zc, lane I).

SstDNAs from an additional fifty seven Alexandrium cultures
with species designations of A.tamarense, A. catenella, A. fundyense,
A. affice, A. minutum, A. lusitanicum, and A. andersoni were

'screened with the same suite of enzymes used in the pilot test.

These cultures include both toxic and non-toxic isolates from North
America, Western Europe, Thailand, Japan, Australia, and the ballast
water of several cargo ships (Table 1). The A/B gene restriction test
revealed five distinct clusters among these cultures. Representative
amplification and restriction patterns for each of the groups :
shown in Figs. 2b-f. Tabl; 2 presents a summary of these
characteristics, and their relationship to morphospecies designations,

toxicity determinations and geographic origins of the culturee.
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Figure 1. Composite restriction maps of the A and B genes o
showing the relative positions of cut sites for all endonucleases
‘used in the A/B restriction test (note the scattered locationof
recognition sequences). Restriction sites common to both

- genss are indicated by "*.* Numbers refer to the nuclectide

~ distal to the cleavage and are relative to the position in the A

gene. ﬂzebonomscalemfersmthelmgthoftheh gene

(1,802 base paxrs)
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Groups 15 Subd:v:s:ons of the A, mmjm A m‘u@aﬁd
mn.dy:_ns_: Specxes Complex

_%e ciosely-rexa:ed Alexandrium mmﬁumwmmﬁ
ies complex. an assembiage which mcludes “both toxxc and non-
Jxic rcpresentauves. ~ All share the predxctcd A gcne resmctxon |
X iern, but differ m the _presence or abscnce of the Inrger SerNA

- pixﬁcauoa products and whether or not they carry the B genc

X 2a; Figs. 2b-f, Ianes xm Table 2). Group 1is typried by

ates that dxsp!ay the larg:r amp;xficanon products and both the A
ahd B genes (Fig. Za Fxgs. 2b-f, lane I). Thxs mcludes all eastcrn
North Amencan A, tamarense, and A. mnd_u_m !apanese A |
nnzmm xsolated from Okerax and Noda Bays, and A mm;_ns_;

) solatcs wh:ch do not dxsp!ay the larger ampl:ﬁcauon products, but
;[{do,bubor the A and B genes (Fig. 2a; Figs. 2b-, Tane . Group I
‘t“tvncludes al! A, tamarense. A. catenclla and A. mnd,mug_ from
v}estem Nonh Amcnca ‘and several A. mmam from Ofunato Bay,
| apan. ‘Both Groups I and I dxsp!ay minor Bsa Al dxgcsuon products
f*"vnot prcdxctcd by the computer-generated restriction maps (Fig. 2a;
 ~_. Fxg Zc, lanes I-I1). Group III exhibits a restriction pattzm for the A
. ‘}'f‘-kenef ‘al‘bne, having neither the larger amplification products, nor the
' ~.'B‘ gen'e_' patterns, nor any unpredicted patterns (Fig. 2a;‘Figs. 2b-f,
 fane II). Group III encompasses A.tamarense and A. catenclla
- isolated from Western Europe, Japan, Australia and the ballast waer

' }g-_of three cargo vessels (Tab!es 1 and 2).
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‘Groug‘w IV: A. affine

Non-toxic Alexandrium affine from Spain Tasmania and
Thailand exhibit Hae III digestion products that are not predicted on
the basis of the known A and B sequences (Fig. 2a ; Fig 2e, lane IV).
This restriction pattern was designated "Hae(1)" (Tables 1 and 2).

The Hae(l) feature is the distinguishing characteristic of Group IV.
Group V: A. minutum, A. lusitanicum, and A. andersoni

The toxic Alexandrium minutum and A. lusitanicum, and non-
toxic A. andersonj also share unique restriction patterns that vary
from those prédicted on the basis of the known A and B gene
sequences. Each display both a Bsa Al and Hae Il RFLP, designated
"Bsa(1)" and "Hae(2),” respectively (Fig. 2a; Figs. 2 ¢ and 9; lane V;
Tables 1 and 2). The Bsa(l) and Hae(2) patterns were not obsérved
in SstDNA from any other isolates. When present, the Bsa(l) and
Hae(2) RFLPs always co-occurred and were used as the basis for the

Group V assignments.
DICUSSION

Results of the present study demonstrate that the A/B
restriction test is a rapid and effective means of determining
sequence heterogenzity among PCR-amplified SstDNAs from a
variety of Alexandrium species. The RFLP patterns indicate that the
A. tamarense/catenella/fundyense complex is composed of at least
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pthree‘ geneneaﬂy dxsnnct st:ams which do ‘not smctly correspond to ,
;:f;the three morphospecles dcsxgnanons Instead, it appears these
trains are representauve of geograph:cally-:solated popnlatxons.'

The RFLP analysxs also indicates that this large species eomplex is
,-_/d‘xsunct from A. affine, A. minutum, A. lusitanicum and A. and::.mx.
regardless of geographxc origin. The A/B resmctlon test funher y v
Zuﬁdmdes the laner group of species, with A. af_f_m_e_ bemg : g i
dlsungmshable from the A. mmmm/lxmmmsnmlangmm cluster S
A's' curremly defmed the RFLP sereemng procedure thus resotves .

| populatxons) ~ As additional enzymes are incorperated in the

f-‘e’screenmg procedure, resolution of the assay should xmprove

The A/B Gene Resn-ietieri Test

Sequencmg of the A and B genes is labor intensive and ‘ |
ljif'expensxve because it requires analysis of mulnple SstDNA clones to D
7 !;‘d»ocument both molecules and their respeetxve nucleotide dxfferences. e
" The prospects of sereemng a large number of 1solates for these

‘geneuc markers using conventional sequencing techniques is

" therefore daunting,'yet the A and B sequences clearly have the
g'ylpetemialv to be specif{e for a given population of toxigenic
Al_e_z_a_ng;mm A compromise approach was to create theoretical
 restriction maps of the known A and B sequences and identify
enzymes that could distinguish between the genes,“ thereby providing
7. .4 basis for their rapid detection. When both genes are present,

- enzymes which discriminate between the two sequences should give
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rise to restriction fragments whose sum is approximately twice (or at
least greater than) the size of the PCR-amplified SstDNAs. In
contrast, an enzyme which cleaves both genes in identical locations
will produce restriction fragments whose sum is equal to that of the
PCR product (Fig. 2a). The latter result is also expected when only a

single gene is present.

As a first step in testing the validity of the théoretical
restriction maps, Bsr I and Bsa Al were chosen to differentiate
between the A and B genes, respectively, in PCR-amplified SstDNAs
from a DNA preparation known to contain both sequences
(Alexandrium fundyense GtCA29). As a further test of the computer
predictions, Hae IIT and Xba I were also included because they are
expected to cleave both genes in identical locations and their |
restriction sites fall roughly between those of Bsrl and BsaAl (Fxg 1).
The results of the pilot test proved that the A and B genes can be
reproducibly amplified from the DNA preparation in which they
were originally found, that both sequences appear to be present in
rou};hly equal amounts (as predicted from previous sequence “
analyses; Scholin et al., submitted) and, with the exception of thc‘two
minor fragments seen in the Bsa Al digestion, the chosen enzymes'
predicted restriction maps are accurate. Both genes are visually easy

to detect with tl.e enzymes and gel conditions chosen.

The success of the pilot test suggested that the RFLP assay was
a viable means for rapidly determining if a particular isolate carried

the A and B genetic markers. Therefore, the same suite of enzymes
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.,Z\cultures with a vanety of species desxgnanons and :solatxon locales
"'Results of these tests revealed five dxstmct PCR ampleicauon and
: ;3 resmcuon pattems among the A]m_ng_:mm cultures. Several of the

' v',,groups dxsnnguxshmg features are based upon fortunous

Grou;)s III: Strains ’Ao}f
A mm:m -

Three dxstmct groups wnhm the Mﬂm;ﬂmmj
! ‘i"_:f"thelt SerNA charactensncs (Fig. 2a; Figs. ._b f, lanes I—IH Table 2

Groupsl m) (Al A tamarense, A.Q}.s:mllaandA ﬁmﬂlﬂm -
: exammed share :he predxcted A ger. restriction pattem The o

- f:mmary subdxvxsxon among t!ns jarge group stems from those
_ 1solates which carry the B gene (Groupa I and II) and those that do
o ;;not (Group m)

"Cultures harboring the -B gene are further distinguishable on
kthe”‘ba-sis of whether their SstDNA PCR producis include molecules
‘I‘arger’ than those expected (Group I) and those whose PCR products
appear homogeneous (Group II; Tables 1 and 2). | Initially, presence
or absence of the larger products was considered to be an artifact of
the PCR process. Repeated attempts to optimize the amplification

reactions failed to eliminate the apparently spurious molecules, but
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"fobservanons never predxcted dunng the concepuon of the restncnon f

g_aj_e_n_el_a/ﬁ_dxem complex can now be reco"mzed on the basxs of
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otherwise resuited m highly specific amplifications (Fig. 2b).
Preliminary analysis of the larger products strongly suggests they
are Alexandrium SsrDNAs that contain a repeated portion of the
small-sﬁbuni; gene in the 3' half of the sequence (Appendix B). The
distinction between Groups I and II is further supported by |
sequence analysis of a fragment of these isolates’ LstDNAs (Chapt. 3,

Appendix C).

A peculiar characteristic of the B sequence found in both
Groups 1 and II is that it appeared to comprise approximately half of
the PCR-amplified product. There was little-to-no variation in these
proportions. If the ratio of the PCR products reflects the relative
abundances of the genes in the extracted DNAs, then it is possible
that half of the ribosomal transcription units in these organisms
contain a B sequence. The mechanism responsible for maintaining
such a high/copy number of an apparent pseudogene remains a
mystery. Another consistent characteristic of PCR-amplified B genes
is the unpredicted (but minor) BsaAl digestion products. The minor
bands appear to originate from molecules which contain only one of
the two predicted B sequence BsaAl sites. Partial digestion of the B
gene is one explanation for the appearance of these minor products,
but increasing enzyme consentration and time of digestion does not
eliminate them (data not shown). Consequently, the minor bands
likely originate from chimeric molecules - SstDNAs which include a §'
portion of the A gene and 3' portion of the B gene, or 5' portion of the
B gene and 3" portion of the A gene. It is possible these chimeras are

generated during the PCR reaction by template strand switching
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1991), or '_represem a rmnorclass of Ser‘NA that e:v;is;fs_' _
The B Genes' " Reiaﬁonship- :to “Morph‘ospeeiesﬁwDesigﬁnaﬁons and Toxxcxty )
. There 1s vno stnct relanonshxp between SerNA RFLP group and o
Avtamarensoxd catenellold or fundyensoxd morphotypes. Both posmve
.and" negauve correlatxons between morphospec:es desxgnanons and o
5RFLP pattems are possxbie (Tabie 2). For example, OF041
P (Ammw and OF101 (A c.ax_en_e!.!.a) both from Japaﬂ- o L
y are members of Groups II and 111, respectively. Distinctions based 3
- on: morphotype and genotyp.." for these two 1solates are in

;_agreement.' However, WKS 1 (A mma:e_n_s_e_) and TN9 (A. ;_a_mng]la)
whxch are also from Japan, are both members of Group . In thlS

case there 1s no correlanon between morphotype and genotype

4 ﬂOthtr example of bozh posmve and negatwe correlauons between ‘

morphospecxes des:gnauons and RFLP pattems can be found among ‘
‘the’ ballast water xsolates 11724#1 ACJP03 and G. Hope 1: 11724#1
e (A'Lammss) and ACJPO3 A. mﬂm belong to Groups I and m o ]
| respectively; however, II’724#1 (A. tamarense) and G. Hope 1 (A. -“ i
"',”»‘tam_arerm.) are also members of Groups I and III, respectively. o -

I Thus, different populations of the various morphospecies can appearz :

geneucally srmxlar or dxvergent' the observed relationships in any

“ given companson depend,_on ‘the geographic origin of the cultures, as |
;well as the perticular strains chosen for analysis-(see Table 2). This
~'may explain why the eorrelation between morphology and o

- biochemical characteristics for different regional populations of

6‘5‘ .’
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A.tamarense, A. catenella and A. fundyvense have not been consistent
(Cembella and Taylor 1986; Cembella et al. 1987, 1988; Hayhome et

al 1989, Sako et al 1990). The latter con’élusion has been examined
in greater detail and is further substantiated by combining the RFLP
assay with detailed sequence analysis of a portion of the LstDNA
(Chapt. 3).

A possible explanation for the disparity between SstDNA RFLP
patterns and Alexandrium tamarerse/catenella/fundyense
morphospecies designations could be the fact that different
taxonomists classified the cultures. This is unlikely since examples of
positive and negative correlations between morphotype and RFLP
patterns can be found within groups of cultures examined by the
same taxonomist. In the examples cited above, the Japanese isolates
were classified by Fukuyo, and the ballast water isolates were
classified by Hallegraeff. The same same is found for isolates
examined by Balech (Tables 1 and 2). Therefore, agreements or
disagreements between morphology and SsrDNA RFLP group are not

a function of the taxonomist.

Another important conclusion from the A/B gene restriction
tests is that not all toxigenic Alexandrium camry the B sequence. This
holds true both within the closcly-related A. tamarense/catenella/
fundyense group, as well as the more distantly-related A. gffine, A.
Jusiianicum, and A. minutum_(Tables 1 and 2). Though the B gene is

not essential for toxin production, thus far all of those organisms
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| f;’whrh rharbor n are toxxc (Table 2\

'.inxerpretatxon of tbxs pattcrn awa:ts further study

ooy

Australxan. westem l:uropeau and the wz,akly toxxc isolate from

. ongmafed from specxﬁc blooms in Iapan (Table 1; Hallegraeff and

" }.‘_’“}Bo!ch 1992) remforoe our concl:rs on that Japanese populanons of A.

ballastcd in nashxma, Japan, carned 2 Group m A,. ;a;gngu;

Rxgorous assessmcm and

The B gene and minor amphﬁcanon products are not found_:'

, among all rsolates of A]Mum“m A andA
iundygnss (Tablo 2) eas'ern Nort'r Amcncan 1solutes belong to

e Group I Westem North Amencan 1solates belong to Group II; azrd

B ‘Tha:land arc wnhm Group III In contrast 1solatss from Japan were

* found "‘m"“g all_l% Tee groups. Ballast water rsolates beheved to have'v‘:ij_f'

e 'mm and A_ wgnsll.a are gencucal!y dxverse. one shxp ba!lastcd )

in Mm'oran, Iapan, contamcd Group I A, mm_amgg while a sccond

It 1s noteworthy that the SerNA RFLP pauems among

Al;nn_dnmramanm A. samﬂla and A. fundyense from e#stcm

\and westcm ‘North Amenra are so strongiy correlated with therr

zsolatmn locales (Table 2) It 13 possrble that Group Iand I

. charactcnsucs reflect gcnetrc markers mdrcauvc of eastern and

) western North Amencan regronal popu!auons, rcspcctxvely Equally

noteworthy is the fact that A. tamarense ‘and A. g,ajggﬁh_cultures
from Japan dxsplay such a variety of SstDNA srgnatures One

explanauon would be that mulnplc strams of these specxcs have
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been introduced to Japan from genetically distinct sou:"ce populations
in other regions of the world. If this is the case, then some |
contcmpor:iry Japanese Alexandrinm may be the descendants of
North American populations. In this context, it is of note that PSP
first became a problem in Japan in the late 1940's (Anraku, 1984).

The occurrence of Group 1 Alexandrium tamarsnse in the

ballast watcr-.;ftorr:‘ Muroran, Japan, is also of particular intcrest. This
- ship was on a defined run between Japan and Australia and

apparently has never been to North America (Hallegraeff, pers.
comm.), yet it contained A.tamarense that are "identical” to those in
eastern North America (see also Scholin et al., submitted manuscript).
Therefore, some North American strains of A.lamarense may have
not only been introduced to Japan, but possibly have been N
transported from Japan to Ausiralia. A more detailed discussicn of B  ," 
the B gene's relationship to toxic North American Alexandrium | I
populations and its usefulness for tracing particular strains'

movements throughout the globe is presented in Chapter 4.

The Alexandrium affine and the A. minutum/lusitanicum/andersoni
Groups

Isolates of Alexandrium affine, A. minutum, A. lositanicum and
A. andersoni were included in the A/B restriction tests because they
are considered to be taxonomically distinct from the A.tamarense/

catenella/fundyense complex.  Given the significant morphological
differences between the two complexes (Balech 1985, Balech and
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e vTangen 1985)* n is uot surpﬁsmg thax theu- SerNA seqzxeaces wou!d
: bc dlffemnt as w XI Tize. umqne H_m !II and Bja AI restriction :

patterns idcnnﬁcd are 2 reﬂwuon of tiazs dxvergence and
fonmmus!y madc it posmbie to subdi ide A. m& mipptom, A

, | m;;nnium and A_ m_dmgm mto tv'v d:ztxnct clusters, with A. m'
. being hepame from thc other a\.dcies (Figure 2, Table 2). There is no

‘ evxdence for mu!uple sma!!-subum: rRNA gencs mthm A. 3£ﬁnLA

mmnmn.& Lummsnmand&anmgm since the sum of the
restncuon producxs for each md:v:dual d:gest rough!y equals that of

the PCR pmducts. - S

Ser\iAs fmm Akmdnnmmm& hmxmuxn. and A,
andersoni all showed the Hae(2) and Bsa(l) RFLPs, parterms that
B constitute the Gmup V desxgnanon. Spccies within in Group V have
been szparated on the basxs of ﬁne-scalc morphoiog:cal variations
(Balech 1985). but :t xs been mggestcd that thrse may simply b»
| vmants of xhe same species (Hailegraeff pers. comm.). The
restnctxou enzymcs employed in thc A/B restriction tests support
Hallegraeff's contention. A. mxm&, lusitanicum, and A.
am}_us,am sbare common msmctson patterns, and thus are more
closely related to each ‘other than to A. affine or ‘members of the A.
'memm complex. However, more detailed
sequence analysis of large subunit rDNA is able to resolve possible
linkages within the = A, minrtum/lusitanicur/andersoni cluster, and
indicates that A. andersoni is distincly different from A, minutum/
- Insitanicum (C'hapt 3)
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The distinction between these organisms in Groups I - III with

those in Groups IV and V is consistent with current taxonomic
designations. That is, results of the RFLP assay aércc tlit the
Alexandrinm tamarense/catenella/fundyense group as a whole is
distinct from A. affine, A. minutum, A. lusitanicym and A. anderseni.
The further delineation between A. affine (Group IV} and A.
minutum, A. lusitanicum and A. andersoni (Group V) also agrees with

current morphotaxonomic designations.
Conclusions

These results clearly demonstrate that SsrDNAs are sufficiently
variable to separate closely-related Alexandrium species or
populations. The A/B gene restriction test is a technically simple
way to reveal these genetic differences. It should be possible to
move beyond the work presented here to devise highly specific tests
for defined groups of Alexandrium species and strains of single
species by increasing the number of enzymes or by obtaining
compleie SsrDNA sequences. The growing RFLP pattern and
sequence data bases could thus serve as genetic criteria for
characterizing isolates and pradicting their potential toxicity or
geographic origins. In addition, the elucidation of genetically-distinct
populations of A. tamarense. A. catenclia and A. fundyense begins to
shed light on the long standing controversy over correlations
between morphological and biochemical characteristics.  Further
definition of strain-specific markers should make retrospective

analyses of these debates possible,
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A limitation of the AIB gene restriction test as currently

| defined is that it samplcs only three of the forty known nucleotide
g ‘dxfferences bctwecn the two sequences. If the B genc is no longcr
under selective pressure it may be undergceiig rapld evolution; |
conscquently, further resolution ef sexually-isolated populauons that
} carry this sequence ("B‘ gene sub-groups”) is possible. It is _also
‘possible that isolates within Groups HI-V carry _}j?B-like' gencs" (i.e.,
other SstRNA pseuddgeneS) were not detected \:y the RFLP assay.
Estabhshmg the exxstence of "B gene sub-grouns” and "B like
sequences” are 1mportant areas of future research that must be
‘taken into account prior to makmg rigorous conclusions based on the

umqueness of the B gcne. Thxs can be approached by increasing

- the number ot‘ endonucleases used in the RFLP analysxs, or by

‘seqncncmg SstI)NAs from addmonal isolates.
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ABSTRACT L

A fragment of the large-subunit ribosomal RNA gene (LstDNA)
from the marine dinoflagellates Alexapdrium tamarense (Lebour)
Balech, A. gatenella (Whedon et Kofoid) Balech, A. fundvense Balech,
A. affine (Fukuyo et Inoue) Balech, A. minutum Halim, A. lusitapicum
Balech and A. andersoni Balech have been cloned and sequenced in
order to assess the organisms’ inter- and intraspecific relationships.
Cultures represent isolates from North America, Western Europe,
Thailand, Japan, Australia and the ballast water of several cargo
vessels, and include both toxic and non-toxic strains. Parsimony
analyses revealed eight majcr classes of sequences, or "ribotypes,”
indicative of both species- and strain-specific genetic markers. Five
ribotypes subdivide members of the "A. tamarense/catenelia/
fundvenss species complex,” but do not correlate with moiphospecics
designations; morphological features are less specific indicators é'f
these organisms’ relationships than are LstDNA sequences. However,
strains of A. tamarense/catenella/fundvense can be indicative of
particular regional populations: representatives collected from the
same geographic region appear the most similar, regardless of
morphotype, whereas those from geographically-separated
populations are more divergent even when the same morphospecies
are compared. Contrary to this general pattern, A.tamarense and A.
catenella from Japan were found to be exceptionally heterogeneous,
displaying sequences nearly identical to those of Australian, North
American and Western European isolates. This diversity, at least in

part, may stem from an introduction of A.tamarense to Japan from
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and A_ m_ﬂLanmm are mdxstmgmshablc, but dlf ex from both A

'erNA sequence analysis are in complete agreement thh

,ivpolymorphxsm (RFLP) assay of small-subumt rRNA genes (SerNAs), ;

us LerNA sequenccs are. finer-scale spccaes and populatlon

'md:cators. N i

_e!ectrophorenc and chemtaxonomzc charactensucs have resnltcd in

arc eqv.uvalent to thosc defined by bxochemxcal charactensncs, and in

»f ‘f;*i'!‘f‘othct cases they are not. Sequence analysxs of rDNA offers an
li;:jyi';,j\:expiananon for these confusmg results. A..,mmam_s_g!ﬂmﬂ!.al
g mw_s_e_ exist as a series of genetically-distinct populanons, not
| ‘rtbiv‘ﬁ;f;”three genencally-dlstmct morphospecxes. A possible explanauon for
" this is that A. 1amarense/catenella/fundvense cvolved from a
vkcommon ancestor that mcluded or Fay rise - 1o, muluple .

morphotypes. : S ».,4’

P
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mdg_s_gm and A aﬁm An :solatcs abxhty to produce toxm, cr lack
»er'eof 1s consxstent thhm LsxDNA termmal taxa. Rcsults of the ,}

~'fconclns:ons from a prcvxous study using a resmcnon fragment length

gmﬂ]ymw morphospecxes thh groups defined by 1sozyme

onfhctmg conclusxonS' m somc cascs groups defmed by morphotype
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INTRODUCTICN i

A ceniral concern in many on-going studies of the taxonomy,
biogeography, population dynamics and toxigenesis of marine
/A dinoflagellates within the Alexandrivm (=Protogonvaulax Taylor;
Steidenger and Moestrup 1990) genus is the underlying genetic
variability of this diverse group. This is especially true for the A.
' xpm, A.catenella and A. fundvense "species complex”, a group
of closely-related organisms found in many coastal regions of the
world (Taylor 1984, Balech 1985). Researchers have long agreed
that the conserved morphological features of these species belie a
largely unexplored, genetic diversity., However, disagrccr;xcnt
remains as to how this diversity correlates with morphospecies
designations, and whether the morphotypes actually represent "true
species” or a continuum of closely-rclated strains (Taylor 1985,
Cembella et al. 1987}-1 Hayhome et al. 1989, Sako submiited, Sako et
al. 1990).

This debate is not only concerns thc semantivs of taxcnomy,
but also thie means of classifying and distiﬁguishing between
different regional populations. Both debates must be settled if the
global population structure of Alexandrium species is to be fully
appreciated and hypotheses concerning their suspeétcd dispersal
critically addressed (Anderson 1989, Hallegraeif et. al 1991,
Hallegraefl i Bolch 1991 and 1992, Scholin and Anderson 1992).
In an effort to identify geaciic martors anplicable to these needs,

sequences of genomic small-subunit (Ss) and large-subunit (Ls)




specxés and populanons, wm parncu!ar cmphasxs on thc A.
nmmwwmsﬂymm group, have ‘been"‘comparei

;Z.whxch delmeate A_Lc,x_a_g_dnm specxes. and populatmns (strams) of |
| f;{mdlvxdual specxes (Chapt 2). Here, those observanons are extended
."‘_‘i{usmg dctmlcd sequence analysxs of the 5' pomon of the LerNAs

= f ’om a subset of those culturrs exarained thh the EFLP techmque,

The partxcular rchon of LerNA chosen e‘lcompasses the' so-called

"Dl“ and "DZ" hypervanable domams, somc of
f;{and Bachellenc 1987, Lenaers et al. 1989, unam'ez al. 1991)

MATEk:At;‘sv and ME'mons |

R Cultures used in this study (Table l) rcpresem'. a van‘ty of ;
Al;_xg_n_dugm morphospccxes, and soms of their giaballydlsmbuted__,
| populatxons. All were maintained in /2 medxum as modified and

iyl

culture were isolated, quantified and stored as described (Chapt. 2.

A 'és“i"ﬁ“ f‘agmﬂt Iength polyﬂioipﬁism (kr-u) analysis of
SstDNAs. ffbm Alexandrium tamarense, A. caten guz;& fundyense, A
aiﬁMAmmym A. lumms.wm and A. an.dﬂmm tSOIated t‘rom T

many regzons of thc world revealcd dxstmctxve genznc charactenstzcs

evolvmg pornons of cukaryouc 1DNA (Mxtchot et ‘aI‘ 1984 Mm:hot |

| 'descnbvcd} by Anderson et al. (1984). Total nnclc_:; agxds from cach.
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Polymerase Cham Reactien (PCR) Amglifications

Approximately 700 base pairs of the LsrDNAs v)ere PCR-
amplified (Saiki er al, 1988) using primers targeted towards
conseﬁ:ed elements at positicns 24-45 ["DIR" (forward);
5'ACCCGCTGAATTTAAGCATAZ3'] and 733-714 ["D2C" (rcvcrsc) "y
SCCTTGGTCCGTGTTTCAAGAS], relative to the Proroseatrum micans
LstRNA (Lenaers et al. 1989). This fragment cncompasses the
evolutionarily variabie domains D1 and D2 (Mitchot et al. 1984,
Lenaers et al. 1989). Amplifications were carried out in“dupligate or
‘triplicatc as previously described (Chapt. 2), except ’that» :thc final |
concentration of each primer was 0.1 uM and primcf' aiﬁcalingm’wzi.s
at 45 0C. Following amplification, replicate reactions from a g:vcn
culture were pooled, purified, concentrated and stored as noted
(Chapt. 2). '

. k'. L
t

Cloning of LsrDNA

LstDNA fragments were cloned using Iavitrogen's T/A cloning
kit (cf. Holton et al. 1991, Marchuck et al. 1991) according to the
recommendations of the manufacturer. Generally, 16 bacterial clones
potentially containing plasmids with a LsrDNA insert (i.e., white
colonies) were screened for each dinoflagellate examined, In
addition, a bucterial clone known to contain a plasmid without an
insert (i.e., blue colony) was also processed. Each bacterial clone was
inoculated into 2 mL of L Broth (Ausubel et al,, 1987) containing 50

pg/mL kanamycin and was grown overnight at 37 °C with vigorous

84




i v.’.:_;.kremcvmg an ahquot for rcstncnon dlgesnon (see below), the

,']'iyfip!asmxds were stored at -20 °C R

\»"~shakmg Plasmxd prcparanons for each clone were carncd out wuh

1.5 mL of the overmght culture usmg the modified Bimboim
procedure as descnbed by Ausbel et al. (1987) ‘The remaining 0.5

o mL of culture was kepz at 4 oC durmg the plasmid isolation and

- ‘scxeemng procedure Inmal plasmzd precxpuazes were minsed in 1

¢l : mL of xce-cold 20% Etuﬁ for at Ieast 30 min at -20 oC and spun at

:{'12 OOOxg for 10 min m a cold (~4 °C) Sorvall rmcrofuge

'Supcmatants were removed by vacuum asplranon and the pell

" dried for 5-10 min. Fol!owmg this, the plasmxds were resuspcnded

- in 50 uL TE (7.5) + D\Iase-free RNase A {1 mL TE + 10 pL 10 mg/mL

B "»,‘RNase A (supphed and preparcd as dlrccted by Slgma)] After

'{-,vf,"v‘~_S§le‘ctiéa of LerNAClohcs "

One uL of each resuspeuded plasmxd was dxgested with HindIII
“';;(Ncw England onlabs) in a fina! volume of 10 uL‘: Products of the
digestions were resolved on 07% agarose gels nsmg 1XTBE buffcr
(Ausubel et al. 1987). Hmdm cleaves once within the cloning vector
"and had no sites within any of the LstDNA fragments examined,
Cloncs containing a smglc LstDNA insert were identified by
comparing their mobility to size standards and the negative comiroi
(i.c., blue clone) plasmid. Positive piasmid clones were stored
separaiciy at -20 ©C. The remaining portion of corresponding
’bact’eriai cultures were cryo-;ireservgd by addition of an equal

‘volume of freeze down buffer [1% (w/v) yeast extract, 10% (v/v)
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dimethylsulfoxide, 10% (v/v) glycerol, 0.2M K3HPO4/NzH2PO4

(pH 7.0)] and storage at -80 ©C.
Sequencing of LstDNA Ciones

Several precautions were taken in order to minimize
sequencing errors: 1) two to three replicate PCR ami:lificaﬁons were
pooled prior to cloning; 2) multipie LstDNA clones from each
Alexandrium isolate! were pooled prior to sequencing to gauge the
homogeneity of the products and identify the locations of ambiguities
or length heterogeneities; and, 3) both strands of the cloned

molecules were sequenced to aid the accuracy of the determinations

(Sogin 1990). In some cases wherc heterogeneities and ambiguities

were observed, individual clones from a given isolate were

individually sequenced.

Template denaturation. Aliquots of each positive LssDNA cione

for a given dinoflageilate sirain were pocled to yield a final volume
of 120 pL in a 1.5 mL microcentrifuge tube. The plasmid pool was
denatured with the addition of 120 pL of 0.6 N NaCOH, gente mixing
and incubation at room temp for 5§ min. Denatured templates were
aeutralized and precipitated by adding 9 uL of 2 M NH40Ac (pH=4.5)
and 900 uL of 100% ethano! (EtOH). This solution was vcrtexed,
immediately divided among four separate 0.5 mL tubes (~290
pL/tube) and chilled at -20 ©C for at least 2 hrs. Each tube contains

1 throughout this tzxt, the tern "clone” refers to a recombinant plasmxd whereas “isolate”
refers o0 a specific laboratory culture of Alzxandrium
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o :;'»_‘vj_;f‘}_approx:mately 30 uL (~Iug) of dcnamrcd plasm:d an amﬂunt -

o ff':empmcally found to give excellent seqncncmg results. thn

' ,_v"fanaiyzmg smg?e clones, 10-30 p.L of an mdxvxdual p}asmzd

s Zpreparanon was used per sequencmo reaction, deﬂaturanon and

, : precxpnanon were carried out m a sxng!e 0.5 mL tube and vclumes

B , of NaOH, NH40Ac and EtOH were adjusted accordmefj 'Denatured

: *-’»fi;,:%’plasmxd prccxpuazes were collectcd by cenmfuganon in a chilled
| €4 °C) Sorvall mxcrofuge at 12000 xg for 10-15 mm Supernatant

. ‘iwas dxscarded and the peﬂet nnsed in 70% EtOH for at least 30 min.

‘:_at -20 oC. On the day plasmlds were to be sequenced the precxpuate

*'ﬁwas once again collected by cenmfuganon as much supernatant was

S f;bf;‘»funu} needed

| ‘f?'emoved as_possible, and pellets were allowcd to air dry, but not ‘°

{fﬁf_compleuon The tubes were then nghtly capped and stored at 4 °C

All sequencmg reacnons wem carned out usmg Umted States

Biochemical (USB) Cm-p Sequﬂnase version 2.0 sequencing kit

reagems and Amersham dATP [o355] label (10 RCi/uL). The

' sequencmg strategy is shown in Figure 1. Both strands of the
 LssDNA inserts were sequéncéd using the amphﬁcanon primers [DIR
(forward} and D2C (revet&i_:)], an& two imemal primers, "DIC"
(reverse; S'ACT:! C’I‘CTITTCAAAGTCCTI‘ 3, corresponds to
mmmmmmm LstRNA positions 388-369; ) and "D2Ra"
(forward; STGAAAAGGACTTTGAAAAGAS3'; corresponds to P. micans
LsrRNA positions 365-386; Lenaers et al. 1989). D2Ra replaced an
earlier primer ["D2R" (forward; SCAAGTACCATGAGGGAAAGG3';
corresponds to P. micans LstRNA positions 345-364)] that was used
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in pilot ~>quencing efforts; all sequences primed with D2R were

repeated with D2Ra. "Forward" reactions give products whose

sequence is TRNA-like, while "reverse” reactions give products whose

. sequence is the complement of the rRNA.

DIR D2Ra
. e L SIDNA > incert
— -( B e (" b ST e AN e MO B0 - ST MOV WAl F VAN ARSI LS Fe el r 1 e -4 — o— —
(vector) . S— G (vector)
DIC D2C

Figure 1. Sequencing strategy for LstDNA clones. Thin and dashed line
represents plasmid sequences; thick line represents the inserted LstDNA
fragment. Relative location of sequencing primers are shown; arrows
indicate direction of sequence polymerizaton (Ls insert is dzpicted 5'-3').

Primer Hybridization and Preparation of Labelling Mix. The
denatured, precipitated plasmid clones were resuspended with 8 pl
prifner (0.5 pmol/uL in 10 mM TrisHC! pH=7.5) and 2 pL reaction
buffer (USB), mixed, and incubated for ~10 min at 37 ©C., During
primer annealing, ic(cs.-co!d labeiling mix for 3 sequencing reactions
was prepared by gombining: 2.1 pL ddH20, 3.0 uL 100 mM DTT
(USB), 6.0 uL !ab(%iiing mix (USE; diluted 1:4 with ddH20), 3.0 uL
dATP [a358]) (10 uCi/uLl), 1.0 uL Sequenase v 2.0 (USB) and 0.5 uL
pyrophosphatasc {(USB); Sequenase and pyrophosphatase were added

immediately prior to the completion of the hybridiiation reactions.
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’Séquencing Gel Eigctrophoresis

5 ;,.L of labellmg mlx was

;added to the 10 uL hybndxzaszon reactmn, mzxed by gentle pzpﬁmno |
"'and’mcubawd for 1 mm. at room temp Afterwards, 3 5 uL of tms
‘,',solunon wae added to 2. 5 uL of cach ddNTP (USB), and ailowsd to
_fﬂ:?‘fmcubate at 37 oC for 10 mm. Sequencmg reactions were termmazed
= by th addmon of 4 uL stop mix (USB) Typically, 3 scqsxercmg
rcactxons were carried out m qmck succession ‘with overlaps in their
'?,;termmanon reacnons. \ Reacnons were stored no lcnger than several

: -f*.days at -20 oC before polyacry armde gel electrophorcsxs |

Products of the scqhencmg reactions were resolved on 6%

fpolyarrylamxde (191 acrylamzde bxs-acrylamde), 83 M Urea, Ix TBE
.(;‘%"jyge!s using a BioRad Sequxgencell apparatuc In order to 1mpmvc -
. resolation of the bands, the top buffer chamber was filled with 0.5
“TBE and the bottom chambet filled with ix TBE. Gels were pre-

| .v:,;:}:'elcctrophos'esed wuh a constant power semng nnni reachmg ~50 ©C.
9 Dunng the pre-c}ectorphoresxs, sequencmg reactions we fc thawed on
- ,»:ce, hsatcd o 80 ¢C for 3 min. and zmmcd ate! ly returned to ice.
Approx:mate!y 2.5 pL of each r-actacn was loaded per lane and run
until the bromophenol biae dve had mxgmcd roughly 1/3 the length

of the gel.  Electropk oresis was then bnefly terminated while 200 mL

(172 volume) of 3 M NaOAc (pH 50) was added to the bottom buffer
chvam.aer. Elcc:rophoresxs was resumed and the constant power

setting adjusted 25 rcqmrcd to maintain a surface plate wemperature

| of ~50-55 ©C. Electrophoresis was terminated when the xylene
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cyanbl dye front had migrated to within 10-12 cm from the bottom
of the gel. Gels were fixed in 10% methanol/10% glacial acetic acid
fof 30 min, dried onto Whatman 3MM paper at 80 OC for 45 min
using a Sorvall sequencing gel dryer with applied vacuum, and then
exposed to either XAR-5 or XRP-5 X-ray film (XKcdak). Exposures
ranging from overnight to 2 days were found to be optimal. A

typical run yielded approximately 300-350 readable nucleotides.

<

Sequence Analysis

Sequence determinations for a given dinoflagellate culture
were compiled using the editor function of PAUP 3.0 (Swofford
1951). Sequences from eacﬁ isolate were then aligned with the help
of conserved elements interspersed throughout the leagth of the
molecules (Fig. 2). The alignment was subjected to a variéty of
phylogenetic analyses using heuristic methods (PAUP 3.0; Swofford
1991). The phylcgenetic tree shown in Fig. 3 was constructed using
the following parameters: all characters weighted equally; sequence
gap=missing data; stepwise addition; closest addition sequence: 1 wee
held at each step during stepwise addition; tree-bisection-
reconnection (TBR) branch-swapping performed; MULPARS option in
effect; steepest descent option not in effect; maxtrees=200; branches
having maximum length zero collapsed to yield polytomies;
topological constraints not enforced; trees unrooted; multi-state taxa
interpreted as uncertainty; ouigroup taxa defined as AMADOL,
AMADOS6, GtPort and TC02; and, ACCTRAN character state

optimization. Bootstrap analysis (Feisenstein 1985; 500 rounds) of

50




ﬁthe ahgnment was also camed out wath same parameters as a?wve, o B

exccpt that maxtrees 15 par rephcate bootstrap (Flg 4) B

,mpxiu\.atmﬂ, Cloning, Sequencing and Alignment of LstDNA
Fragments T

8 ,,}‘,;?:‘Agatose g ! clec:mghcreszs of the PCR amphﬁed’ pcrtven of the
| “LerNAs typxcany rcveaied homouenecus products appmxxm tely
700 bp in lcngzh Dxrect clonmg of these molecules yzexded an
.J;g;;v_':avcragc of 10 posmve 'LstDNA clones (rangc 4-14) for each R
A_{mm isolate examined (Tab!e . LerNAs clcned from L
d:fferem A}_g_un_q!_ngm asolates vary shg}:ﬂy in lcngth (Table . In =

some cases, the LarDNAs from a smale 1so!ate also ccnmm\d !zngth |

Y N AR R

I sterogenemes and sequence amblgumes (Fxg 2 f Appendax C) ‘
The most dramatic example of !emgth heterogcncmcs wcre fmmd in
o oooall cuhures of A mmz;m and A. mmg_mg_ from easzem North

. :’.‘.i"‘Amenca, two Japanyse A :gm_amngg from Ofunato Bay (8?041 and
~ OF0S1) and two ballast water A. tamarense (17212142, 17272184

§ ";',vTable I). LstDNA clones from these orgamsms display an idemcal

g  two base pair length heterogeneity (TG deletion) at posiaiens 590-

o 591'V(Fig.r 2). All isolates that harbor }zhis",yi:etero‘g;cneity contain at

; ".“'least two, distinct copies of the LsrRNA geﬁc: thoséwwhic‘a'ca:ry the
 590-591 TG deletion, and those that do not (Appendix C).
Almmngmmm& from Ncwfoundiand (AFNFA3 and AFNFA4)
;both contain another heterogeneity over posi itions 106-110 in

RN
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addition to thé 590-591 TG deletion. The LstDNAs cloned from
AFNFA3 havé been denoted "AFNFA3.1" {idemiéal to the reference
Sequence (PW06) at I/positions 106-110 and 590-561] and
"AFNFA3.2" (vary from the reference sequence at pesitions 106-110
and 590-591; Fig. 2). The LstDNAs cloned from AFNFA4 contain the
same two variants, but are reported hece as the AFNFA23.2-like

sequence.

Sequences from thirty three Alexandrium strains were used in
the phyiogenetic analyses {(Table 1), The proposed alignment is |
shown in Fig. 2. Since both variants of AFNFA3 were included '};?
(AFNFA3.1 and AFN}‘ASZ), a total of thirty four sequences were |
compared. Six eastern North American A. tamarense/fundvense and
one ballast water A.tamarense (172/21#2) were excluded because
the 590-591 deletion obscured sequencing ladders over the 3' half of
their LsrDNA clones. Nevertheless, partial sequences from these |
cultures made it clear that they are very similar to other eastem
North American A.tamarense/fundvense and the ballast water A.
tamarense (172/21#4) whose sequences are fully resolved.

Sequences for the latter group were obtained by sequencing
individual LsrDNA clones, cr, in some cases, because the L3srtDNA
clones from an isolate were "clonally-biased” towards one of the two
variants (Appendix C). Those organisms containing the 590-591
length heterogeneity that were incorporated into the final alignment
are shown with the TG deletion (Fig. 2, denoted by "#+") in order to
identify them as cultures which share a common characier, Two

Australian A. catenella (ACPPO3 and ACPPO9) were excluded from

92
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CPPO2 Appéndxx C)

Figore 2, (pages 94-100) Pmmseé i *'ruNA sequenca a!.g,nmum for ‘f"
noted Alexandrium strains {see Table 1 for species ées:gnancas and
-solation locales). Alignment position 1 corresponds to P. micans
~LstDNA position 45 (Lenaers ¢t al. 1989). PW06 (A. fAan:nse,
. Alaska) is used as the reference sequence; all equivalent positions are
[indicated by a period. Dashes represent inserted alignment gaps.
- Those organisms containing the 590-591 TG length heterogeneity are
-shown with the deletion, as denoted by "**;" these cultures also =
“contain LstDNAs that do not have this dexenon. Twe sequences for
AFNFA3 (A. ﬁmdlem, Newfound!and) are shown: AFNFA3.1is
irmilar to PW06 at positions 106-110 and does not have the 590-551 -
TG deleticn; AFNFA3,2 differs from PW06 at positions 106-110
“and does harbor the 590-591 TG deletion. AFN FA4 (A fundvense,
Newfoundland) contains the same two sequences, but is shown here
'as the AFNFA3,2-like variant. Approximate boundaries of the D}
_and D2 hypervariable domair:s are noted. Sequeng~ ambiguities are
‘reported using standard ITUPAC nommclanm (‘R K or G Y-C or -
:T M_C orA K Gor T, W-‘ A orT)
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- y.éhy{oge‘neti@ Aaalyses of the ‘\A‘ligned LS:DNAS;

Enght dxsnnct classes of sequcnces, or nbotypes were found

among the thmy threc A,mmImm cultures compared (Fig. 3). The '

o tree teﬂol gy and sxgmf’ cance of brancbmg patterns were examined

»

in several ways Fn'st, PAUP omputs of "enscmble statistical indices”

;"(chfford 1991) were cnnsxdered to gauge the “fit" of the sequence |
f{".;’idata and the tree wpology ‘l’hc tree shown in Fig. 3 has relatively

" :*hxg'a valnes of cmsxstcncy mdxces, suggesting a hawh degree of v
‘congrucnce bexween thc resolutxon of Alexandrium groups and their
->,vscqucncc charactcnsncs (Swofford 1991 Wiley et al. 1991).
:Secondly, consensus. trees were constructed to evaluate the
Algmﬂnm groupmgs common among "rival® (sc equally
parszmomous) trccs found in thc search (cf. Swofford 1990, Wnley et
'\5“:31 1991) ln all cascs (stnct, Adams and ma;omy-rule) the

'consensus trees revealed the same associations between cultures as

are new' ": g 3 mdu.atmg that all of the rival trees resolved thc

élgxgndnnm sequences in a szmxiar fashion (data not shown).

: Thxrdly, the tree building program was also run using "simple,”
random and "as is" addmon sequences (Swoffom 1590), and all
resulted m trees Sd ai to that shown in Fig. 3. Fmaliy, boostrap
rar_\alysxs was performed as a statisﬁcal test Ibt' branching patterns
(Felsenstein 1985) Rcsulis of this test (Fig. 4) also si:pport the
existence of at icast exght Alexandrium ribetypes as proposed in
Fig. 3. o o ;_:
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A. tamarenselcatenella/fundyense species cbpm  _:
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Definition of Alaxandrinm Ribotypes

AT,

Five of the ribotypes serve to subdivids members of the
Alexandrium tamarense/catenslla/fundyenss species complex. The
35 three remaining ribotypes were associated with cultures that clearly
5 differ morphologically from the A. tamarense/catenella/fundvense
f« roup; these three distinct sequences are typified by: 1) A. affine; 2)

T e

A. minutum and A. luzitapicum; and, 3) A. andarsoni. LstDNAs from
A. minntum and A. lusitanicum are identical. o

R

The five distinct Alexandrium tamarense/catenella/fundyense

ribotypes were named with reference to the geographic origin of the

isolates: "North American,” "Western European™ and “Temperate
Asian" designations reflect the origins of the majority of cultures
within each cluster; "Tasmanian™ and "Tropical Asian" designations
reflect the origins of single A. tamarepse cultures. A_lumm
species designations were used to 'identify the three remaining
ribotypes: "affine” and "minutum” were chosen for two of these;
"andersoni” was chosen to delineate the final ribotype, reflecting

” both its unique LstDNA sequence and the isolate's taxonemic

classification (see Table 2).
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© Table 2. Comparison of S'DNA RFLP groups and LEDNA ribotypes of Alexundrium
Lo -+ isolawes. Touicity daia, species designations and isclation Iocales of the axamined suing ,

: hg!aﬁbﬁ Local'

. Restriction Group" Ribstye®  Stain Toxic?® Designation

i

A, mirsdum

A, minutn

A. lussanicin
- A andersoni

o hﬁax}waﬁu(&%mk;m)f
 PortBeuny, Alisks ‘

S

Oxdesrz, MA

Porpuse Ish, Alzaka

Ruagian River, CA

" Ofunsto Buy, Fpnn
. Ofunatwo Bay, Jepan ,

© Plymouth, UK.

Galicia, Spesn
Galicia, Spein
Tanabe Bay, Japan

Ofansio Bay, Japay
Tarabe Bay,

EEEE
. Tanse Bay,
hﬂmmm(ﬂim}qm)f

Port Po’lip Bay, Aostralia

Port Phillip Bay, Australia
“ballus

W‘, N8

7 hlhﬁwa(mhm;o.s. Korea) f

ballast waier (Sumschongo, §. Korea )
Bell Bay, Tasmania

. Gulf of Thatiand

Bail Bay, Tesmania
Galici, Spain

of Thailend
Port River, S, Asstralia

Pors River, S. Ausmalia
Poctugal

Exstham, Ma

#) RFLP groups are based on resulty of the SzDNA

b) subdivisions kesed on rmuits of LeDNA

<) peelirdnary “subri

A3 gene reatriction tests (Chapt. 2)
sequerce apaiysis {se Figs. 3 and 4)
" designetions based on fie-scale wquence varistions (Appeadix €)

4) datermined by nwouse M:MWMM“F‘nywnuhmmmo{nm(b.xa&mm.)

e} preliminary species designations
pont

B med origing (Hallegs«efT and Bolch, 19972)
ﬂmg of vesse! -
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* DISCUSSION

Sequence analysis of the LstDNA frazmeats from
geographically-diverse representatives of the Alexaudriam
tamarense/catenelia/fundyense species complex revealed the
existence of at least five genetically-distinct sirains (Figs. 3 and 4,
Tabie 2). These strains ("ribotypes™) do not strictly eorrespond to
morphospecies designations, indicating that the morphological
features of A. tamarense, A. g,a_;;n_q_u_;; and A. fandvense are less
specific indicators of the organisms' relationships than are their
LstDNA sequences. Particular regional populations of A.tamarense,
A.catenella and A. fundyense appear to have distinct sequence
characteristics, but some of these regions are under-sampled and
currently represented by only a few or single isolates. Given the

isolates examined thus far, A.tamarense, A. catenella or A.

- fundvense collected from the same geograrhic region appear the

most similar regardless of morphospecies designations, whereas
those from geographically-isolated populations are more divergent
even when the same morphospecies are compared. Alexandriym
tamarense and A. catenella from Japan are a notable exception to this
general trend, possibly because some AL tamarense are the
descendants of introduced specics (see below). LstDNA sequences
from A. affine, A. minutum, A. lysitanicum and A. andersoni show
that these organisms are distinct from the A. tamarensefcatenelia/
fundyense complex. Furthermere, A. affine is clearly separable from
the A. minutum/lusitanicum/anderseni sroup. Likewise, A.
andersoni differs from A. minutum/ivsitanicum, but A. minutum
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~ and A_ Iy_s_x_,am_c_g_m are mdistmgmshable (Flos 3 and 4, Table 2)
Ale.zm_cimmm__umm, A hum;mnm and A. ag.de_r_sg.n_ may be
f’?members of yet another Alexandrium specles complex ’l'heee tesults

~ both corroborate and extend previous observations based on RFLP |
- analyses of SstDNAs (Chapt 2). Thus, Ss and LerNA sequences are
useful species- and strain-specific (or populatwn SpClelC) genenc |
"markers. As such these sequences prov:de new m51ghts to on-gomg |
~ taxonomic debates. Moreover, the definition of geneucally-d:stmct
“populations of Alexandriym provides a reference from which
Jdispersal hypotheses can be _tested;”' | These and other issues are

- discussed in detail below. N

Compansons of Ale;gngngm SerNA RFLP Patterns and LerNA

~ Sequences

Relationships among the Al_g_g_n_d_mm cultures used ,ii\ t.his
investigation have also been assessed by an RFLP analysis of their

SstDNAs (Chapt. 2). The resmcuon tests were cpecxﬁcal]y desxgned

- to rapxdly screen cultures for the presence of two dxstmct SsrtDNAs,

the "A gene” and "B gene,” found in a North American A. fundyense
(GtCA29; Chapt. 1). The enzymes used in that’study detect only a
few differences between the A and B sequences, but nonetheless
appearsd to be useful in typing a variety of Alexandrium species.
SstDNA RFLP patterns revealed three subdivisions ("Groups I-III")
within the A.tamarense/catenella/fundyense species complex.
These groups encompass at least five LstDNA ribotypes reported

here: North American, Western European, Temperate Asian, .

109




Tasmanian and Tropical Asian (Table 2).2 Alexandrium minutum, A.
lusitanicum and A. andersoni were indistinguishable on the basis of
SstDNA restriction analysis ("Group V"), but Ls sequences clearly
indicate that A.andersoni is distinct from the A. miautum/
lusitanicum cluster. Thus, ribotypes ascribed by the LstDNA
sequences are in complete agreement with, and offer a finer-scale
resolution of, groups defined by the SstDNA RFLP analyses.

"

Alexandrium LsrDNA Ribotypes and Their Relation to Toxicity

Toxic Alexandrium cluster at several different termini on the

phylogenetic tree (Fig. 3). The North American, Temperate Asian and
"minutum” groups thus far consist exclusively of ioxic isolates. In
contrast, the Western Furopean group encompasses only non-toxic
orcanisms. Terminal taxa classified as Australian, Tropical Asian and
"andersoni” are also non-toxic. Preliminarily, this suggests that an
organism's ability to produce toxin is correlated with its LsTDNA
phylogenetic lineage; that is, its evolutionary history (Fig. 3 and
Table 2). As the data base of sequences from toxic and montoxic
Alexandrium species grows, it will be possible to rigorously address
this potential correlation. While certain ribotypes may be
represented exclusively by toxic or non-toxic Alexandriym strains,
there is no clear lineage of toxicity on the phylogenetic tree (Fig. 3).

The clusters of non-toxic isolates among those that are exclusively

2 "subribotypes" within the North American and Temperate Asian clusters have also been
proposed on the basis of finc-scale, reproducible LsrDNA characteristics, but should be
considered preliminary designations (Appendix C)
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toxic may in fact reflect "evolutionary mutants” that have "lost" their

ability to produce toxin.
- The Alexandrium tamarense/catenella/fundyense Complex

‘ ‘There is no strict correlation between Wmm
A.catenella and A. fundyense morphospecxes designations and the
nbotypes of their globally distributed representanves The various
morphospecies can appear gcnencally-sxm:lar or genencally-dxstmct
depending upon the particular strains (populations) compared (Figs.
3 and 4 ‘Table 2).3 For example, 172/24#1 (A. tamarense; Japan) is |
genencally-dxsnnct from ACPPOI (A. m;mm_a Austraha) However,» /
the former 1solate (A_ mm_a;g_n_sg_ Japan) is also gcnenca}ly-dwergcnt
~ from G. Hope 1 (A.tamarense; South Korea). Farthcrmore the latter
isolate (A.tamarense; South Korea) is genetically-similar to ACPPO1
(A. catenella; Australia; Table 2} The isolates cited in these examples.
were classified using the same morphospecies criteria (Hallegraeff et

al. 1991, Hallegraeff and Bolch 1992, H»aliegraeff,‘ pers’. comm.);
therefore, the agreements or disagreements between ribotype and
morphotype are not solely attributable to different taxonomists
applying different morphospecies criteria. This same conclusion was
reached when comparing SsTDNA RFLP patterns and morphospecies

designations (Chapt. 2).

3 “morpho‘ypc refers to the ensemble of genes responsible for cells' morphology,
whereas "genotype” refers to specific sub-cellular chiaracteristics, such as rDNA sequence
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The confusing associations between morphotype and
"genotype” may be understood in the context of the evolution of the
Alexandrium tamarense/catenells/fundvense species complex.

resent-day morphological variation is not attributable to

indeper dently-evelved, distinct ancestral lines (Chapt. 4; Cembelia et
al. 1988). Imstead, it is proposed that the three morphospecies arose
from a single ancestral stock that dispersed to various regieas of the
world over millions of years. The dispersing populations are
presumed tc have become geographically-isolated and to have
diverged genetically, albeit maintained an overall ccnserved
morphology (Chapt. 4). This hypothesis predicts that a molecular
phylogeny of globally-distributed A. tamarense/catenella/fundyense
should ascribe as a series of genetically-distinct strains, each one of
which may be encompass one or more morphospecies. The strains’
phylogenetic lineages should reflect the evolution of geographically-

isolated populations, not morphospecies (Chapt. 4).

Among the isolates examined thus far, these predictions are
largely met: geographically co-occurring Alexandrium tamarense, A.
catenella or A. fundvense appear to be closely-related, while
geographically-separated populations of any one of these species are
divergent. For example, isolates from Australia, North America or
Western Europe are distinguishable from one anothéz, but within
each of these regions there is a high degree of similarity, or even
identity. However, two exceptions to this general pattern are
noteworthy. First, A.tamarense and A. catenella collected from

Japan are represented by Temperate Asian, North American or
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‘ Westem European nbotypes Thxs d,veysxty 1s also evxdent m ballasl
water cultures thought to engmate m Japan (Tabie 2) Thls pattem

‘ia:s consxstem with the rccm mtroductxon of thesc specxes from a

- vanety of gene&zcallycdnstmct source populanons lt xs beheved the

: mttoduced orgamsms mclude, but are not lxrmted to, A_ mmmﬁg
from Nonh ‘America: (S»hohn and Anderson 1992, Chapt. 2) A more
thorough dxscussm of this Possﬂnhty is presented elsewhere (Chapt
4. Second the toxic A. Qg_m_ngua from Austraha are esseanaﬂy

o ‘xdenncal to the Tempcrate Asian stra'ns found in Japan Recent work -

by Hallegraeff and co- workers (Halle gracff ex al 1991 Hallegraeff
and Bolch 1992) suggests A. g_g_{g_n__ug could have been mtroduced to
’ Austraha v:a ships' ballast watcr._ 'Ihe nbosomal sequcnce analys:s

."reponed here also mdxcate that thesc orgamsms potennally

L ii‘ongmamd in Japan Some regions of the world howevcr, are |

“undersampled or have not yet been sampled consequently, other

Vsource populauons cannox be dxscounud (see Chapt 4)

kThe Alzm;_dnum.afﬁu and A mnmmjummmjanﬂmm

Complexes

, Representatives of Alexandrium affine, A. minutum, A.
Iusitanicum, and A. andersoni were included in the LstDNA analysis
in order to assess the fidelity of the Ls fragmém to discriminate what

are considered to be distinct morphospecies from those within the A.

tamarense/catenella/fundyense group. In accérdance ’with current
morphotaxonomic designations, A. affine, A. minutum, A. Jusitanicum
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and A. andersoni are clearly distinct from members of the A,
tamarense/catenella/fundyense complex.

The distinction between Alexandrium affine and the A.
minutum/iusitanicum/andzarsoni group, and further differentiation
between A. andersoni and the A. minntum/lusitanicum cluster also
agrees with established taxonomic criteria. However, the Ls

sequences fail to differentiate between A. minutum and A.

lusitanicum. Hallegraeff (pers. comm.) has suggested that A.
minutum, A. lusitanicum and A. andersoni are closely-related, and

that the morphological differences used to delineate these organisms
may not warrant unique species classifications. In part his view is
supported by the LsrDNA segusnce data and toxicity determinations:
A. minutym and A. lusitanicum do share the same ribotype and are
both toxic. However, A. andersoni's sequence is clearly different, and
A. andersoni is non-toxic. Thus, both tDNA sequences and toxicity
data support a distinction between the A. minutum/lusitanicuym
group and A. andersoni, but do not support a distinction between A.
minutum and A. lusitanicum. Variance between A. minutum/
lusitanicum and A. andersonj is approximately the same as that
between the North American and Tropical Asian ribotypes of the A.
tamarense/catenelia/fundyense complex (Fig. 3). Alexandrium
minutum, A. lusitanicum and A. andarsoni may be members of yet
another Alexandrium species complex, analogous to the A.
tamarenszfcatenella/fundyense group. Sequence analysis of
additional A. minutum, A. lusitanicym and A. andersoni isolates from

diverse source populations will be needed to address this possibility.
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Morphologlcal Enzyme Electrophoreuc and Toxin Composmon _
lﬂ;’}AnaIyses Re-evaluation of Confhctmg Conclusions :

- Taxonomlc authont:es agrcc that A}mgﬁn_mmm A,
s:.amsna and A. f_u.ﬂwﬁ_w. are closcly-reiate-d Their distinction as .

. specaes is based on fine-scale features amidst a background of

'f_'.szmllalf morphf’lf’g)’ (Balech 1985, Balech and Tangen 1985, Fukuyo

x "f‘-f.:19845).' Some yauthoriti@s‘believc} that these morphological differences

.. warrant the use of unique species assignments, while others argue

" that the morphological variants represent strains, or “varieties," of a
& X

single species (Balech 1985, Fukuyo 1985, Taylor 1985, Cembella and
Taylor 1986, Cembella et al. 1987, 1988, Hayhome et al. 1989). A

R iiumbér of laboratories have attempted to resolve this debate using

f-bxochemxcal markcrs to mdepcndemly assess the genetic relatcdness

‘.-:"-'jﬁ"f af 1solates representmg the dxffcrent morphotypes However, rcsu!ts_

of such comparisons have not been consistent. For example, isolates

- of A tamarense and A. catenella fmm Japan have been d:stxnguzshed

- ~on the basis of their morphology, isozyme electrophoretic patteins, |

toxin cdmpositidn and cell surface antigens (Fukuyo 1985, Sako et al.

1990, Sako 1992, Sako et al 1'992'). Thus, there is strong suppbrt for
| the morphospecies concepi. In contrast, there is no strict correlation
between morphotype and ebzyme electrophoretic patterns or toxin
compositions of eastern North American A. tamarsnse and A.
fundyense (Hayhome et al. 1989, Anderson, unpublished data), and
western North American A. famarense and A. ¢atenella (Cembella
and Taylor 1986, Cembella et al. 1987, 1988). Thus, the genetic
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characteristics of these isolates provide no support fer the

morphospecies concept.

Results of the present study offsr an explanation as (o how
these parallel investigations have yielded both positive and negative
correlations between morphecpecics dasignations and bicchemical
(genetic) characteristics. Overall, the resolution afforded by the
LsrDNA phylogeny is one of geography, not morphology. As outlined
above and descrived in detail elsewhere (Chapt. 4), this result is
consistent with the hypothesis that the Alsxandrium tamarense/
catenella/fundyense complex arose from a single ancestral stock that
over the course of its evolution became fragmented into
geographically-isolated populations. Thus, isolates from an
indigenous population should appear genetically-similar, even if
more than one morphospecies is present, whereas represcmatives'
from geographically-separate populations should appear genetically-
distinct, regardiess of morphotype. However, recent dispersal events
will confound the association between “genotype” and
"geographically-isolated population.” For example, if a particular
strain of A.tamarense/catenslla/fundyense is introduced to a region
free of these species, then the resulting "new” assemblage will te
morphologically- and genetically-cimilar to the population from
which it dispersed. Alternatively, if a strain of A. tamarense/
catenella/fundyenss is introduced to a region with a pre-existing
population of these species, or if multiple strains are introduced, then
the resulting assemblage should display a mixture of morphologic

and genetic signatures indicative of each, previously-isolated sirain.
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L The latter scenario cou!d expiam the co-eccurrence of
g genetzcally divergent Alexandrium tamarense and A. M&BA in

”'Japan' cantempcrary populations of these orgamsms may in fact be a

, xmxturc of distinct, evolunonary lineages that until recentiy wcre “
i geographxcally -isolated and evolving mdependfenzly (Chapt. 4} 3 is |
“;.i‘-notewcrthy that represenmuve A tamarense and A. m_c;ﬂg from
‘Japan harbcr North American and Temperate Asian nbotypes, "
| tespecnveiy ~ Given these orgamsms phylogenetic affinmes (F;g 3)
fj:and mcrphotypes, is not surpnsmg that their bxochezmcal and genenc
characteristics are posmvely correlated with morphospec:es "

e ‘designations.  Thus, "support” for the morphospecxes concept in this

. case may s:mply be fortunous, reflectmo the pamcular assemblage

of A. tamarense and A. catenella in Japan. Analysxs of addmonal

. ‘1

3 1solates wﬂl help substannate thxs cialm

In contrast to Japan, eastem North Amencan populauons of

' Mﬂm&ym;g marense and A. fundvense appear to be relanvely
homogeneous with respect to their protein e!cctrophorcnc pattcms

(Hayhome et al., 1989) and Ss:DNA and LsrtDNA characteristics, ‘

| ~despite the fact that they are classified as distinct morphospecieé.'

- This homogeneity is consistent with the proposed evolutionary
scheme for the A. tamarense/catenella/fundvense coiﬁplex: both A.
fundyense and A. tamarense appear geneiically-similar and are from

- the same region. Furthermore, it supports the contention tﬁat‘

x eastern North American A. Wﬁ[ﬂ_ﬂlﬁ_ﬂﬁ have reccntly

dispersed from a common source popuiation in eastern Canada to
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points southward that were largely free cof thsse organisms

(Andersen 1589, Hayhome et al. 1989).

Cembelia et al. (1988) concluded that Alexandrium tamarense
and A. catenella isolated from western North America (British
Columbia and Washington) and several other regions representad
members of a species complex whose genstic diversity "is not
paralleled by corresponding morphological divergeace.” That
conclusion is fully supported by results presented here. Similar to
Hayhome et al. (1989), Cembella et al. (1988) found no genetic basis
to distinguish western North American A. tamarense and A. catenella
morphospecics; however, unlike the relatively homogeneous
assemblage of A.tamarensz/fundvense found in eastern Noith
America, A.famarense/catenella from British Columbia and
Washington are considered to be geneticaily-diverse (Boczar et al.
1991, Cembella et al. 1988). Only three western North American A.
tamarense and A. catenelly were included in this study, and none of
these originate from British Columbia or Washington The western
North American isolates that were examined (Alaska and California)
harbor nearly identical LsrDNA sequences, suggesting a genetic
similarity (see below). Possible explanations for the genetic
divergence among A. tamarease/catensila noted by Boczar et al.
(1991) and Cembella et al. (1988) arz considered elsewhere
(Chapt. 6).

For those isolates that have been analyzed by both protein

electrophoretic and rDNA sequencing, the results agree remarkably
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weli: . xsozyme bandmg pazterns of eastem Nonh Amencan A -
mmamﬁgjmmsg a Westem European A mmgmﬁg (Pgt 183).
fSpamsh A. affine (PASV) and an ‘eastern North American A
andg_mgm_ (TCO2) showed thc tox:c, eastem North Amencan A.
mmmn_imgg group 10 be a smgle, closely»related cluster,
jtéiauve to that group, Pgt183 PASV and TCOZ are progrcssxvely

rﬂmore dzvetgant (Hayhome et al. 1989) Ribosomal RNA gene

‘ 'é[Fxgs 3 and Table 2 (North Amencan> Western European} "affine">

o andersom")] Ina 'separate study, Sako et al. (1590) have shown

" f‘j”j‘i‘?:that OFMI(A tamarense) and OF101 (A. catenella), both from Japan,
::fk;fare dxstmgmshable on the bas1s of their isozyme eiectrophorenc

' “j‘,‘pattcms, they are also members of the North Amcncan and

fifyTemperate Asxan groups, respecnvely (Fig 3 and Table 2) Thus,

*v"'LerNA nbotypes and pro;em electrophorenc pattems appear to

jr:f.z‘iascnbe the same groups This observanon coupled with the fact that
P ».,:LerNA sequences from globally~dxsmbuted reprcscntauves of A.
’ ‘memgymﬂly&m; (I) can appear sxmxlar or dxvergcnt
;o e mespecnve of an isolates’ morphotype, and (2) and are non-
: umform?y dxsmbuted !hroughout the world, indicates that chfferent
A{regxonal populations can have unique combinations of morphotypes
" and genctypes. The seemingly disparate observations reported by
" Sako et al. (1990), Hayhome et al. (1989) and Cembella and co-
_ workers (Cembella and Taylor 1985, Cembella et al. 1987, 1988)
appear to reflect this: the majority of cultures characzerized' in each
investigaiion were indeed collected from different regional

populations. Therefere, the agreement or disagresment between
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morpnology and other subcellular characteristics may simply depend
on the particular isolates chosen for analysis. This is precisely the
result expected if populations of A. tamarense, A. catepells and A,

ndvense arose monophyletically (Chapt. 4).

The relationship between LsrtDNA ribotypes and toxin
composition profiles are largely unknown., Preliminarily, toxin
profiles can be more variable than LsrtDNA sequences (Anderson,
unpublished data). The correlation, or lack thereof, between LstDNA
ribotype and sexual compatibility of isolates is also unclear. At the
tims of this writing, isolates from the North American and Western
European groups appear compatible. Similarly, a representative of
the North American ribotype appears compatible with the Tasmanian
isolate (Anderson, unpublished datz). Thus, at least some
representatives of the different ribotypes appear capable of

interbreeding, but this is based on a limited number of crosses.

Alexandriym tamarense/catenella/fundvense and the Speciss
Concept <

Despite the fact that ve can discern relationships among
members of the Alexandrium tamarense/catsnells/fundyense
complex, there is no internatiunally-accepted standerd against which
these rclationships can be measured and "species™ defined.
Morphological fcatures are essential in Alexandriam species
descriptions, bur can be misleading if used as the sole rifcrence for

describing a populations’ biogeography or potential dispersal.
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xcacnvmes ‘and sequences of nbosomal RNA genes aJ provxde .
:;_ characterxzauon at the subcellular level, bu! the dcsngn«uon of

S species” based smctly on one or more of these cntena 1s '
'pfoblematw what is a "bxochemxcal species,” and how couid one ‘
deﬁne species boundanes usmg such cntcna"’ : A sznctcr, biologxcal
dcfinmon of "species” would be one based on sexual compatxbzhty

;,,'(Saka ct a! 1990) This, tco, would be a preblemanc cmenon g:ven

crosses that may yxeld a lcw frequency of vxablc progcny (Destcmbe
and Cembella 1990).

The problem in defimng "species” for members of the

N~

 Alexandriym tamarense/catenella/fundyense complex is largely

fyet morphology is the most umversaﬂy acccpted and acccsmble | ’} ,,
means of descrxbmg the organisms. " A solution to tius dxiemma is to

'se standardized morphotype descriptions, but also mclude stram

i des:gnatwns shat convey an indication of a pamcalar orgamsms

P genetxc characteristics when such information is relcvam thxs same
[ ; 7scheme is routinely applied in bac:enal taxonomy [(e.g., E.coli JM109’

(Ausubét et al. 1987)] The sequences of nbosomal genes and thezr
gene products couid be useful in this regard. For example, in a cross

- experiment, one may attempt to mate "A. tamarense (North
American)” and "A. tamarense (Texﬁperate _Asian)." In another
example, a series of genus-, species- vand strain-specific TRNA-

~ targeted oligonucleotide probes could be used as aids to help
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determine the "species” and “strain™ of an isolate, or "species” and
"strain composition” of preserved fizld samples, but the actual
designations would still be rooted in morphological descriptions. A
series of monoclonal antibodies dirscted at cell surface antigens have
the same potential (Sako, 1992). Toxin composition analyses by
HPLC could also be useful in such “strain" determinations, but at
present appear to be more iechnically-demanding and labor
intensive than applying either (nucieic acid or immunological probes.
In addition, strain designations based on toxin profiles offer no

resolution for non-toxic organisms, such as some A.lamarense.
Concluding Remarks

‘ The 1ecognition of genetically-distinct Alexandriym species and
populations offers a new genetic refzrence from which debates
concerning the relationships between A. tamarense/catsnella/
fundvense morphological and bicchemical characters may be viewéd.
Results of the present study could foster a resolution to this long
standing controversy, and thus a unified systematic scheme may now
be in reach. The definition of genetic markers for ccrtain; regional
populations also sets the stage for their use in testing dispersal
hypothcses. An encouraging aspect of Ss and LstDNA analysis is the
identification 6f Alexandrium genus-, species- and strain-specific
sequences. Oligonucleotide probes designed to recognize each of
these markers are now being tested. It is conceivable that this series
of probes could be used to rapidly classify, enumerate and separate

whole cells collected in culture or field samples (Amaun et al. 1990).




Orgamsms reacnvuy towards certam probes may also bc usefui for "
makmg prcdxcuons about thcxr xsozyme charactensucs, tomn ) B
producnozz capabmtzes, anubody cross-reacuvxty or populanon
matmg type afﬁnmes if strong assoc:anons between parncmar

nbosomal szgnatures and bxochemxcal c':aractcnsncs actually exlst.
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ABSTRACT

Ribosomal DNA (1DNA) sequence data were used to evaluate

. theories accounting for the evolution, global population structure and

dispersal of toxic dinoflagellates within the Alexandrium tamarense,
A.catanelly and A. fundvense "species complex.” Phylogenetic
analysis indicatcs that members of endsmic populations are
genetically similar, regardlzss of their species designation. These
patterns are consistent with a mcnophyletic radiation of these
organisms from a common ancestor that included, or gave rise to,
multiple morphotypes.  Geographically-separated populations
potentially underwent genetic divergence as a result of prolonged
isolation (vicariant speciation), while retaining an overall
conservative morphology. Recent dispersal may be indicated by
genetic heterogeneity within a geographic region. Insufficient data

preclude rigorous consideration of all possible evolutionary and

 dispersal scenarios; the hypotheses that are presented are intended

to serve at a framework for future investigations of the evolution

and population movements of A, tamarense/catenella/fundyense.

Alexandrium tamarense/catenella/fundysnse appear to be
endemic to both eastern and western North America; plate tectonic
and paleoclimatic evenis in the Arctic region may have played a role
in this distribution. Alexandrium tamarense potentially dispersed
from North America or northern Asia to Japan; this could have
occurred by natural and/or human-mediated means, either millions

of years ago or in the last 50-100 years. Similarly, A. carenella
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appears to have been recently :imrcduced to Austra}i‘a from an Asian
- source populanon, though a natt.z'al ntroducnon cannot be ruled out.
Ballast water samplcs taken from ships entering Australian pom

-prov1de undeniable proof tha: human-assisted dzspersal of A.

&mam&;jgmﬁla cysts (restmg spores) is occurrmg, and could be

responszble fm'vmtrpducmg genetically-distinct, morphozypxcany-
similaf organisms to a new locations. Determining the timing of
dispersal evehts is pmblematic if based stricﬂy on tDNA sequence
smx]armes, smce these molecules undergo change on a scale of

mxlhons of years
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INTRODUCTION

The geographic range of toxic dinoflagellates within the
Alexandrium tamarzase (Lebour) Balech, A, gatenalla (Whedon et
Kofoid) Balech and A. fundvense Balech "species complex" appear to
be increasing on both regional and global scales (Andersonm, 1989,

" Hallegraeff and Bolch 1991 and 1992). This is an alarming trend
given that these organisms cause paralytic sheﬂﬁsh}poisoning
("PSP"), a neurotoxic disorder with well-known public health arnd
economic impacts (Steidinger and Baden 1934), Critical assessment
of hypotheses put forth to expiain the apparent dispersal (Andierson,
1989, Hallegraeff and Bolch 1992) have been hampered by an
inability to identify endemic and introduced species, and thus to
distinguish between a change in species’ abundance (e.g., emergence
from the "hidden flora;” Smayda 199C) versus a recent, natural or
human-mediated introduction. In this chapter, hypothetical models
accounting for the evolutionary history of the A.tamarense/
catenella/fundyense complex are considered in the context of these
organisms’ ribosomal RNA (tfRNA) gene sequences (rDNA), in an
effort to differentiate between "endemism" and “dispersal.”
Insufficient data preclude rigorous consideration of all possible
evolutionary scenarios; the models that are presented are intended

to serve as a framework for future investigations.

Part of the difficulty in defining the populaticn structure of A.

tamarense, A. catenclla and A. fundvenss stems from an

international disagreement concerning the definition of "species.”
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Some authonncs beheve that thz detaﬂed feawres used to deﬁre :he
témarensozd catenenozd and fundy&nsmd mcrphotypcs arc valid
‘spccxcs cntena, w%u;c ozhers comem:l that thesc osgamsms are

: :‘morphologxcai vanants of thc "same specxes or st:'azns of a single

spccxes (Balcch 1985 Balech and Tangen 1985 Fukuyo 1985, Tay!or

1985, Cembella and Taylor 1986, Cembella et al. 1987, 1988,

i Hayhemc et al. 1989 Sako et al. 1990) A number of laboratories
»fthroughout the woﬂd have have attempted to s*tzlc ihe taxonomxc
debate by companng those groups dcﬁned by morphotype (the
“phenotypic expressxons of mumplz genes} to groups defmed by

o genotype (sub-cel!u!ar bxochemscal and genenc charéctensncs)

~ The hope was that the vahdxty of Spccxes desxgnanons could ‘be more
j ob;ecuvely evaluatcd in hght of morphologlcally-mdependent
‘measures of genetxc vananon. onchemxca! criteria such as 1sozyine
',;electrophoreuc pattems, toxm composmo'l analyses and cell surface
“antigens have been used to chatactenze xsolates of the three
"morphospecles (Cembel!a et a! 198’7 1988 Hayhomc et al. 1989,
 Sako 1992, Sako et al. 1950, 1992). However, the observed

relanonshxps betwcen morphotype and "genotype” are not

“consistent: in some cascs, morphospecxes desxgnat:ons are congruent

with groups deﬁned by biochemical means (Sako et al. 1990; Sako

. 1992), but in other cases they axc not (Cembella and Taylor 1986;

Cembella et al. 1987, 1988; Hagbome et al 1989). Thus, results of
sub-cellular characterizaﬁons used in an attempt to settle the
morphotaxonomic debate are in conflict. To complicate matters

further, the genetic aifinities of organisms classified as the same

morpho»pecxes, but mhabmng dxffcrem parts of the world, are
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g .. largely unknown. Consequently, many questions coaceming ihe
§ pepulation structure and suspected movements of A. jamarense/
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catenella/fundvense remain unanswered.

It

In an effort to build a data base useful in addressing these
questions, the sequence analysis of smail subunit (Ss) and large
subunit (Ls) rDNA was undentaken (Chapts. 1-3). A collection of A.
tamarense, A. catenella and A. fundvenss isolated from North
America, Western Europe, Japan, Australia, Tasmnania, Thailand and
the ballast water of several cargo vessels were compared on the
basis of a restriction fragment length polymorphism (RFLP) assay of

SstDNA (Chapt. 2), and sequence analysis of a fragment of LstDNA

(Chapt. 3). The RFLP assay was used to detect a SsTDNA pseudogene

| (the "B gene;"” Chapt. 1), and the LsrDNA sequences were used to
construct a phylogenetic tree. The LsrDNA phylogeny indicates that
the A.tamarense/catenalla/fundyense species complex is composed
of at least five genetically-distinct strains, cr “ribotypes.” The
LstDNA ribotypes were named with reference to the geographic
origin cf the isolates: "North American,” "Western European,”
"Temperate Asian,” "Tasmuniun” and "Tropical Asian.” The SsrDNA B
gene appears to occur exclusively in members of the North American
ribotype. The LsrDNA ribotypes and the SsrDNA B gene appear to be

useful biogeographic markers (Chapts. 2 and 3). However, the strict

association of the B gene with only a single LstDNA ribotype is
tenuous since the SsrDNA RTLP assay samples only a few
characteristic nucleotides of the B scquence; it is possibie sequences

similar to the B gene ("B-like genes”) occur in other ribotypes but
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_ Table 1 were considered alone.
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i were mxssed in initial screens (Chapt 2) In tlus chapter the posszble
g ems:enca of B-like genes is addressed cxpcnmemal!y, and the mxhty |
and Lmitations of usmg rDNA seqnenccs as mdxcawrs of o

Algm_m;m population hetcrocencny and dlspcrsal are exammed in

RESULTS

_‘A phylogeny of selected LsrDNA séqu‘cncéés fzjoni globaﬁy-

' distributed members of the A.tamarense/catenella/fundyense

complex (Table 1) is shown in Fig. 1. The seqixences used in this

* analysis are presented in‘Chapt. 3. It was possible to reduce the

previous alignment by four posvitio'nsy when the organisms listed in

The relaucnshxp between LerNA nbotypes and the B gene

“were clarified by direct scquencmg of polymerase cham reacuon-
 (PCR-; Saiki et al. 1988) amplified SerhA from isolates representing
-the North American, Western Enropeah, Tempetate Asian and

”’Vl'asme‘mian ribotypes (Fig. 1 and Table 1). Examples 'of the sequences

are piesemed in Fig. 2. The region‘examincd (posiﬁons ~636 to
~1158; cf. Chapt. 1) includes both evolutionarily-variable as well as

evolutionarily-conserved sequences ('Sogin and Gunderson 1987),

and is bracketed by restriction sites used in the A/B restriction tests.

In addition, this part of the molecule encompasses multiple

nucleotide differences in the A and B sequences. Seven

_ transversions, four transitions and three single base length
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differences in the two genes from the North Ameriban A. fupdvense
were visualized; none of the other isolates examined showed any
evidence for these ambiguities and length heterogeneities, or others
indicative of two or more distinct SsrDNAs. When results of this
sequencing are combined with portions of the molecules sampled in
the A/B gene restriction tests (Chapt. 2) a tctal of 17 positions
differentiating the A and B sequences have been sampled for each of

the isolates examined.

Figure 1. Most parsimonious phylogenetic tree inferred from
selected Alexandrium tamarense/caterella/fundvense, and A. affine
LstDNA sequences using PAUP 3.0 (Swofford, 1991; cf. Chapt. 3
(alignment used is reduced four positions from that shown in
Chapt. 3)]. Branch lengths reflect the relatadness of the sequences
(e.g., G. Hope 1 and G. Crux differ by one nucleotide). "North
Armerican,” "Western European,” "Temperate Asian,” "Tasmanian"
and Tropical Asian" are proposed ribotype designations given to
terminal taxa. Toxic isolates are dencted by "*." Easemble
statistical indices are as follows: consistency index (CI) excluding
uninformative characiers = 0.341; homoplasy index (HI) excluding
uninformative characters = 0.159; retention index (RI) = 0.938;
rescaled consistency index (RC) = 0.850 (cf. Swofford 1991).
SsrDNA characteristics for the cultures are shown on the appropriate
branches; note the correspondence berween the B gene and "North
American” ribotype. Alexandrium gffing is defined as the cutgroup
since its SSTCNA restriction pattern [Hae(1) RFLP; cf. Chapt. 2] is
divergent relative to ali representatives of the A. tamarense/catenalla/
fundvense complex.
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- Figure 2. Direct sequencing of PCR-amplifisd SsDNA from North American

(A. fundyense; GtCA29), Western Eurcpean

(A marense; Pgt 183 (1) and PEIV (2)],

Tasmanian (A, tamarense; ATBB01/2) and Temperate Asian (A. catenella: ACPPOY)

representatives using the magnetic bead technique. Two Western European igolates were
inclvded because "1" is non-toxic, while "2" may

produce trace amounts of toxin, Partial

- sequences of the A and B genes from GtCA29 (positions 805-845) and their

correspondence to that sequencing ladder are also shown; arrows denote ambiguities and a

single base length heterogensity (T/*) expected if both genes are present.
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DISCUSSION

There are several possible explanations for the apparent

dispersal of A.tamarense/catenella/fundyanse: increased abundance

or visibility of endemic species; natural dispersal; human-assisted
dispersal; or, a combination of all the above ( Anderson 1989,
Smayda 1990, Hallegraeff and Bolch 1951). In order to distinguish
between these hypotheses, endzmic and introduced flora must
differentiated. Historical records of toxicity and species' abundance
in a region arec useful in this regard, yet an absence of these
indicators does not preclude the possibility that toxigenic
Alexandrium are present in a given area. A further difficulty is that
A.tamarensg/catenella/fundvense resting cysts survive for 5-10

years at most in sediments (Keafer et al. 1992). Fossilization of these

cysts, if it occurs, would be of little use since it would be difficult to
assign such non-descript cysts walls to one of these organisms

(Taylor, 1980). Since stratigraphy cannot be used to determine the
history of A. tamarense/catenella/fundyvense in a region, endemism

and dispersal must be inferred from other data.

Patierns of indigenous and introduced flora may be deduced by
defining the phylogenectic relationships of their populations, and by
viewing the resulting continuities or discontinuities in the context of
geography and the historic record (Brooks and McLennan 1991). In
an attempt to do this for the A.tamarense/catenella/fundyense
complex, tDNA sequences from globally-distributed isolates were
compared (Chapt. 2 and 3). The LstDNA ribotypes and SsrDNA B

b
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. gene do appear to ascribe specific populanons, and some dxspersals

U geem evxdent but scvcra! hurdles remain before the rD\IA data can

 be ngorously applied to substantiate these findings: first, an
evoluzionéry model is needed to account for the coﬁfusing
_“associations beiween mbrphctypes, ribotypes and'geégraph‘iiz

V populations; and second, the B gene's relationship to the LstDNA -
pbylogény' must be further characterized, to determine if B-like

- 'genes were missed in the RFLP screening procedure.

- In the discussion that follows, two hypothetical evolutionary
schemes for the ‘A,, tamarense/catenella/fundyense complex aré |

considered in the context of the organisms’ SsTDNA and LsrDNA
' sequence characteristics. Based on the sequence data, one of the
 models is favored and used as a background to explore the
"posmbxhty of using rDNA sequnces to detect Akg_a_mm_g_xm/gmggguy
fundyense dispersal. Note that other models explaimng patterns of
AL tamarense/catenella/fundysnse population heterogeﬁéity can be
| envisioned, but are not discussed. It is hoped that this treatise will
simply serve as food-for-thought, for future investigations of the
~evolution and population movements of A, tamarense/catenella/
fundyense. |

Evolution of the Alexandrivm tamarense/catenella/fundvense

Complex

Gonyaulacoid dinoflagellates, a group that encompasses

Alexandrium species, are apparent in the fossil record from at least

141

D




the Cretaceous {~135 millicn years ago (Ma)] oaward. A more precise

estimate of the appearance of A. tamarsuse, A. catenella and A.

fundvense in particular is not possible because of a paucity of fossil
data (Taylor, 1680). Nevertheless, it is rcasonable to assume that
these organisms arcse at least tens of millions of years ago, possibly
even longer (Taylor, 1980 and pers. comm.). Clearly, these species
have had ample evolutionary timz to colonize many regions of the

world (Taylor, 1984 and 1987).

Hallegraeff and Bolch (1992) have noted that A.tamargnse/
catenells/fundvense, as well as many other meroplanktonic
dinoflagellates, would not survive for long periods of time in the
open sea; transoceanic dispersal by means of ocean currents is highly

improbable. Endemic populations of Alexandrium would therefore

have arisen as result of a slow "migration” of organisms along
coastlines of spreading continents, or perhaps on very rare occasions
by chance encounters with migratory water birds (or other such
episodic events). Ultimately, population dispersal to geographically-
remote locations would result in millions of years of genetic isolation.
Endemic populations of A.tamarense, A.catenella, and A. fundvense
are thus predicted to have arisen as a result of vicariance (i.e.,
geographic isolation; Brooks and McLennan 1991). Each population
should be genetically-distinct, owing tco the processes of "genetic

drift” (i.e., neutral mutation) and sclection (Ayala and Kiger 1980).

Present day morphological and genetic affinities of A.

tamarense/catenella/fundyense popalations could depend on
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| whc‘ther these spccxes are descended from mulup!e, genetxcany~
“"kifvdxsnnct forms that converged on a similar morphmypes '
("po!yphyieuc convcrgencc"), or if they radzated from a smgle
;ancestor that mcludsd or gave rise to, mulnple morp‘aotypac forms
'("monophyleuc radxazwn ). These two models and and thexr
'-l.‘_rebs‘pecnvc phylogenetic predictions are shown in Fig 3 In both
éésés;’endemic j:opuléﬁms may ccniain one ér more of the f
'‘';‘morph<:vspez:1es.L and be genctacallydxstmct, reg&rdless of
;"y'rv'morphotype However, if the progenitors of A. tamarense, A
;ga_z;_n_gﬂg and A.fundyense arose from distinct ancestral lines and

subsequently converged on a similar morphology, then the ‘dlffetent ;

morph'ospeéies should always be distinguishab!e at a subcellular

o level, even when they co-occur; their combined phylogcny should
- reflect the cvolunon of morphospecies, not populatxons (Fig. 3&) B
:'».»Altematwely, if A. mmmguyfwm morpho pecxes
| ;"‘.arose from a common ancestor that included or gave rise to several

"me'photypes, then co-occurring morphotypes should be similar with

‘,‘regards to sub- cellu!ar characteristics, irrespective of their

morphospecws designations. In this case, their phylogeny should

resolve geographically-distinct populations ("strains”), that may or

may not share the same morphotype(s) (Fig. 3b).1» 2 Recent
dispersals (e.g., within the last 50 years) are expected to confuse the

pattern of morphotypes, ribotypes and geographically-isolated

1 these predictions have also been considered in the context of sexual companbﬁmcs
(Chapt. 6), but are beyond the scope of the present discussion.

2 the models presented in Fig. 2 assume no lateral gene transfer; however, such
considerations have been given elsewhere (Chapt. 6)
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populations, and are one means by which dispersai could be inferred.

(see below and Chapt. 3).

Sequence analysis of rDNA is one way to test these predictions.,
Ribosomal RNA genes are composed of both evolutionarily-conserved
and evolutionarily-variable "domains” (Lenaers et al. 1938, 1989,
Raue' et al.,, 1988, Sogin and Gunderson 1537). Conserved regions
exhibit a reduced rate of nucleotide change, and are thus useful in
comparing distantly-related taxa that may have diverged hundreds
of millions of years ago. In coatrast, hypervariable regions are
subject to accelerated rates of nucleotide change, and as a result may
ascribe genus, species, or even strain-specific genetic markers (Gobel
et al. 1987, McCutchan et al. 1988, Guadet et al., 1589, Lenaers et al.,
1691).  Because of the rapidity with which hypervariable rDNA
sequences change, they appear amenable to reselving evolutionary
events that have occurred in the recent geologic past (e.g., 5-10 Ma),
and therefore should be of utility in distinguishing between the
evolutionary models presented in Fig. 3. The §' portion of LsrDNA is
useful in this regard as it encompasses the so-called D1 and D2
hypervariable domains, some of the most most rapidly evolving
portions of eukaryotic rDNA, interspersed among more highly
conserved sequences (Mitchot et al. 1984, Mitchot and Bachellerie
1987, Guadet 1589, Lenaers et al., 1989, 1991). The phylogenetic
tree shown in Fig. 1 is based on a sequence analysis of this fragment
(Chapt. 3), and is most consistent with the monophyletic radiation
model.  This conclusion is based on the facts that distinct, co-

occurring morphospecies can have similar (or identical) LstDNA
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nbotypes (e g North American A. Mﬂ&.ﬂl@/ﬂunﬂm

Temperate Asxan A, m_m_g_ﬂs_gjg_mggﬂl_a) and that the overall tree

topology is one of geooraphlc resoluuon, not morphospecies

 resolution. Smnlar reasoning has been used to support vicariant

speciation patterns among a variety of other oiganisms (cf. Brooks
and McLennan 1991; Lynch 1989).

Patterns indicative of dispersals of Alexandrium species appear

~evident. In Japan, for example, North American, Western European

and Temperate Asian ribotypes all co-occur. As noted above, recent
dispersal events should <onfuse the patterns of morphotypes,
genotypes and their relationship to geography, and such is the case

for‘ Japanese isolates of A.tamarense and A. catenella. However,

, detérmining the timing and mode of these potential dispcrsals

requires additional information and can be problematic (see below).

‘The B gene's biogeographic distribution (Table 1) also supports
a monophyletic origin of the A.tamarense/catenella/fundyense
complex, as well as claims of population movements. First, the B
gene is found in all three species, a result consistent with these |
organisms' origin from a single, common ancestor. Second, the B gene
is associated with on! y a single LsrDNA ribotype ("North American”).
This indicates that the B gene and only ¢ne of the LsrDNA sequence
types share a common evolutionary history; that is, ascribe one of
the hypothesiied geographically-isolated, "endemic populations” (Fig.
3b). Third, the B gens has been found in all North America isolates,

but only in a fraction of those from Japan. This indicates u dispersal
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of B gene-cortaining A. tamarenses from North America to Japan.
However, the strengths of these supporting observations, rest on ths
supposition that the B sequence is in fact a genetic marker that is
unique with respect to other evolutionary lineages (endemic

populations) of A.tamarense and A. catgnrlla throughout the world.
Evolution of the B Gene: Morphospecies and Population Specificity

Their are several conflicting hypotheses concerning the relative
age of the B gene and its population specificity, two of which are

considerad here:

15 The B gene appeared "late” in the evolutionary history of
the A.tamarense/catenella/fundyense species complex (e.g.,
within the last several million years), and is a unique,
population-specific marker with a restricted geographic

distribution.

2) The B gene appeared "early” in the evolutionary history of
the A.tamarense/catenella/fundyanse species complex (eg.,
tens of of millions of years ago or more), and is widely-
distributed in populations inhabiting different regions of the

world.

In light of the LstDNA phylogeny (Fig. 1), the first hypothesis
predicts that the B gene is unique to the North American ribotype,

and is a specific marker for organisms with a North American origin
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‘_'(see below) In‘c Zst the second hypothems predlcts that B-like
o ~genes are pandemzc among geogmphxcaily zsolatcd popuianons and
~will occur m multxple r:botyPeS' the B genes utility as an mdxcator of

‘mm;mm popu!anon hcxerogencny ma) be greatly d:rmmshed

stungmshmg between these possxbzhues requ:red samplmg

-other pomons of the SerNA mo!ecules not targeted in the original

RFLP assay Fzgure 2 illustrates an exampie of how thxs was

,‘ az'comphshed T}\e A and B genes are c!eaﬂy visible in the North
‘ Amencan scquencc, as secn by the ambxgumcs and length
| heterooenextxes that result from both genes presence. There is no

'mdxcauon that B-hke sequences occur in the others Therefore, the B

gene canrot be an anmem sequence” that has been differentially

, v'.fk‘prcsetved in wxéely-dxstrebutcd populanons It must have appeared
. ,i"'late in the evoluuonary hxstory of the A. tamarense/catenella/
‘fnn_d_m& complex [hypothesxs 1, and thus should be highly
'populauon specxfic.' Conszdenng thc B gene’s known biogeographic

| }’dlstnbunon and the hxstory of toxlcny in North America and Japan

(See be!ow) 1t secms probable that B gene-containing A. tamarense

were mytroduced t_o Japan sometime in the vecent past.

End}'emism of North Amgrican A..'gmgﬁegs_gjga;;ngug/fw

“The first account of PSP poisonings in North America were

documented in 1793 during Captain George Vancouver's exploration

’of prgseym day British Columbia (Quayle 1969). Confirmed cases of

PSP poisonings in eastern Canada pre-date 1889, however, as
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accounts of early explorers and setilers clearly indicate, Native
Americans inhabiting eastern Canada had a traditional knowledge of
the ha:zards associated with eating shellfish (Prakash et al. 1971).
Taken together, these observatious strongly suggests that PSP is
endemic to eastern and western shcres of North America. Further
support for this comes from recent work reporied by Kvitek (1992),
demonstrating that certain species of clams occurring along westcrs
North America have evolved a resistance to PSP toxins, and
apparently use the toxins as deterrents to predaticn. The
evolutionary interplay between PSP toxins, clams, ard predators of
clams suggests that PSP's presence in North America dates back

many millions of years (Taylor pers. comm.).

Thongh PSP has a long history in North America, it was not
definitively ascribed to a specific organism on the east coast until

1661 (Prakash et al. 1971) and on the west coast until 1965 (Quayle

1969). The causative organisms in North America are now known as

A.tamarense, A. catenella and A. fundvense (Steidinger and
Moestrup 1950, Balech 1985). Alexandrium catenella are found
exclusively on the west coast, and with one possible exception (strain
PI32), A. fundyense is only found on the east coast. Alexandrium
tamarense cccurs on both coasts.

Since the early Mesozoic (~250 Ma), the North American
continent has been a barrier as weli as a conduit for the paleo-
dispersal of both terrestrial and marine organisms (Berggren and

Hollister 1974, Marincovich et. al 1990, Thiede et al. 1990). The
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Arctic region is especially important when considering connections

between the Ncnh Pacific and North Atlantic (Marincovich et. al
1650, 'Dnede et al 1990) During the late Cretaceous (~100 Ma), the
Arctic ocean is believed to have had connections to thc Pacific and
Tethys seas, but by the end of the Cretaceous became almost
compleie!y isolated froin each. A connection to North Atlantic is
belicvcvdv to ﬁave cpened 'semgtime during the Palcogenc (~40-50
Ma), providing the means for Atlantic fauna to enter the Arctic. The
Pliocene operﬁng -vof the Bering straightk {(~3 Ma) produced the most
dramaﬁc change ih the cbmposition of Arctic maﬁhe organisms:
North Pacific species flooded the Arctxc largely displacing other
orgamsms of Atlannc origin, whxlc a hmxted number of Arcnc-
Atlantic species apparemiy entered the Pacm» v1a the same seaway
(Marincovich et al 1990)

These geolégic and paleo-oceanographic ev:e‘n‘tr‘sv took placé
‘wheri the Arctic climétc was much milder than the ‘preseknt - the
rcgion was Seasonaliy temperate and free of an ice cap {(Berggren and
Hollister 1974, Clark 1990, Marincovich et. al 1990, Thiede et al.
1990). In addition, the coming and going of seaways has occurred in
a time frame thai is relevant to the evolution and paleo-dispersal of
A.tamarense, A. catenells and A. fundyense: these organisms could
have descended from Pacific, Tethyan or Atlantic realms, and
multiple cpportunities existed for them to become omnipresent from
the Bering Straight to the Labrador sea. However, with the onset of
polar ice formation (~3 Ma), such a population could have become

restricted to eastern and western North America. As a consequence,
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vicariant genetic divergence of these populations may have begua no
later than several million years ago, and thus the B sequence must

have appeared prior to, or at, this time.

Eastern and western North American isolates examined thus
far share a very high degree of rDNA similarity, but gan be
distinguishgd on the basis of very fine-scale Ss and LssDNA
characteris‘t“ics {Appendix C). This observation is consistent with the
hypothesis that the divergence of these populations began within the
last several million years. Furthermore, it suggests that the LsrDNA
hypervariable D2 domain (~300 base pairs in Alexandrium) may

undergo only several nucleotide changes per million years.3 Thus,

organisms originating from the same population, but completely
isolated from each other for thousands, or even a million years, could
still appear very similar with respect to their IDNA sequences. Using
these sequences to interpret patterns of A. tamarense/catenella/
fundyense population heterogeneity and dispersal must therefore be

done in the context of geologic time.

Possible Origins of Japanese A.tamarense/catenella Heterogeneity

In contrast to North America, PSP toxicity was unknown in
Japan until 1943 (Anraku 1984). Toxicity caused by A.lamarense
and A.catenella in Japan was only confirmed in 1975 and 1976,
respectively (Murano 1975, Hashimoto 1976). The recent

3et. Appendix C, the sequence variation between "eastern” and "western™ B genes has not
yet been determined.
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: ‘appcarance of PSP in Japan is notewonhy, ngen the countrys hzgh
consumpnon of seafood and extensive fazmma of local waters. The »
_ genetic heterogeneity of Japancse A_ WM (Fig. 1 and
Table 1), and the rclanvcly recent ons..t of PSP in Japan, md;case that
these organisms are potenuaﬂy dcsccnded from mtroduced species.
~ As noted above, B gene-comammo A. @m&e_ are the most
noteworthy in this regard However, establishing the txmmg of
v‘dxspersal(s) remains prob!ematxc given the rate at which TDNA
sequences evolve. Of particular interest is a 1934 illustration by Oda
'_'of a Diplopsalis species that appears to be A.tamarense (Hallegraeff,
: pers. comm) If thxs descnpnon is indeed A. famarense, the specws
. was present prior to the first recorded PSP toxicity in Japan.

A}madlmmmm could be one of the "hidden ﬂora whose
- growth has only rcccmly becn enhanccd in Japanese waters. |

- The Oyasinc current cauid havc played a role in dispersing

" “North Amencan A mm to Japan The O)ashzo is fed from
'water, near the Bcnng Stmaghi and Sea of Okhotsk, and flows
"sout‘hward along the Asian coast towards the northern-most
Japanese islands, Hokkaido and Honshu (Pikard 1979, Kawai 1972).
The Oyashio current is thought to have developed very early - and
was certainly present after the opening of the Bering Straight |
{Luyendyk et al.,, '1972). Thus, it is possible that some of the so-
,calle‘d "North American A. mmm_s_e_" have dispersed with it from
Alaska and northwestern Canada, and/or northern Asia. The
projected path lies along the Asian coast and Kuril islands; a one-step

transoceanic dispersal need not be invoked. Such a dispersal could

153




R IR ) SR W B A 1o S A% e by i i S e £ NN

have taken many thousands, if not several million yearsy to occur.
Because this is a relatively short period of time, these organisms
could harbor the B gene and appear genetically-similar to

contemporary populations of A. tamarense/catenella/fundvense

found in North America.

Although natural dispersal of A.tamarense to Japan cannot be
ruled out, there is good reason to believe that this organism has
dispersed by human-assisted means over the last 50 years. For
example, the exchange of shelifish stocks between British Columbia
and Japan (Taylor, pers. comm.), and increased shipping between
Japan and other countries of the world are potential mechanisms
whereby such transfers could occur (Anderson 1689, Hallegraeff and
Bolch 1992). In addition, some A.tamarense found in Japan are
identical to eastern North American and Western European isolates
with respect to their SstDNA and LstDNA characteristics, as well as
their ability to produce toxin (Chapter 3). Such identity is more
consistent with a recent, human-assisted introduction than a natural
dispersal millions of years ago. As the population structure of A.
tamarense/catenella/fundvense inhabiting North America. Asia and
elsewhere become more rigorously defined and genetic variation
within these populations documented, it may be possible to

distinguish between these possibilities (cf. Chapt. 6).
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Dispersal of toxic Alexandrium Species to Anstrali:a"

Thc history of PSP wxncx:y in Aus:raha para!le!s that of Japan.
In Australia, PSP-preducmg A g_mgmua and A. mg_mm were first
‘confirmed in 1988 (Hallcgracff et a! 1988) Przor to that time, th,,rﬂ
is only a single account of suspec'ed PEP tonxcuy (Lc Messuner
1935), but the causauve specxes was never ;dmnﬁed (Hallcgmef‘ et
- al, 1991). A taxonomic sarvzy of Austrahan dxnoﬂaocﬂates ,‘
pubhshed in 1654 (Wood 1954) does include a smglc record of a
~chain-forming species, ﬁgnlulgammgm that may be a mxs-

1dent1f1ed A. g_a_t,g_n_gn_a Thus, it is poss:ble that A catenella was
present in Australia pnor to 1988 (Hallegraeff et al 1991) However,

' the «recent appearanc\. of conspxcuous PSP toxlcxty in Austrmsa along

. thh concomnam blooms of tongemc dmoﬂagellates is notcworthy

‘ ‘Moreovcr, blooms in Austraha ‘have been found to occur wuhm or
adjacent to ma;or sthpmg ports, areas where cargo shlps rouune!y

discharge ballast water that ongma:es in forexgn locatwns

(Hallegraeff et a! 1991 Ha!legraeff and Bolch 1992). Once again, one

is confromed with dxffxcultlcs distinguishing beiween tne intuitively-
appea}mg mechamsm of dxspersal (in this case by ships' ballast
water) and the vever-presem possibility that a f’hxdden flora” is for
some reason becoming a more visible part of the phytoplanktcn
community. Sequence arialysis of rDNA from Ausxra}ian A.
tamarense and A. gmﬂ}_g is one way these poss1bﬂmes may be
addressed: endemic populanons should have a unique genctic

signature relative to others in the world, while an introduced
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population should have a genestic siznamre indicative of the

The A.tamaranse isclated from Tasmania is unique among all
other members of its species complex examined thus far, and stands
alone as the scole representative of the "Tasmanian ribotype” (Fig. 1,
Table 1). This organism is also non-toxic. If it is endemic to
Tasmania, it may not be surprising that it went un-noticed until

modern reports of toxigenic Alaxandrivm in Australian waters

stimulated a more thorough ssarch for these organisms. In that

sense, the Tasmanian A. tamarense may be an example of the elusive

"hidden flora" found as a result of the scientific communities'

increased awarcness and search for these species.

LstDNA sequences of Australian and Japanese A. catenella are
amazingly similar (Fig. 1 and Table 1); the heterogeneity within and
betveen these two populations is even less than that observed in the
North American cluster (i.e., the "easiern,” "western” and "alternatz”
subriboiypes). The strong genectic affinity between Japanese and
Australian A. catenella indicates that they are descended from the
same population. However, a natural disperss” of Alexandrium from
Asia to Australia (or vise versa) still cannar be ruled out: reductions
of sea level and equatorial sea surface temperatures during
Pleistocene glaciations may have provided a means by which this
could have occurred (eg., over the last 1-2 Ma; Pouts, 1983, Fleminger
1985). Fleminger (1985) has examined this region in detail with

respect to various copepod specizs, and arguss that some copepods
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'dispérsed from Asia to Australia ‘and New Guinea. A prediction from

Fleminger's work is that A, ;mm found in Japan or Australia

- should also appear genetically-éimilaf to A. tamarense or A. catenella
populations between southern Japaxi and Thailand. To date, only one
A.tamarense from Thailand has been examined, and it is clearly
divergent from the Australian and Japanese A. catenelia (Fig. 1 and
Table 1). Preliminarily, there is no positive indication that a recent
Indo-Australian exchange of A. g_gmg_u_a has occurred;
characterization of other A}mﬁngm populations known to exist
along the coast of China will help clarify this (cf. Chapt 6).

Though natural dispersal of A.catenella to Australia cannot be
~ dismissed, recent work by Hallegraeff and Boléh (1991 and 1992)
conclusxvely demonstrates that viable rcstmg cysts of toxigenic A.

‘ La_mmgg and A. gg_:_gn_g_ua have been dxscharged from the ballast
tanks of cargo vessels into Australian ports. Some vessels are known
to have carried cysts of A. lamarense and A. cateneila from specific
lcoms in Japan and Korea (Table 1), thus providing their probab!é
point of ~\_~;;rigin. The occurrence of North American (eastern) A.
g,a_m_gm_g_g;_ in the ballast water of a ship that originated in Japan is of
particular interest: this vessel has never been to North America, yet
it contained A. tamarense that are identical to some A.tamarense/
fundvense isolated from eastern North America (Fig 1 and Table 1;
cf. Appendix C.2). Thus, some North American strains of A.
tamarense may have not only been introduced to Jjapan, but also
transported from Japan to Australia. The occurrence of Temperate

Asian (Japanese) A. catenella in a ballast water samples is also
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significant, since they are esszntially identical to those isolated in

Australia in 1988,

The ballast water samples show that viable toxigenic
Alexandrium cysts are dispersing as a direct result of man's
activities, and serve to illusirate how a region can be "secded" with
genetically-distinct A. tamarsnsz and A. catenella from a variety of
source populations. If the introduced A.tamarense and A. catenella
cysts uliimately give rise to bloems of these organisms in Australia,
then the various populations could appear heterogeneous, reflecting
the morphological, biochemical and genetic signatures of the

popuiations from which they have dispersed. On-going dispersal of

toxic Alexandrium cysts to Australia may serve as a living example
of what may have occurred in Japan, and could partially explain the
origins of Japanese A.gfamarensz and A. ¢catenella population

heterogeneity.

MATERIALS and METHODS

Details of nucleic acid extraction, SstDNA RFLP assay ("A/B
restriction test), sequence analysis of LstDNA, and cultures used in
these investigations are found elsewhere (Chapts. 2 and 3). SsrDNAs
from representatives of the North American, Western European,
Temperats Asian and Tasmanian ribotypes (see Table 1 for the
isolates chosen) were PCR-amplifizd as described previously (Chapt.
2), with the exception that the 3° (reverse) primer was biotinylated.

Purification of the coding strand of the SsrDNAs was achieved using

158




"?:,;Zf\_’streptavxdm-coatcd magnetic beads (Dynal Dyna BeadTM) following

vti'thc recommendations of the manufacturer (Dynal; cf. Huliman et al,
__ _1989' ‘Uhlen, 1989) Primers complemcntary to D_mmj_gm
- discoideum nucleotide sequenccs 892-506, and 962-976 (Sogin and

kGunderson 1987) were used to sequence (United States Biochemical

Sequenase V 2.0) a portion of the SstDNAs (positions ~636 to ~1158).

“ Products of these sequencing reactions were resolved side-by-side as

* described previously (Chaptef?:) Sequences from the Westem

_European, Temperate Asian and Tasmaman representanves were

| compared to that from the eastern North American isolate in whxch

 the A and B SsrDNAs were originally characterized (GtCA29; Chapt.1).

 Two Western European representatives were chosen because one

(Pgt 183) is non-toxic, whiie another (PEIV) may make trace

. amounts of toxin; the two were mcluded to dctermme if there was

.0 amy strict assocxatmn between the B gene and xsolatcs abxhty to

produce toxm The LerNA sequence from the Thailand A.
tamarense has only been deduced recenﬁy, and has not yet been

examined for "B-like genes.”
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Sequence analysis of small subunit (Ss) and large subunit (Ls)
ribosomal RNA genes (rDNA) was undertaken in an effort to clarify

relationships among a variety of Alexaandrium species, and their

globally-distributed populations. The goal of this study was to

address two basic questions:

1) What level of taxonomic organization are these sequences

capable of resolving - strain, population, species. genera?

2) Can this information be applied to ecologically-relevant

questions?

At the start of this investigation, little was known of intra- and inter-
specific TRNA/DNA sequence variation among dinoflagellates. The
first broad-scoped investigation aimed at addressing this question
was conducted by Lenears et al. (1939),! using the D1 and D8
hypervariable regions of the LsrRNA. Their report demonstrated
that LsTRNA sequences resolved fundamental genetic differences
betwecen genera and species of dinoflagellates. In particular, these
investigators showed a toxic, western North American A. catsnella
(BGt 1) to be closely-related to, but distinct from, a non-toxic,
Western European A. tamarense (Pgt 183); this was the first
indication of rDNA sequence divergence among two representatives

of the A. tamarense/catenella/fundvense "species complex." At the

1 Lenaers, G., Scholin, C. A.,Bhaud. Y., Saint-Hilaire, D., Herzog, M. (1991). A
molecular phylogeny of dinoflagzllate predsts (Pyrrhophyta) inferred from the sequence of
the 248 rRNA divergent domains D1 and DS. J. Mol. Evolu. 32:53-63.
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sank}ek ‘timc,‘ A_ g_n_dg‘:_s_gm (TC02) was shown to be clearly divérgcnt
from both A. famarense (Pgt 183) and A. catenclla (BGt I; |
unpubhshed observanon) Thus, the 'indication was that , -
hypervariable domams within the LsrRNA molecule would be usafnl | g
b‘for delmeanng dlvergent Amgu__m specxes and pcasabﬁy even A,
_mmasz and A szm__ﬂa

~ At the same time Lenears and co-workers were completing

!hcir_work,' cvoiuiionarily;variable regions within the ‘SstRNA

; molecule weré a!ready well-characterized. Heré again, few

, ‘dmoﬂagellate SsrRNA ~sequences had becn deduced, and thus the
variation or pote:nual variation that might exist in these molccules

‘,for dmoﬁagellate genera and species was completely unknown.

However, the extenswe data base of SstTRNA sequences seemed a
’valuablc resourcc for 1nterpretmg potcnnal A!gggngmgm inter- or
mtra-specxfic variation in the context of a broader view of IRNA
‘evolution. Therefore, this thesis was to focus on both the well- B 3
N characterized Sst_DNA molecule, and less well-characterized but

promising portions of the LstDNA molecule.

Chapteyr 1 documents the first attempt at determining the
complete SstDNA sequence for a toxic, eastern North American A.
fundyense (GtCA29). Surprisingly, this isolate was found to harbor
two"distinct SstRNA genes, termed the "A gene” and "B gene." The B
gene was dcterrriin:d to be pseudogene since portions of its sequence

}’ deviate from evolutionarily-conserved motifs, and because it is not

represented by stable transcripts. The B gene holds promiée as a
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population-specific marker: as a pscudogene, it could be subject to
accelerated rates of nucleotide substitutions; furthermore, the A and
B sequences are ~97.8% jdentical, indicating a recent divergence.
However, the labor involved in identifying and documenting these
two sequences using cloning and seguencing protocols made the
prospects of examining a large number of cultures for the same
genes difficult to justify. In order to expedite the screening
precedure a restriction fragment length polymorphism (RFLP) assay,

termed the "A/B gene restriction test,” was developed (Chapt. 2).

SstRNA from toxic, western North American A_.L@mmm_qj
catenelia (PWC6 and BGt 1), toxic, eastern North American A.
fundyense (CA29 and AFNFA44) and a non-toxic Western European A.
tamarense (Pgt 183) were partially sequenced during efforts to
detect B gene expression. Approximately 450 bases of SstRNA
spanning two highly variable domains within this molecule (V3 and
V4)2 from each of the isolates were compared. All North American A.

tamarense/catenella/fundyense appeared identical; relative to that

group, the Western European A. tamarense showed four scorable
differences. In contrast, preliminary LsrRNA sequeiace analysis of A.
fundyense (CA29), A. caterella (BGtl) and A. tamarensg (Pgt183)
indicated more extensive sequence divergence. Therefore, plans for
extensive sequencing of StDMNA variable regions were abandoned.

Instead, isolates’ SstDNA were compared using the A/B restriction

2¢f. Sogin, M.L., Gunderson, J.H. ( 1987) Structural diversity of eukaryotic small
subunit nbovomal RNAs: evolutionary implications. Endocytobioiogy III. Ann N.Y.
Acad. Sci. 503:125-39.

170




assay M(Cha;‘it. 2), andyv ‘det'ai‘!iedv chuéncc comparise‘ns relied primarily

ona fragment of the LsrDNA V(Chapx. 3).

Chapter 2 summanzes resnlts of the SerNA RFLP tests. Early

in thzs woxk t}xc B gene was found in all toxic, North American A,

L&m.ams_gjgamg_gjw but ‘was absent in all non-toxic
Westem European A. Lamm_ﬁg The apparent association between

the B gene and tox:c isolates of ﬁlgmgum prompted a search for B v |

genes in g]obally-dxsmbuted representatives of A. tamarense/
gg_tgn_q}_a as ‘well as in toxic A. minytum. Results of these screens

clear!y demonstratcd that the B gene was not essential for toxin

| fproducnon, ne:ther for A mmwmgwmm , nor A,

minutum. Howevcr, the RFLP assay did reveal five distinct groups of |

‘culmrcs,, Thrce of these ("Groups I-II") subdivide the A.
mmgmg_ﬂwm_d_m complex, but do not correlate wnh

morphospecies desxgnanons.‘ The fourth group ("Group IV") coasists :

of A_ aﬁ_m;_, and the fifth group ("Group V") is represented by A,
’-’vnn_nm, A. lusitanicum, and A. andersoni. Restriction patterns of

SstDNA from one isolate of A. tamarense (CU-1) appeared identical to

those of A. aﬁmg It was later determined that CU-1 was in fact an

A. affine, not A. tamarense.3  Overall, the groups defined by the
SstDNA RFLP assay agree with those defined by morphotaxonomic

criteria: as a whole, the A. tamarense/catenella/fundyense complex

is distinct from A. affine, A. minutum, A. lusitanicum and A.
andersoni; th_e funhcr dglincation of A. affine and A. minutum, A.

3cu-1s morphology was rc-cxammvd by D= Y. Fukuyo, one of the taxonomists who
originally dascribed A affine. :




lusitanicum and A. andarsoni is also consistent with

morphotaxonomic designations.

The A/B restriction tests provided the firct indication that A.
tamarense/catenella/fundyanse exist as genetically-distinct
populations, not three genetically-distinct morphospecies. Isolates of

A.tamarense/catenella/fundvense from eastern and western Nerth

America belong exclusively to Groups I and II, respectively. Both
groups include representatives of all three morphospecies that
harbor ithe B gene.4 Alexandrinm tamarense/catenella isclated from
Weétcm Europe, Australia and Thailand, on the other hand, belong
exclusively to Group III and do not harbor the B gene. Isolates of A.
tamarense from scattered locations in Japan were classified as
members of Groups I and II; all Japanese A. catenella belong to
Group III. Ballast water isolates that originated from specific blooms
in Japan reinforced the conclusion that Japanese populations of A.
famarense/catenella are genetically diverse: one ship contained
Group I A.tamarense, while a second carried a Group 11 A. ¢atenella,

Thus, the assemblage of A.tamarense/catenells in Japan is
"exceptional” relative to cther globally-distributed isolates examined

thus far.

A dispersal of Group I and II A. tamarense from North America

to Japan seemed probable for two reasons. First, Groups I and II

4 the distinction between Group I 2nd 11 is based on the observadon that scme of Group I's
SsTRNA genes have insertions and/cr are rearranged (Appendiz B. ); Group IT's Ss:RNA
genes, on the other hand, show no such rearrangements,
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""have umform bxogeographic dxsmbunons in Nonh Amenca. In
: i contrast these orgamsms occur in scattered locations in Japan and
. }\[are mtermlxcd w:th Group m A. ;_m_;}lg Second, PSP toxicity
appearﬂd in Japan m 1948 bm datcs back hundreds of years in

~ North America. 4‘

" The 0ccurreﬁce. of iGrouf’) I A tamarense in a ship's ballast tanks

‘Was also peéuliar: t}hisk'vcsse'! was on a defined run between Japan |
and Austraha and apparcnﬂy had never becn to North America, yet
-t contamed A. M "identical” to those fcund in eastern North
| America. A Fnrthermore these particular ballast water isolates were

gthought to onglnate from a spec:fic bloom in Japan. Thxs suggestcd a

"f,y,[}flpotenual senes of Group I A_ m_mgmg_ dispersals, from North

"";'Amenca to Iapan, and from Japan to Australia.

‘ .kThe existence of géﬁe'tic‘ally-distinct_ popnlations of A
‘tamarense/catenella/fundyense began to shed light on the confusing

“associations between cells' “morphotypes“ and "genotypes” (i.e.,

, Scheiiuiér'characteristi‘cs). Alexandrium tamarsnse and A. catenelia |

fron‘; Japan have been heralded as a paradigm of "morphospecies”:
'j’species dcfinéd by morphological features are positively correlated
with groups defined by subceilulé.r characterizations. In contrast,
morphological, biochemical and genetic analyses of A. tamarenss/
catenslla/fundvense from North Ameﬁca do not reveal such positive
correlations, and offer no sixpport for the morphospecies concept.
Results of the A/B gene restriction tests suggest that the latter

observation is more akin to what is expected. The genetically-
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diverse A.tamargnsa/catenzila found in Japan hinted at a pessible

fada

fortuitous correlation of "morphotypes™ and "genotypes.”

In Chapter 3, questions of taxonomy and bicgeography were
addressed in greater detail: a subset of isolates screened in the A/B
restriction tests ‘wers further compared by sequencing a fragment of
their LstDNA. Parsimony analysss revealed eight major classes of
sequences, termed “ribotypes.” Five ribotypos subdivide members of

the A.tamarense/catenella/fundvense complex, and were named

with reference to the geographic origin of the isolates: "North
American,” "Western European,” "Temperate Asian,” "Tasmaniar™ and
"Tropical Asian." The three remaining ribotj;pes were associated
with cultures that clearly differ morphologicél!y from the A.
tamarense/catenella/fundvense group; these three distinct
sequences are typified by: 1) A. affine; 2) A. minutum and A.
lusitanicum; and, 3) A. andersoni. The latter three ribotypes were
referred to as “affine,” "minutum” (= A. miautum/lusitanicum) and
"andersoni,” respectively. Alexandrium minutum and A. lusitanicum
are indistinguishable on the basis of their LstDNA sequence; A.
minutum/lysitanicum/andersoni may be members of another
Alexandrium species complex, analogous to the A.tamarsnse/
catenella/fundyense group. An organisms' ability to produce toxin
appears to be correlated with its LsrDNA phylogenetic lineage: the
North American, Temperate Asian, Tropical Asian, and "minutum”
termini are exclusively "toxic,” whereas Western European,

Tasmanian, "affine” and "andersoni” termini are exclusively "non-
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toxic.” Analysis of additional isolates is required to address this

potential correlation.

The nbotypes ascnbcd by thﬂ LerNA seqz.ences are in

| complete agreement wnh “and offer a finer-scalc resoluticn of
. groups defined by the Ser‘JA RFLP an.ﬂysm. Those organisms found
‘_to ha:hor the B gene are all ciassxfied as membcrs of the North

American nbotype. ' Furthermore, there appears to be a gradignt of
sequence spéi:ifiéizy, from regional to g!obaliy-diszﬁbuzsd

populations of A.tamarense/ca ;g'ngnalfgndyqngg, to distinct species

| _outside of this cluster, kIapanese A. tamarense/catenglia are an

excepzion to this trend: tiese isolatcs were found to display

-sequences that encompass North Amencan Westem Euroyean and

‘Temperate Asian sxgratures.

Overall, the LstDNA phylogeny of A. tamarense/catenella/
fundyense resolves geographic populations, not morphospecies. This

- is consistent with the conclusions reached in Chapter 2. Though

- morphospecies designations are a convenient and important way of

describing A. tamarense/catenella/fundyense, they do not convey a

- sense of these organisms urderlying genetic diversity and population

structure. This conclusion has been reached independently by other
investigators using a variety of subcellular characterizations.
However, prior to this investigation comparisons have focussed
primarily on cultures collected from a single, regional population:
Japan, western North America or eastern North America. Each of

these regions appears to encompass a unique assemblage of these
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organisms. Depending on which cultures are examined, and where
they come from, one can reach different conclusions concerning
morphotype and its relation to isolates’ biochemical or genetic
affinities. Hence, the "validity" of the morphospecies concept
depends on the isolates compared. In the case of Japanese A.
tamarense and A. gatenella, support for the morphospecies concept
appears stem from the fortvitous co-occurrence of different strains

of these species (eg., North American A. tamzrenss and Temperate
» L~ v ol Py

Asian A, catenella).

An evolutionary perspective for the A. tamarense/gcatenella/

fundyense species complex was developed in Chapter 4 in an effort
to explain the confusing associations of "morphotype,” "ribotype,” and
"geographic population.” It is suggested that these organisms arcse
from a common ancestor that included, or gave rise to, all three
morphotypes. Over millions of years of evolution, populations
containing one or more of the morphotypes are presumed to have
become geographically-isolated, and then to have undergone
independent genetic divergence (vicariant speciation); however,
ancestral (or derived) morphodiversity was maintained during this
process. Consequently, endemic populations of co-occurring
morphospecies appear genetically-similar, despite the fact that they

are morphologically-distinct.

SstDNA from Western European, Temperate Asian and
Tasmanian representatives vere further characterized in Chapter 4

by direct sequencing of PCR products, to determine if sequences
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similar to the B gene ("B like genes") were mxssed m the RFLP assay., |
Results indicate that the B gene is cxcluswely assocxated wzth the ’_

North American nbotype The B gene and connguous LerNA

sequences are thereforc 1nd1canve of a umqua evomnonary Imeage

- (geographic populatxon) of the A. WWM&

complex, a group that is lmely endemlc to North Amenca. The
occurrence of B gcne-ccntammg A_ :_a_mmsg in Japan appears to be
an indication of dxspcrsal Howevcr, determmmo the txmmg of
dispersal events is problcmanc since rDNA sequences, even the ,
hypervariable LsrDNA D2 domain, evolve on 2 sca!e of mxlhons o}'
years; populations that have been scparated for thousands, or a |
million years will appcar gencucally smnlar thh respect to then'
rDNA. Thus, usmg rDNA sequences as mdxcators of A, ;,amﬁm_ngg/

o Qg_t_m;_!_l_g/_u__gy_mg_e_ popu!anon hexerogﬂnex!y and dlspersal

necessitate that it be done thh an eye to the geologxc past lest the |
wrong conclusions regarding the ummg and made of dls;}crsal be
rcached Finally, the ballast water samp!es show that v1able cysts of
toxigenic Alexandrium are being mtroduced to Austmha from '
genetically distinct source populations. In some rcspects thxs may
serve as a living cxamplc of what occurred in Japan some years ago

and what may be occumng in other regwns of thc wor.d

In conclusion, SsTDNA RFLP groups and LéfDNA riﬁofypéd are
valuable species- and population-specific markers‘,_ ,prcfully this
information will be of use in rcachi}zg an intcmational!y-acceptablb
definition of Azgxgﬂé ’rigm "species.” Finally, g‘rlyigdn‘ucleotide ’pmbcs

‘targeted at rRNA/DNA have the potential to discriminate at various
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levels of Alexandrinm taxonomic organization, and may be useful in

the rapid and specific analyses of cultured or field samples.
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The analysis of Alzxardrinm rDNA sequences has provided a
vhylogenetic perspective from which to view a variery of
fundamental biclogical guesticns. In this ¢ontext, futore arzas of

rescarch should consider the following:
A, Clarification of Morphotaxcnomy
B. Evclution, Populaticn Eiology and D:spfena!

C. Sexual Compatibility and Meiotlic Partitioning
of Genes R

D. Molecular Detection of Strains, Species and Genera

E. Genetic Basis of Toxin Production

To many, these topics scem obvious targéts for furure study, and in
some cases are underway in laboratories throughout the world. This
serves to illustrate an important point: even the most basic questions
of Alaxandrinm biology remain unanswered, despite many years of
research,  The intent of the present discussien is to f{rame these

guestions with sespect to molocular phylogenetic analyses.
A. Clarification of Morphotaxonomy

The primary difficulty in interpreting relationships between
closely-related Alexandrium species, such as A. 1amarenss/
gatgnaliaifyndysnze, and their rDNA sequences rests with
morphotaxonomy of the isolates.  Inconsistencies in species

designations could arise if fsolates are classified by different
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taxonomists. In fact, this criticism was raised by Do Fukuyo at t
Fifth' Imcmaziom} Ceﬂferencc on Toxic Marine Phytoplankion. His

qucstwn cor»ce*ned the potential artifacts that could be inu odu‘ed'

by comparing "Fukuyo species” to "Balech s}n,mea, for emmpge; This

| - criticism has been addressed in both Chapters 2 and 3. Future
_Studies addressing the relationships bstween morphotype énd
genotypc for cimeiy -related species hk» A. lamarsnss/eatanella/
Lum_ymg_ would be well-advised to have a1 least two authorities

' classxfy the tso!a:cs in question. In so dcing, it will be possible to

‘dmctly comparc different taxonomists designations, and dezermne. |

R What, if any, inconsistencies exist; and, 2) how that might affect

~conclusions reached in this thesis.
‘ B Evolution, Populatitmll Biology and Dispersal

| ' Riboéomal DNA sequences are useful tools for'studying the
_evolution, pobulation biology and dispersal of Alexandrium species.
The basis for this approach is broadly outlined in Chapter 4. With

this as background, it is now possibie to address more specific

questions, Regarding the A. tamarenseg/catsneiia/fundyense complex

in particular, consideration should be given to the following:

1) Do B gene "subgroups” exist? If so, what is their
biogeographic distribution?

2) What is the basis of the apparent genetic hererogeneity of
western North American A. tamarenss/catenells?




tamargnse to Japan?

catenella to Australia?

fundyvense

With regards to Question 1.

With regards to Question 2:

populations, including:

populations;

The B gene is a pseudogens
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3) Is there evidence to support a natural dispersal of A.

4) Is there evidence to support a naturzl dispersal of A.

All of these questions point to a nzed for additional characterization

of globally-distributed representatives of A. tamarense/catengila/

and thus potentially subject to

accelerated rates of nuclsotide substitution. If it is undergoing
"rapid” evolution, then it should be very sensitive té populations’
isolation - probably more so than the LsrDNA D2 domain.
Consequently, "B gene subgroups” may exist, and éould be useful
biogcographic markers. A search for B gene subgroups can be
carried out by either more extensive RFLP analyses (cf. Appendix B),

or by using the magnetic bead sequencing technique {cf. Chapter 4).

There are several possible "sources” for the reported genetic

diversity of western North American A tamarense/catenclla

a) diversificaticn of biochemical signatures among sympatric




)2 co-occurrence of aiiepamc A!emndn"m ycmmmmu

- resulting from paleo-oczanographic events (e.z., opsning of the
- Bering Str ight and exc hange of "Arctic” and "East Pacific”
‘ fauna) or, ' :

o c) recent, human assisted xmroducuon of an aiiﬁpamc
pepulancn(s) '

" Neither of these scenarios is mutually exclusive; however, it should
be possibic to evaluate eac‘x possibility by examining the sequences
of Ss and Ler\IA from additicnal western North Amwraai é.

La.mmwga_m isolates.

In the first case y(a.) all isolates should carry the B gene and
-exhxbxt minimal LstDNA sequence divergence since they are
' "descended from the same gcographu populatxon Furthermore, the
B LerNA sxgnamre should place them well within the North Amenf'an
phylogenem cluster. If this is so, then bicchemical (= allelic)
vananon among A. L_m_a;;g_yg_s_gjg_gm__u_a_ must procecd at much‘ more
'raptd pacc ‘than sequence divergence of even the most hypervanable
TDNA domains.’

In the secénd case (b), the LstDNA sequences from some
isolates should be very similar to those of the western North
American A_ tamarense/catenslla previously described {e.g., PW06);
other isolates, however, will be "genetically-distinct.” The “"distinct”
group should lack the the E gene, and its LsrDNA signature should
define a heretofore undescribed evolutionary lineage (i.e., ribctype)
of the A_.»zamarcnse/g_amncnaj{gm& complex.
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In the third case (c), the LsrDNA scquences from some isolates

should be very similar to those of the western North American A.
¥

tamarense/catenzlla previcusly described (e.g., PW06). As in (b),

another, "genetically-distingt " group should be preseat. In contrast
to (b), the "distinct” group will carry an LsrDNA signﬁmrc indicative
of the population from which the intrcduced organisms dispersed.
With regards to this possibility, noie that oysiers from Japan were
introduced to British Cclumbia, and subsequently expcrtcd from
- British Cclumbia and re-introduced to Japan (Taylor, pers. comm.).
Thus, 2t one time, there was an exchange of shellfish stocks between
British Columbia and Jjapan, and such exchanges are known vectors
for dispersing algal species. In addition, raw wood preducts are
routinely expertad from westerr North America to Asxan counmes
(notably Japan), and cargo vesszls designed for such freight are
known w havz pleyed a role in the dispersal of viable A. tamarsnse
and A,. g,a_;g_qg_ﬂg cysts from Japan to Australia. Therc‘ore. ship traffic
between. Asian countries (or elsewhere) and western North America
could have served as a vector for the introduction of A. tamarense
and A. ¢aterclla to the northwest. If an introduction has occurred, it
seems likely that the introduced population will belong to the

Temperate Asian cluster.

Examining additional western North American A, tamaranse/
catene]la is guarantecd to reveal an interesting story. It wiil be
relevant to issues of: 1) "morphotyps™ vs. "genotype;” 2)

biogeography; 3) evolution; and, 4) dispersal.
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'"“:;‘Wiah regards to Question 3:

; Convincing proof of a natural dispersal of A. tamarsnss to
- Japan is lacking. In large part this is because so few isolates have

" been analyzed (bozh from Japan and wastern North Amenca), and

because there is no fossil data. However, if dispersal occurred over a

million years ago, for example, then there may have been sufficient

- time for rDNA to record the dzvcrgenca. Mote that eastern and

L ‘wcstem Nonh American pcguiaucns are distingnishable from each

other, reﬂectmg perhaps three million years of isolation. Therefore,
""Nonh American A. tamarense potenixany d:sper%ed to Japan in the
same time frame may be distinct from the easzem and "western”
) subnbotypes. In some respects there is support for this possibility.
| .A!gxgngrmm L@.m@z_@_m f'om Ofunato Bay harbor the B gene and
" North Amencan LsrDNA sxgnatures, but differ slight'y from both
"eastern” and "western” subgrm_ps. In fact the fine-scale differences
exhibited by the Ofunate Bay A. Lg__g_r_e_m_g have been used to define
the "North American (aiternazc)" ribotype (cf. Appendix C). To date
v‘too few isclates have been examined to be confident that this
ribotype is'unique to Japan. However, should aﬁdizionallanalysss
- indicate that this is the case, then it is consistent with the notion that
‘dispersal tock place in the recent geglogic past. Mapping the -
biogeographic distribution of B-géne subgroups could alse be of help
in this regard. In addition, determining if A.tamarsnse occur along
the Kuril Islands (north of Hokkaido) and the northeastern coast of
“Asia i3 also relevant given the projected pat}h of dispersal {(see Chapt.

4). If A. tamarense exists in these regions because of a dispersal
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L 5 - .
7. - om North Amyr¢s then they should harbor the B geme. Here again,
any indications of fine-scale L.rDNA heterogeneity, or of B gene

subgroups will be important. Finally, it would be instructive to

examine the genstic similaritics of other species that share a present
day biogeographic distribution similar to the Alexandrjur: "North
American” group , but that also have an adequate fossil r.:corAd "
(gastropods? bivalves? macroalgas?): Do other species’ fossil "h‘istory ‘4

Yo W

and present-day genetic similarities support an OQyashio-mediated =~ i

-

dispersal of organisms from the Bering Straight to the northern end -
of Japan? If so, what is the timing of such events? Is it consistent =

with the opening of the Bering Straight?

With regards to Question 4:

§:} As outlined in Chapter 4, if A. catenella dispersed from Asia to

Australia by ratural means within the last 1-2 million years, then A. “
catenella found in Japan or Australia should also appear genetically-

similar to populations of A.tamarense or A. catenella from southern

Japan to Thailand. As a first step in testing this prediction, A.
tamarense from the coast of China (~urrently in culture) should be
analyzed. The absence of genetically-similar A. tamarense/catenells

between Japan and Australia dees not preclude the possibility of a

natural introduction of A. catenella to Australia; however, it severely '

weakens the possibility.
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C. Sexual Compatibility and Melotic Partitioning “of Genes |

, ; A number of laboratones zhzoughcﬂt t?ne wor}d are begmnmv
| to apply classzcal genetic approaches in the smdy of A};ggﬁm;u
‘kbxology. Experiments add essing sexual conpatxbxhtzes of
motphospeczes and the meijotic partiticaing of (1) morphozypic
determinants, (2) matmg type and (3) toxin compositions N |
_'charactensncs are ah- ady well underway The relationships of A.

: WM}Q]M& described in this thesis are a useful
reference for these expﬂrimcnts In addition, the B gene and LstDNA
“ribotypes could be uscd as geneticr mzrkers.'in multifactor factor

CTOSseEs.

In Chapter 4, n was concluded that the A_ MM

- fy_g_d_y,g&g_ complex arose from a common ancestor thai mcludsd all

/' three morphotypes. Thc B genes occurrence in all three
Amorphospccxes was used to suppoxt this argument. Taken one step
_further, this can be éxpléined by sexual-compatibility of A.
ng;gng!!g/fgngy:gsg; hence the B gene's presence in each
given several million of ’yeéu's of interbreeding. Since these
organisms are hcterothailic, there should be strong selective pressure
- maintaining sexual compatibilities, This is expected because the
“evolution of a sexually?incompatibie group regquires at least two
simultaneous mutations (bne in the "+" parent and one in the "-"
parent) that both resiricts their ability to mate with certain members

of the species complex, and al!oﬂvs them to be compatible only within
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the "new group."l Retention of sexual compatibility should therefore

be favored, but evolution of sexually-incompatible groups could

~certainly occur. Thaus, the predicticn is that closely-related A.

tamarense/catenella/fundyense, such as those with similar LstDNA

sequences, should all be capable of forming cysts and producing
viable progeny. If this is so, then it is possible that more distantly-
related groups (eg. North American and Tasmanian) will be
compatible as well. A difficulty in the mating experiments will
performing enough crcsses so that the results can be interpreted in 2

statistically-meaningful fashion.

If North American A. tamarense/catenella/fundvense are
sexually-incompatible, then the evolutionary scenario presented in
Chapter 4 is greatly over-simplificd. Furthermore, this would

suggest that the B gene and LsrDNA sequences have moved laterally

(i.e., between disinct organisms in the absence of conventional

zygote formation) by some ill-defined mechanism (e.g., viral

element).2
D. Molecular Detecticn of Strains, Species and Genera

Oligonucleotide probes targeted at TRNA and rDNA are used
exiensively in the detection of a wide range of organisms. This

technology clearly holds for promise as means for rapid detecticn of

I Cembella, A.D., Taylor, F.J.R., Therriault, J.-C. (1988). Cladistic analysis of
electrophoretic variants within the toxic dinoflagellate genus Protogonyaulax. Botanica
Marina 31: 39-51

2 molecular evolutionists' nightmare
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| harmfu! alf-'alvspﬂcies. The cha!lehges that‘ ii? -ahﬁad v?iii a1l under

~two broad catcgor:ey 1) findmg scquencea that are stmm-, species-

and/or genera-specific; and, 2) d:ve!opm methods to de*act such

“sequences in a manner and time frame relevant to field studies.

~

RFLP assays are a vxaole altemanvc to probes when
consxdenng analyszs of laboratory cultures (Chant. 2). Theoretical

resmctmn maps of :he A and B genes have already been created, and

‘ enzymes expected to d*ffezenna:e the seouencys identified. Note

that restriction sites within lhc A and B genes fall on ooth

evolutionarily-conserved and evolunonanly-vanabic regions (cf.

‘Chapt. 1 and Appendix B). Resxﬁétion_maps should also be created
for the LstDNA sequences, and RFLP éites' idemiﬁed | RFLP assays

could g-'eatly streamline analysxs of new xsolatﬂs. a culture could be
harvested its DNA extracted, Ss and LerNA PCR—amphfled and then
subjected to a battery t"j restncnon enzymes In this fa..hon, a gre
deal could quickly be leamed of an isolates’ affinity for a speczfic

group, and at a relauvely low cost
E. Genetic Basis of Toxin Production

The geneﬁcv basis of PSP toxin i:roduction is one of the greatest
mysteries of Alexandrium biology. ~ An intriguing observation is the
phylogenetic tree presented in Chapter 3: some evolutionary lineages
of Alexandrium appear to be composed excluswely of toxic isolates,

while others appear to be compcaed exclusively of non-toxic isolates.
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Examining this apparent correlaticn in groater detail szems well

B

worth the effort,
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| ‘Appendix A

Sdie‘cted Protocols




Dinoflageliate DNA extraction: Osmotic Shock Lysis

Chris Scholin March 1682

Note: This protocol is roughly opti ~anddum (thecaie spp.),
but will also work with naked spp. Siniom catenatam (not

opmmzcd) 1t was develope iraction of DNA for use in

PCR reactions.

1) remove ~10-15 mL of an early to mid-log culture and transfer to 15mL
disposabie centrifuze tube.

2) immediately spin at room temperature for 2 min. in an IEC table top
centrifuge on setting #5 using a swinging buchet rotor,

3) remove supematant by vacuum aspiration, being careful not to aspirate-
away the pellet.

Note: if you're processing more than one culture, its
advisabie to change the pipet between tubes to avold
potential cross-contaminatinn of DXAs,

4) remove any additional supematant by micropipet.

Note: it's important the peilet Le as free as possible from
sea water; this increases lysis efficiconcy.

5) resuspend the pellet in =217 ubl. of ddH20 wod transfer to 15mlL
centrifuge tube - keep at room temperature,

6) add the following, at room temporaiure, in tie piven order:
i 3

25.0 ul. of 10725138 final cone. = 1%

5.0 uL of 0.5:mM CDDTA, pH X0 \X cone. = 10mmM EDTA
2.2 pl of IM Tris-HCL, pli 7.5 x wone, = 10mM Tris

0.5 L. M NaCl (optional) final conc. = 10mM NaCl

When adding the SDS. EDTAL andd Teie, mix by pipetting and/er
"finger voricxing” - Be very «..;‘.--:‘“;;5 nat to pull up the lysed
ce!!« into your pipetier, or you will containinate other
DNA pre; s and s%ur!a reagent!!
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- '7‘ extract once with buffered pbemi (1: 1 ie., ~250 uL iym mumrﬂ

; add 25{} ul phmci), vOrex wgorou.,iy until enales.czx is mzfugm. e

| 8) spin 5 min. in a cold (4°C) mzcrefwe at max. smavd trozssfer aqa%us

o (top) phase to fmh tube - Jeave as muc’i of the mmrﬁm behind as possible.

. Note; on rare occasmn, the aqmaus phase wﬁ} be on the

bottom. Use color to decide which is the agueous phase

. phenol should be spiked with &- ‘ayémxmuém!im as an
anticxidunt and colorant; its yeﬁaw coiar will help i.d, the
organic phase. N .

5 '9) extract two-three times with an equal volume of }
- phenol:chioroform:iscamy! alcohol (PCI; 24:24:1); voniex and spin as
- before, transferring the aqueous phase to a fresh tube aftu* each extraction

Note: by the last PCI extraction, the aquaaus phase should
be ~clear, and there should be little to no gwp" at the
interface, -

~ 10) extract once wxm an equal volume of chlomfam,zsaamyl aleohol
(€ 24:1); vortex/spin as before and transfer aqueous pbase oa fresh tube

'l} } place tube on fce af{er final C I extractmn

Note: cven thoug h the aqaeaus phase is by now < 2% uL
continue vsing 258 puL of arganic phase for the "1:1"
extractions; the same Is true for the series of PCIs - use
2.0 ul. of organic phase throughout,

| 12) to precipitate total pueleic acids (RMNA & i}‘%) that have bccn
extracted add: |

500 pL 100% ice-cold EtOH (~2 vol)
25.0 L. 3M NaOA¢ pH 5.0-5.2 (~1/10 vol.)
{Note: adj. pl1 of NaOAc with glacial acetic acid)

13} vortex to mix; you may see a mass of X‘N A "spool-out,” but not
always.

14) let stand at -20°C for > 2 hrs.
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15) spin in eold (42C) micrefuge 10 - 15 min. ot max. speed.
16) remove supematant with micrepipetior

17) rinse pdl Wit ~0.5 mbL of £0% LiCh

18) let stand at -20°C for ot least 30 min.

Note: DNA samples are probably sizble indefinitaly under
the 80% ETOH rinse

19} spin in cold (4°C) microfuge 10 - 15 min. at max. spead.

20) remove as sauch supematant as poszible with micrepipetizr; lot pellet
air dry for several min.

Note: it's best not to let the pollet completely dry
(gets ! c‘sr) as this sometimes causes problems in the
resuspension.

21) ressspend pellet in 10 - 50 uL of TE pH 7.5 (10mM Tris, 7.5; 1mM
EDTA pH 8.0)

22) dilute sample and read O.D. 290 2 233 nm. The ratio of these
should be ~ 1.8 - 2.2; calculate concentrtion of DNA in sample hy:

dilu. factor x O.D. @ 260 x 30 uz'ml DNA/ 1.0 O.D. @260 nm.

22) store rzsuspended DNA at -200C,

Note: yieid will vary Cepencding upon ?yﬁis wnd exracuon rx it nw rnge cante 5-30
ug. lItis also advisable {0 scan the sarnple from <30 U~ 220 nmy; signiticant (CI 20y
comamination i indicated by 'args ahs, !grm orthan poakoat ..(\ﬂ*m)(i‘ wavelonghs
between 260 - 220 nm. Healthy, actively gmw f,«f.. ,Exrﬂ, will have a low ameunt of
conmtaminating (CH2OM,, old, slow-growing or sichly culiures ':f*cr‘*lly have a hizh
amount of contaminaung (CHXa. Jrkelps o i Jmfa vour cultures frequendy (—onee 12
wks.) prior to 2xtracning the DNA - that way the ol e vary harpy. Cultures irunslferred
infrequently, and that are just "maintained,” don't irem o yield as much DNA,

10/9/92 post script: shtemate exraction protwe’s <hovkd be explored. This sue worked

1t vietat

well forme butr e a feeling it won't be senernlly app Lg.a{,‘: ‘.J dinoe - just x thought

C. Scholin




Hmts for PCR Amplification of Alexandrinm SsrDNA and
| LstDNA, and T/A Clsmng of PCR Pmdu::ts -

: VI} c&tained the best results using Perkin Elmer "GeneAmp Core Rea %aﬁis."
 Vent ploymerase (NEB) worked, but not well. Th ’N needs to be

~clean. Low O.D. 260/280 ratio (<1.8) and high (O¥30)y are recipes for a

bad amplification, but sometimes you can get away with i {not

. recommended). Processing of the cultures is therefore very important.

.. For amplification, dilute an aliquot of concentrated DNA in ddH20 (no
- buffer, no EDTA) to a final concentration of 1 ng/uL. Use 1 uL of this (1
- ng DNA) per 100 pL. PCR reaction as recommended by Perkin Elmer.

I kept primers in 10 mM Tris HCI pH 7.5; working stocks at 1.0 M

- . SsiDNA amplifications - use 1.0 -5.0 pL of primer stock/100 pL PCR rxn.
- LsrDNA amplifications - use 10.0 uL of primer stock/100 uL PCR xn.

The factors influencing efficiency of ligation and transformation appeared
- linked to the homogeneity of the PCR preduct, the age of purified PCR
products and T/A cloning kit batch. Fresh PCR reactions that contained
uniform products with essentially no background or low molecular weight
contaminants often gave the best cloning results. The latter point is the
most important! Low molecular weight contaminants will drive the
ligation reaction by swamping vector ends because their effective molar

* concentration i3 very high, The efficiency of cloning was also related to
the particular batch of T/A cloning kit used; variation in the effectiveness
of different kit lots was noted. In fact, by the end of this study, the T/A
cloning Kit from Invitrogen was not working very well. The problem
seemed to be with the vector. In the future, consider :*ymg the kits from
BRL or Pharmacia.




T/A Plasmid Miniprep (Modified Birnboim): screening
clones and preparing te t mplate for ds plasmid sequencing

C. Scholin 14/21

This protocol begins after the PCR preduct has been ligated into a T/A
vector and used to t:ansform E. coli. In the Immooen T/A clening
strategy, "white colony” = "recombinant vector” (potenﬁal insert-
containing) and "blue coiony” = "recircularized vector (no insert). Carry
one blue colony through the extraction so that you have a negative control
plasmid to use in digestion screens (sec below).

Solutions:

SOIN 1 100 ml,

50 mM glucose 0.9 g glucose

25mM Tris HCIpH =8 25mLof IMTris HClpH = 8
10 mM EDTA 2.0 mL of 0.5SM EDTA pH =8
ddH20 97 mL

filter, autoclave and store at 4 €C

SOLN2 10 mL

0.2N NaOH : 0.34 mL of 6N NaOH

1% SDS " 1.0 mL of 10% SDS

ddH20 8.66 mL

make fresh each time; hold at room temp, .

SOLN 3 100 ml,

IMK* -- 5M Acetate 60 mL of 511 K*Acetate

11.5 mL glacial acetic acid
28.5 mL ddHZ0

mix, filter and store at 4 ¢C

Protocol

1) Pick white colony and inoculate into 2 mL LB + Kan; grow overnight

2) Transfer 1.5 mL to eppendorf (epp.) rube (microcentrifuge tube); save
remainder of culture for frc ze-down (I usually leave the 0.5 ML of
culture in the refrigerater until I've finiched screening the cloncs, then
make freeze-downs of the peositives).

196

R T A i gl




3) Spm 1.5mL of culture in epp. tube 20 sec., 4

o }(~12%{3 xg) in a mics rofuge.

( 4) Remeve as much media as pessible by vacuum a:“xmmn, place tube cn

5) Add 100 pL ice-cold SOLN 1; vortex vig gorously; place mbe ‘oa ice.

~ 6) Add 200 L freshlv m@mwd SOLN 2; mix \Jy gently mvsrung 51{
place tube on ice.

7) Add 150 pL pre-chilled SOLN 3; mix by mversim vortex g»zrtig .
: upside-down fm' 10 sec.; hold on ice 3-5 min. , I

S)f Spin tube 5 min., 4 ©C, max. speed (~12,000g) in a microfuge |

9) Carefully transfer supematant to a new tube containing 720 pL 160%
EtOH; hold at room temp. 2 min.

10 Spin tube 5 min., 4 ©C, max. speed (~12,000 xg) in a microfuge;
discard supernatant (I typically do this by vacuum aspiration, but it
requires care that you don't lose thc ~eliet!)

11) Rinse pe}let in~imL 1ce-co§d 80% E:CH (1 typ.callv Ieavc the pe!lets '
in the rmse at least 30 mm at -20 0C)

12) Spin as in (8); ga.z;giu!!g remoLe smpemamt by vacuum aspiration ;
allow pellet to air dry ~ 10 min (it's best not to let the pei}\.t completely
drv, as this sometimes causes problems in the 1sp; speed vacing may cause
loss of some of the pellet).

13) Resuspend in SO uL TE (7 5) + DNase-free RNase A{l mL TE + 10
uL 10 mg/mL RNase A (Sigma; prepared as described in spec sheet)].

14) Screening clones: use ~1 pL per restriction digest; size clones,
determine which carry an insert of correct size; use the negative control
plasmid (from blue colony) as reference in addition to normal size

- standards. Store minis at -20 9C; make freeze downs of corresponding
positive cultures.
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15) Sequencing clopes: use 10-30 pL of mini prep per sequencing reaction
(see sequencing protocol); 20 pl works well for an insert of 7C0 bp - for
larger inserts you may be able to use less, for smaller inserts you may have
to use more, Yhen sequmcna pcol ¢ clones, I combine :dlq“ots cr'c wch
of the mini preps to yield a fing] veiumre of 30 uL. Some preps sequence
well, others don't.

Notes:

Processing: Ihave found that I can process a maximum of 48 clones/day.
When processing 48:

- getting preps to 80% EtOH rinse stage takes ~4 hrs+

- 1 hr. break ,

- remove rinse, rsp., and restriction digestion takes ~2 ars

- loading mega agarose gel takes ~1 hr.

Total time from 48 cultures to agarose gel run ~8hrs.

Digestion screens: Isize inserts by digesting with a single enzyme and
resolving the products by conventional agarose gel electrophoresm When
doing many cuts, I make a master mix of ddH20, buffer and enzyme and
add 9 pl of that master to 1 pL of aliquoted miniprep (final rxn vol= 10
pL). Itry to adjust enzyme concentration so that each rxn receives ~1 unit
of enzyme. Digestions are allowed to proceed ~1 hr, then loaded onto a gel
and typically run O/N at low voltage. The next morming, I check the gel,
determine which clones are positive and make freeze downs of the
remaining culture,
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o f,.Nste: the fm}owmg protoco! is used in conjunction with the modified
" Bimboim plasmid mini prep of 1.5 mL of culture; plasmids should be
- -resuspended in SO uL of TE +RNase. Seguencing reagents come from
“ United States Biochemical Corp. (USB): "Sequenase V. 2.0 sequencing kit;"
.. the isotope is from Amersham. The protocol is roughly optimized for an
_ insert of ~7OO bp.ina p!asmid of ~2.9 Xbp. ~ o ‘

- “11 Dengmratzon/precmztanon of p?a\rmd i»::;g!g

| 1‘;,ma05'anbe

- combme 30 pL of miniprep plasmzd and 30 uL of 0 6N NaOH
- mix gently and let stand 5 min. at room temp.

- [ - neutralize by the addition of 9 jL 2M NH4OAc (pH=4.5)
- (note: ﬁlter sterilize 2M NaOAc after ad_;usun pHY

-add 12 uL déHz0

. ppt. by additxon of 225 uL of 100% EtOH let stand at lgas 2 hrs.

- at-200C

- spin fube 10 - 15 min., 4 ©C, max. speed (~12,000g) in a
microfuge; discard supemnatant (I typically do thxs by careful

mxcroplpettmc)

- rinse pellet in 70% EtOH (1 typically let the rinse proceed at least

30 min. at -20 ©C, and often times begin the rinse the night before i
/intend to run the sequencing reacnon)

| 4daDNA Sequencmv of Resombman? T/A Pi mzds S

‘\4

- spin as before; remove as much supermnatant as possible; air dry

pellets until DNA is ~completely dried (pellet is ~clear; note relative
position of pellet so that when you begin the hybridization step you
know approximately where to add hyb mix and primer to rsp pellet)
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2) Bvhridivation

to dried pelict add the following in the given ordern:

G mM TrisHC1 pH-? 5)
2 V. 2.0 sequencing kit)

- 8 uL primer (0.5 pmol
- 2 L rxn buffer (USB S

oﬁ)

t..‘
* 5
xg et

mix; let stand 10 min at 37 ¢C

3 Preparing Iabeling mix

combine the following immediately befors use:

for 1 =xn for 3 mxas
ddH0 0.7 uL 2.1 pL
100mM DTT (USB) 1.0 uL 3.0uL
diluted labeling mix (USB)* 2.0 uL 6.0 uL
358 dATP (10 pCifuL) 1.0 uL 3.0 uL
Sequenase (v 2.0; USB) 0.3 uL 1.0 uL
Pyrophosphatase(USB; optional) 0.5 uL
otes:

- * dilute USB labelling mix: 1uL concentrated dNTPs + 4uL. ddH20

- I typically aliguot isotope: 3uL/0.5 mL tube (~30uCi) and store frozen to
avoid excessive freeze-thaw rycles of the isotore stock.

- I generally run 3 sequencing reactions in tandem,; ie., 3 templates are
carried through the protocol in quick succession, with overlaps in their
ddNTP termination incubations (see below). Do not attempt to process
more than 3, or else you will not have enough time to initiate all of the
labelling and ddNTP termination steps and still be able stop thc reactions at
the appropriate iime.

- you can probably use half the amount of isctope called for in the
protocel, making up the difference with ddH20.

- you may also be able to use less sequenase (or diluted), though the success
of that may be a function of the template arnd yovr specific reaction
cenditions; thus far I have not tried to reduce the amount of sequenase.
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S pyrophosphame is optional; for my sequences, it seems to help reduce
. background. Pyrophosphatase and sequenase can be mied and stosed

, ‘together, but I have not explored this option (see USE Sequenase instruct.)

3) ng@mgg reaction
| -add5 pL of Iabellmg m:x to 10 uL hybndAzanon reaction; mix by
. gentle pxpettmg

- incubate 1 min. at room temn.

4) ddNTP termination reactions

/' -add 3.5 uL labelled template to 2.5 pL of each ddNTP
- (e, 3. 5uL Iabelled template to 2.5 uL ddC, A, T, G.)

v ;’ - mcubate at 37 oC for 10 min. (an extra min or so won't hurt)
1) S;og reactvg |

- add 4 pL stop mix (USB) store at -20 OC until running {storage
for several days does not reduce resolution of the products

Addmgna} notes on processing many reaciions:

Prior to beginning the sequencing reactions, I remove up to 24 denatured
templates from the 70% EtOH rinse, dry and cap them, and store them in
the frige until I'm ready to process them (all are intended to be processed
non-stop; I don't recommend drying more templates than you intend to
sequence in one sitting).

While the templates are drying, I thaw all reagents for sequencing (except
isotope), label tubes, dilute labelling mix, etc.

I typically process 3 templates at a time. All are removed from the frige,
and carried through the initialization of hybridization. During the hybs, I
aliquot ddNTPs, thaw a tube of isotope, and make up labelling mix (adding
sequenase and pyrophosphatase just prior to the completion of the
hybridization reactions). It's not a problem if the hybs incubate for longer
than 10 min.
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Labelling mix is added to the first template and incubated for 1 min.
During this, I remove the aliquoted ddNT?Ps from ice. After the 1 min
labelling step, T aliquot labelled template into each of the four GANTPs,
place the tubes at 37 ©C, start the timer, and immediately begin processing
the second template. Likewise, the third template follows the second. By
the time the third template has been latelled and is undergoing ddINTP
termination, the first template will be ready for stop mix (usually I have ~2
min. between initiating the third template's dd termination and completion
of the first temnplate's ¢d termination. Addition of stop mix then prcceeds
through the first , second, then third templates. I generally have about 1-2
min. between additions of stop mix for 2ach of the templates. A 3 channel
timer works well for keeping track of the siatus of each of the 3 templates.
If you try to process more than 3 templates in a series, the timing of the
various steps will get out of sink, and you may lose your mind trying to
keep track of all the reactions and their various states of completion!

It takes ~30 min.+ to process 3 templates (not counting set-up time).

Effectiveness of sequencing individual clones varies depending on the
particular preparation; reactions with only 10 pL of plasmid sometimes
give weak sequencing ladders.

10/13/92 post script: I gave this protocol to someone, and they now tell
me they process 4 templates at a time. Also, she tells me that sequenase can
be diluted, and you can use half the amnount of isotope called for - this

should be explored since it represents a significant cost savings. C. Scholin.
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- bxotmylated PCR prod.zc; ,

Magnenf' Bead Preparamn of Bmtm jiated PW{ F*mdwts
e for Seque%mw

-Dynal Dynabead., M 280 Streytavzdm

: -macneuc pamde concemrator (Dynal MPC-E)

[Dynal Inc.; Great Neck N Y.; ph. (516) 829-0039}

| :-wash buffer |

150 mM NaCl
100 mM Tris HClpH 7.6

-6 M NaOH

set up PCR reacnons as always (forward and reverse prime rs) use
oniy g_g PCR pr*mer that is blotmylazed | L

uence forward rxns ding strand) use 3 reverse bxounv}afed
PCR primer :
j{6) §§g gggg revgrge IXDS. {non-coding strand) use 5' forward

biotinylated PCR primer

if you wish to sequence both strands, you'll need two separate PCR
reactions - cne for the forward rxns, and one for the reverse rxns.
-Drawing this out on paper helps!! You must keep track of the
polarity of the differnt strands!!!

- Sequenase V. 2.0 sequencing kit (USB)

Mo
Template Preparation
- each PCR reaction is good for ~2-3 sequencing rxns
- use 20 pL beads per sequencing rxn
203
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- if one template is going to be sequenced with several different primers, it
can be processed with the the beads in a singls tube:
for examp}c: ycu have 1 PCR rxn and want to sequence it with three
different primers, mix the PCR rxn with €0 pL beads, follow the
protocol, then aliquot bead/iemplzte ccrrp! x into three different
tubes (20uL each), and sequence...

1) aliquot beads to 1.5 mL tube (20 pL beads per sequencing rxn, per
template)

2) was twice with 200 L wash buffer:

- add solution, vortex, corcentraiz beads using MPC-E to so that
wash can be removed with micropipetier

3) resuspend beads in original vol. of wash buffer

4) add PCR product to beads - mix - let stand @ room temp. with
occassional shaking (or put on rotator) 15-30 min.

5) concentrate beads, remove supernatar:t {excess PCR product)
Note: excess PCR product can be saved: store @ -209C.
6) wash twice with 200 uL wash buffer
7) add 200 L 0.15 M NaOH to denature the DNA
(make fresh from 6M stock: 9.75 mL dd H20 + 0.25 mL 6M NaOH)

8) vortex - let stand 5 min.

9) concentrate beads, discard supernatant, and wash with 200 pL 0.15 M
NaOH

10) wash an additional three times, each with 200 pL dd H20

204




Cinif tem;ﬂaxe has been prepared for more than one sequencing mz,
resuspend beads in ¢d H20 (20 plL per sequ mcmg reaction) ard alliquet 20
pL pertions to separatc tubes.

- 12) concentrate pamc 28 remove as mu"h supem'a*ant as posc;bie
_’ 13) to each 20 uL beads!ssD‘QA comp}ex add:

70 3.11. dd H20
2.0 pL USB Sequenase buﬁ“er
1.0 kL sequencing primer (1.0 uM or 4.4 pg/ml)

14) proceed with staridard USB Sequenase V, 2.0 protocol

-~ Note: when loading magnetic bead sequencing reactions on

- a gel, pull sample from the top of the liguid - il you pull
it from the bottom, lots of the magnetic bead particles will
get loaded too, and cause the ge! lane to lose resclution
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Alexandrinm RNA Extraction: LiClI2 Precipitation

Mega prep - C. Sche

cholin 9,89 (modified Fasting's)
h.ﬁn;_prgp -C. S holin

11/50

Alexandrinm Cell Prep/Sternpe for RNA Extractions

Note: wse cnly disposable galuntopylene centrifuge tubes!!

Mega prep cell harvent

Mid-late log r oM (2-3,080 c.,!. o/ml) shelud Be harvested from carbovs
wsing a Nizex bag, pelleted in 50 M, dispowsble contrifuge tubes, remove
superaty at and fmmersed w%x n Higa ;Hz Knock the pellet out, wrap
in plastic weighing dish, and tap \.wh a huoumer to shatter the pellet. Place
fragments immediately inty 15 rx.-. divpesable centrifuge tubes and re-
immevse in ligquid N2, Stere eells in liguid N2 untl processing for RMA,

Ao

T

Mini prep call harvest

Concentrate ~2L of mid-’aze log cells (2-5.000 cells/mL) on Nitex mesh,
backwash into 50 mL centrifuge tube, pellet and remove supemitant,
Resusperd cells in ~10 inl. sca water, f, tranfer 1o 1S mbL cvmnfug‘ fule,
pelict and remove supernatant, Immerse cells in Hguid N2, Store in liquid
N2 until processing fc;. RNA.

RNA Extraction

v

Before beginning, proctice using the N3 bomb!!

Freparation of Stock sloutions

- -
.
.-

WEAR GLOVES - YOUR HANDS ARE FULL OF RNase

Prepars all stocks using DEPC-trezted MiE-Q HR0, baked glassware (or
pre-sterilized, disposable glassware) and z?criiiz:d.dispomwl plasiteware,

REPCrevizd MO

Ho0O: (prepare in bulk) 1.0 pL DEPC per 1mil. Mill
Q },2()‘, stir - autoclave.

206
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R it pays to %sy uma»gmr,,, RE“M a’i’amsgyrmgmis o

keep them seg::am*;e, weat gloves when you touch them, and only use

baked-out agzaiu!as, or sterile pi*pﬁzs when handling the mat terial.
*Left overs” on a spatul la gc: in the trash, not Ba&k in the reagent
conaamcr’ ' R

- 0 5M NzC:i (sndmm cxtms»} pH 7,“
-025 MEDTA pH 8.0
-0.2S MEGTA pH 8.0
- 3 OM LiClz

. filter 0. 22 pM (Camxrg dzswcab’e), autcciave |

«40MNH4OAC;}H50

- filter 0 22 u\d (Commg daupovab!e)

- Sarkosyl (detergent)
a',ﬁ'-me:rcapwemaml (BME)
- Guanidine Isothiccyanate (GuSCN)

© - Buffersd Phencl:Chloroform (1:1; P/C)

phenol: add 0.1% 8- hydroxyquzmlmc
buffer with Tris base '
final buffer: 10 mM Tris pH 8.0, 0. lﬂ% BME

- (Lh}ox‘cform

. Guamdme Iscmxa«:vanat@ Extraction buffer (GIB)
(pmpare immediately before use - room temp.)

5. O M GuSCN

250 mM NaCitpH 7.0
250 mM EDTA pH 8.0
250 mM EGTA pH 8.0
0.5% Sarkosyl (wivel)
20 % BME

Note: this is dangerous soultion!! use only in heod « wipe
up spills promptly! ‘
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Mega_prep BNA Fateootinn

.

This prep is designed for ~1g of frozen celis,

1) briefly thaw cells

2) resuspend cells in ~22 mL of GIB - vortex until complztely rasuspended
7 ¥

3) load into N2 bomb - pressurize to ~2,0600 psi - let stand ~10 min

Note: when using the M2 hf:mb always wear profociive
clotiing, and ,-,mmr:c:?w ey2 wear {prz ferab!y a fare
shield!). The solutivn you :;,zr WOr with Is Dizhiy

Tryey

Ling
toxic and will melt your skin (E;z;r' iiy) THINKI

4) release most (ot allhof the lysaiz inw frech 530 mL wbe set aside:
release the rematnder info a second

This is the most dangerous stop!! De careful, when ¢he cell
slurry has passed, a rush of N2 will come out!'! Keep the
tube pointed away from you and always do this in a

bood!!!

5) meliow out - now the hard part is over - split your lysate into two tubes;
it doesn't hurt 1o have a look at the slurry, just to make sure the celis are
toasted.

6) extract lysate with an equal vol. of P/C
- vortex vimr%v!y"
- sep. phaces by centrifugotion inan IEC able top centrifuge at
maxiraum speed for 5 min at reom temperature

7) place tube on ice, transfer aguecus ghase to fresh cold tube{ a Pasteur
pipet works well for this), repeat P/C exiraction two more times {interface
should be free of goo - if it isn’t. keep dong P/T extraction until it is;

generally 3-4 does the irick)

Note: you lose a lot of nucleic acid at the interface - if you're
concerned about yield, re- exract crpanic phase with several mL of
(JZB - transfer from one to the rext se that all organic phases gt
"rinsed” with the same few mb of GIB - combine agueous phares
before step 8.
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8) extract twice with an equ,.l vol. of chlorafonn

9) foﬁowmc zhe finel ettractmn estimate the valume of the aquems pbaae, :
spht evemy among scvera! baked Corex cenmfnve tubes; kuep on ice. ‘

10) precipitate the nucl#zc ac‘ds by the addition of 2.5 velumes of 1@0"’ L
EtOH, 1/20 volumc of 4M NH:;OAC (pH 5 0), cover with paraﬁlm :mx G
well ‘ " o

o

10) chillat 70 0C for‘>,1h.‘f. R

11) remove parafilm caps! and centrifugation at ~40C for 20 min at 10,000
rpm in a Beckmarn model J2-21 centrifuge fitted with a JA-20 rotor (or

" equivalent - be careful of xg force - if you spin > 10K as above ﬁ*:g tubes
may break). :

12) discard supcmatan*s, bneﬁy drain the peilecs (invert on clean
"BenchKote™)

13) resuspend in DEP—:reated ddH70 and transfer to fresh, baked Corex
iubes S .

Note: gentle heating may be required (~500C); work the pellet into
solution by pipetting and vortexing. Try to keep the volume to a N 1
minimum - I usually got each pellet into 8 mL (see next step). Also -
it is essential that the pellet be completely resuspended  before
proceeding with LiCl) precipitation step!! Once the nucleic acid is
in solunon, put the tube on rce'

14) Just LiCl2 10 2M - be premse" Cover tube with pamﬁim

e.g.. resuspend pellet in 8 mL ddH320

1ml final vol. x 2 M LiCl2 = 275 mL.
3 MLiCl

So, to 8 mL resuspended pellet add 2,75 mL 8 M LiCl) and 0.25mL
ddH?20; final vol. = 11 mL, final [LiCI2} =2 M.

- 15) let stand O/N on ice (pack in crushed ice - put in cold room)

16) collect precipitates as in step 11
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17) drain pellets; rinse tube walls and pellet with ice-cold 2 M LiCl2 -
discard rinse.

Note: when rinsing the RMA peliets, and decanting the su; ernatasis,
do it over a clean, bm, -0yt mi ~n ;,ealxer, so that it if the pellat
comes free and slips out, it goos into an RNAse-free beaker, not the
sink!! Rem :mber what a p;n .t vias warking with the GI3 bulfer -
want to do-ff." again? If you are simultaneously processing more that
one strain’s' ANA, use separate beakers, just in case....

18) resuspend p "PII ¢ts in DEP-treaied d2H20 |
19) you can either stop here, quuntify, and EtOH pot, or repect ancther
LiClp precipitation. If another LiCI2 precipitation is repeatad, you need
only leave it on ice for > 7 hr (not O/N). If you EtOH ppt., remove a
sample for a check gel first! Be surz to qu“nufy before precipitating as
well, so that you can estimate amt. RNA/mL EtOH ppt.

Note: RTase sequencing vorked well with enly one LiCl2 ppt.
20) store as EtOH ppt @ -7C°C
21) should yie id SCO pg - 1'mg total RNA, depending on how cfficient the

extractions we

Mini_pren RNA Fxtraction

This prcp is designed for ~- 2L mid-lcg culture, harvested and frozen in
liquid N2. It follws the mega prep procedure, except that cells are
resuspended and in 5.5 - 6. 0 mL G118, time of pressurization is reduced to
S min and extractions are dore in 15 mL tubes, Initial total nucleic acid
precipitates can be resuspended in 2 ml DEP-treated ddH20; to adjust
LiCl2 to 2M: add 690 uL 8M LiCi72 and 69 puL ddH20. If the pellet woa't
goin 2 mL, try 4 mL. I the latter case, to adjust LiCl2 to ZM: add 1.375
mL gM LiCI2 and 134 pL ddH20.

Yield is ~ 200 pg +

Final note: nutrient-stressed cells and/or senescent cells yield less than
wonderful RNA using this procedure - you inay need to go to CsCl
gradients, or try two LiCl2 pptns.
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Reverse Transcnp{asa Medzated Seqmncemg of rRNA 5

| 'M Hnnoo 10/89

Preparation: Stock s;out:ons and 358 end- labeﬂyd pnmer . | o
~ WEAR GLOVES - YOUR HANDS ARE FULL OF RNaselt! .
j 'Pxepare all stocks using Dn?C-treated Mth Q FQO baked glassware (or

pre- szenhzed disposable glassware) and stenhzed disposable plasitcware.

DEPC- ,gggggg Mifl-Q H20: (prepare in bu!k) 1 O p.L DEPC per ImL Mﬂl-‘ ,

Q H0: sm. - autoclave.

W SOGmM KCl, 260mM Tns-HCl (pH 7. 3)

5x ET@gg buffer: 250mM Tris-HCl (pH 7.3), 250mM KCl,
, 50 mM MgClz, 50 mM DTT ‘

' mg_mg ZmM éach of dATP, dGTP dCTP v dTTP
_ Q_dm ddATP - 0.8mM; ddGTP - 02mM ddC’I’P 02mM

ddTTP - 0.8mM

5 end-labelled primer: (unlabnlled pnmcr must have 5'-OH)

1( combine: 10 uL primer (50 ng/uL = 500 ng)
10 puL ATP [ye35S] (10uCi/pL = 100 pCi)
2.5 pL 10x kinase buffer
(500mM Tris-HCL pH 7.5, 100mM MgCl12, 50mM DTT)
2.0 uL T4 Kinase
0.5 uL. DEPC-treated Mill-Q H20

2) incubate ~3 hrs at 370C, then add:

3.0uL 0.5SM EDTA pH 8.0

61.0 uL DEPC-treated Mill-Q H20
1.0 L tRNA (2mg/mL)

10.0 pL 3M NaOAc pH 5.0

300 ul 100%, ice-cold EtOH
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3) let stand at -700C for ~ 30 min - Ibr
4) spin in cold microfuge (12,0C0xz) for 15 min

5) remove supemnatant with pipetiz - blot onto "BenchKote" and dispese of
in rachouctwe trash

6) resuspend pellet in 50.0 pL DEPC-trzated Mill-Q H20

7) EtOH ppt: 5.0 uL 3M NaOAc pH 5.0, 1C0 uL 100%, ice-cold EtOH
8) let stand at -70°C for ~ 30 min - 1hr

- 9) spin, remove supematant as befors

10) rinse tube/peliet with ~200 pL. of 80%, ice-cold EtDH - let stand ~30
min at -20¢C (or perform another EiOH pptn.)

11) spin, remove supernatant as before, then resuspend pellet in 50.0 gL
DEPC-treated Mill-Q H20

12) determine specf. activity of primer: count 1.0 pL
specf. activity = cpm/10 ng = 0.1 cpm/ng = 102 cpm/pg
should get ~ 107 cpmy/uz

13) makes enough primer for ~10 sequencing rxas; best if used within 1-2
wks.

10/13/92 post seript: may want to explore the use of spin columns -
should be much easier than differential precipitations, and will probably
give a better yield. If you try this, omit tRNA, NaOAc, and EtOH at step
(2), and DTO"€€d immediately to column centrifugation. Be careful in the
spin steps - the solution is radioactive!! Also, the labelling protocol works

with ATP [v32P] or [133P]. C. Scholin.
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1 rRNA Sequencmg

o Remove an aliquot of the R’\}A EtOH pmc*pmte tramfer toa
- microcentrifuge tube, collect precipitate by cmmﬂcadan, and rﬂsaspmded

in DEPC-treated ddH20 to a final concentration of~1mg mL-I

1) in one mbe combm\,

5.0 pL (2 ug/ul) total RNA = 10 jig total RNA
2.5 pL 5x annealing buffer = - 1x annealing buffer
- 5.0 pL (10 ng/pL) end-labelled pnmer =50 ng (3JS) pnmer

 total vol. = 12 5uL
2) heat to 90°C for 2 min

3) allow to cool to room temp. in styrofoam block for ~10 mﬁn (slow cool)

4) during pnmer/template annealing, aliquot IuL of each ddNTP mto its
own tube - leave on ice. .

- 5) place annealed mix ("méster mix"” from step 3) on ice and add:

5.0 pL 5x RTase buffer
5.0 pL dNTP mix
1.0 uL AMYV RTase (25units/pL)

6) mix well, be careful not to introduce bubbles

7) add 4pL of the master mix to each base-specific termination reaction
(from step 4)

8) incubate termination reactions at 37-439C for 30 min

Note: warmer temperatures reduce the probabilities of
nonspecific {("unviversal" terminations); some preparations
of RTase are heat stable, allowing for incubations as high

as 859C, Check this out!

9) chase termination reactions by adding 1.0 ul. of ANTP mix + 1 unit
RTase {i.e., add 1.0 pL of: [24 pL NTP mix + 1.0 pL RTase (25
units/ul.)}}
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- 12) incubate reactions at 37-45CC (same iemp. as in step 8) for an

10) incubate reacticns at 37-45¢C (same temp. as in step 8) for an
additicnal 15 min

11) add 1.0 pL DNase-free RNasz (1C0 113/ml)

additional 15 min

{./v’/ .
13) add 4-5 pL stop dye (EDTA, formamide, xylene cyanol see Asubel et
al. - Current Protocol in Molscular Binlogv)

¢
14} store reactions at -20°C no lenger than several days to 1 week before

/' ’ . p
- ronning on gel

i
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Intra-A and Intra-B Gene Variation

The terms "A gene" and "B gene" really refer to two distinet
"families" of moleculss. Clones within each family do exhibit minor
sequence differences that are distinct from "A/B heterogeneity.” Based on
available sequénce information, clones of either the A family or the B
family are ~>99% identical. In contrast, A/B interfamily similarity is
~97.8%. Observed heterogeneity within the A and B gene families is listed
below:

Intra-A gene Variation
alignment position! sequence differance? position conservation3

425 G/A G univ. consv. (4)
643 C/T variable (0)

672* A/C variable (0)

820 A/C variable (0)

1006 T/C T dino/apicom/cil (2)
1166%* A/G A univ. consv, (4)

Intra-B gene Variation

alignment p osition! secuence diffarence? position conservation3

493 T/iC variable (0)
522 T/G variable (0)
813 A/G A euk. consv. (3)
831 T/G variable (0)
832 T/C variable (0)
1061 T/C T dino. consv. (1)

1 relative to A/B alignment shown in Chapt. 1; "*:" A is expressed in rRNA, C is not;
“®3." same SsTDNA clone as "*" - possibie A gene pseudogene??

2 presented as reported nuclectide (Chapt.1) / inirafamily variant
using same categories as those in Chapt. 1 (cf. Fig. 1, Chapt. 1)




" Table B.1. List of restriction enzymes, predicted c!eavage sites and cxﬂac@d
~ products of digestion for the A and B genes from A, fundyense (GICA29)
. , - (last updated 7/92) Cui sitzs refer to the nuclecdde distal to the cleavage and
2 ; are realtive to the position in the A gene. Hae III and J{ba I clcave thc a;ues
in idendcal locatons.

Sequence Recogmtmn ) E _gccted Products

Eniyme Cut Site A gene B gene.- A gene 3 gene

e Astl 83 e 938 1797
F » 1466 - + ) | 538
BsePl 432 + + 034 1366
- 1466 + . 431 431

‘ 335

Bsl 19 + + 1500 1779 -

301 + - 282 18

18
 Opal 13 + + . 693 840
128 + + 668 667
821 + - 149 128
670 + + 128 115
991 + . + 115 21
1001 + + 12
1069 + + - 12 10
1797 + + 10 4

: 4
Ecol051 539 - + 1800 1259
: | 538
 Hall 787 + + 786 786
. 1281 + + 520 520
494 491
Hinfl 251 - + 811 808
380 + + 340 407
191 + + 250 250
1258 + + 203 203
1598 + + 129 129

; 67
Fpall 301 - o+ 724 722
384 + + 563 562
1108 + + 383 300
167 + + 130 83
130
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Table B.1. Continued Segquencas Reccoanition  Expected Products

Enzvme Cut Site A rene B =en A pene B gope
Mael 593 - + 844 592
845 + + 547 546
: 1014 + + 214 251
i 1040 + + 169 214
. 1587 + N 26 168
f 26
§
Meell 538 - + 1392 852
¢ 1393 + + 408 537
L 1465 - + 336
E yp)
' Maelil 109 + + 538 654
1 211 + + 411 41
359 + + 296 295
467 + - 148 148
; 1055 + + 108 108
¢ 1351 + + 108 102
! 1762 + + 102 39
; 39
: Mbol 1 + + 693 840
; 126 + + 668 667
3 819 + - 149 128
968 - + 128 115
589 + + 115 21
999 + + 21 10
: 1667 + + 10 10
; 1795 + + 10 6
: 6
Nsil 57 + + 1681 1523
( 120 + + 63 155
; 275 - + 56 63
56
Pma‘l 1466 - + 1800 1462
335
Rsal 240 - + 928 925
505 + + 504 265
78 + + 203 239
1636 + + 165 203
165
Sspl §i3 - + 1800 985
812
218




Table Bl Continued

Sequence Recoonition
oy

Panseted Prody

Enzyme Cut Site A gene B gene
Thal 433 + 4
‘ 575 + +
1467 * ~
1469 + -
Tpast 1 + +
. 359 + +
457 4+ -
Xval 844 + .

82
434
35
140
2

1334

250
108
108
957
843

A gene »B gona

1223
434
140

1429
25
08

955
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Characterization of Larzer, Minor SstDNA PCR Preducts
Found in "Group I" Alexandrium Isolates

SUMMARY

Unexpectedly large SstDNA amplificaticn products are typical

of Alexandrinvm Group I isolates.  Atempts to charscterize the nature

and origin of these moiccules werz made using various combinations
of PCR amplification primers.  In addion, lzrzer SstDNA prodacts
from a single Group I isclate were characicrized in denail by clening
and segucncing methedologies.  Reselts iadicate that the “larpe
SstDNA PCR products”™ from this one Group 1 isolate are due to
rearranged SstDNA A and B genes. [t is likely the same or similar
rearrangements exist in otker Group I orpanisms.  As such, it may be

possible to use these molecules az Juilen-specific markers.

INTRODUCTION

Larger, minor S51DNA PCR products were observed in all
eastern Morth American A famarzaze/fanlysnsg and some Japanese
A tamarenss (SstDNA RFLP "Group 11" of. Chapt, 2, Fig. 2 and Table 2
for SstDNA RFLP group definitions).  Initially, the larger products
were considered artifacts ¢f the amplhification reaction, or thought to
possibly result from a contaminating source of DNA. However,

several cbservations led to the hypothesis that these products were

in fact of Alexandrium oricin. Fusr ortmization the amplification

cenditions failed to eliminate (he apparemly spurious molecules from




 Group I isolates, but ctherwise resulted in 'z;g*ﬂy s;emﬁec reactions

({'ta;it. 2). Scco:zd, tha aberrant pmd"czs were found in ail m

eastern North American isolates of A. m’Lﬁm as *&eii

as a number of Japanese strains. These cultures came from

' laboratories in Northeastern U.S., Tasmania, and Japan. Thus,

cultures isolated by a number of researchers in different laboratories

located in several countries all displayed the same, larger SstDNA
PCR amplification products. Third, all isolates that yizld the lager
SstDNA PCR products also carry the B gene {Chapt 2). Finally, a
coma'mnatmg source of DNA from culture media was ruled out, 'smee
all cultures were maintained with common stocks of sea water and

nutrients, and only DNA from a specxfic subscx of cn!mres gave rise

to ;hc larger products. Microscopic obscrvauons also failed LY reveal

. the presence of microcukaryotes in any of the cultures that yielded

zhé lager SsrDNA PCR products. Taken toget‘zer these ebserva:mna
suggeswd that the !agcr molecules were indeed of Ajgmm'n

origin, and could possibly serve as another mdapendem. popuistion-

- specific character.

Though the products were clearly correlated with specific

subset of Alexandrium and showed promisc as a fine-scale
population indicator, the nature of these molecuies and their
relationship to the rDNA transcriptional unit was a mystery, I
considered the possibility that a small portion of rDNA repests are
rearranged and/or carry insertions. This report focuses on my effort
to address this possibility experimentally using a combination of -~

techniques employed in Chapts. 1-4,
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The cultures used in this siudy arer AFNFAS (A, fundynass:
Group I), GtCA2Y (A. fuodysnss: Group 1), TP (AL fundyonszs Sroup
I) GIPPOI(A. tamarense: Group 1), GPPOC{A. tamarsnse; Greepll,
PWO6 (A. tamarznsa; Group 1D, Pzt 183 and PEIV (both Al

A UTNTY Y

tamarenss; Group 1IN}, ATSEIOL (A trmarenss: Group IIT) and
ACPTO1 (A, casenzlly Group U Deusils of the isclates’ geograghic
orizins, culwring and DNA extraction are found in Chapt. 2 (see also
Appendix A). Throughout this report, the cultures will be referred to

by strain designation.

Complete SstDNA PCR ampilifications were carried ont as noted
in Chapt. 2. In those cases where magnetic bead sequencing was
used, either the forward or reverse primer was biotinylated to
prepare template for reverse or ferward sequencing reactions,

respectively.

"Cistron amplifications”™ ("cisron amp:™ Fig. B.1) are these FCR

reactions that used the 650F SorDNA primer ("forward;”

complementary to Dictyosiclinm dizgnidrnm SstRNA nuclectide




positions 392-9@6-, Sogin and Gundersen 1987)! and D2C LaDNA
~ primer (reverse’ " complementary tcwg‘gmz_mmm }LsrRHA
' '733-714; Lenaers et al. 1989).2 PCR reaction conditions were the

“same as those in Chapt. 2, excépt that the thermal cycle was medif‘zed
to:- denaturing at 920C - 1.5 min; cooling to 379C - 1.0 min; annealing
at 370(. 2.0 min; warming to 729C - 2.0 min; and extension at 720C
- 3.0 min. This cycle was repeated 4 times, and then changed to;
cooling to 429C - 1.0 min; annealing at 42°C 2.0 min; extension at
720C - 2.5 min, with an auto extension (5 seclcyclé). The latter cycle
was repeated 26 times. "Cistron amps" wére ‘amnipxedn using DNA
from all cultures listed abc_x‘e.' |

- "Partial *‘srb\A amphfzcauon ("partial SstDNA amp, Fig. B. 1)

- are those PCR reactions thut used the 690F SstDNA primer

("forward™) and EukR (eukaryotic-conserved “reverse” primer;
Medlin'e:" al. 1988).3 The thermal cycle used was as follows:
denaturing at 92°C - 1.5 min; cooling to 420C - 1.0 mia; anncaling at
420C 2.0 min; warming to 729C - 2.0 min; extension at 729C - 20

- min. The cycle was repeated 30 times with an auto extension (5

_ lSc—gin. M. L., Gurderson, LH. 1987, Swuctural diversity of eukaryotic smalil subunit
r:boremal RNAs: evolutionary mphcamns En d&yzobxc!ogy IL Ann. N.Y.
Acad. Sci. 503:125-39.

2 L enaers, G., Maroteaux, L., Michet, 3. Herzog, M. (1989). Dinoflagellates in
evolutior. A melecular phylozenetic analysis of large subunit ribcsomal RNA.
J. Mol. Evol, 29:40-51.

3 Medlin, L., Elwoud, H.1., Stickel, S. & Sogin, M.L. 1988. The characterization of
enzymatically amphf.t:d cuimx‘yotxc 165-like rRNA-coxding regions.
Gene 71:431-9.
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sec/cycle).  "Partial SstDNA amps” were astempted using DNA from
GiPPO1.

Saauencina/Clrning

Magnetic bead scquencing, as well as T/A clening and plasmid
sequencing were carried cut as described in Chapts. 3 and 4
(protocols ars found in Appendix A). The following SsrDNA
sequencing primers were used: “forward” reactions {ccding strand)
650F (sze above) and 920F (complementary to D. disgoideym SsrRNA
nucleotide positions 1125-1141); "reverse” (non-coding strand)
EukR (seec above), 14C0R (complementary to D. discoideuym SstRNA
nucleotide positions 1719-1705) and 1055R (compiementary to D.
discoidsum SsrRNA nucleotide positions 1276-1262; Sogin and
Gunderson 1987).

RESULTS and DISCUSSION

The characteristic Group 1 "larger SstDNA amplification
products” appear as one (e.g., Chapt. 2, Fig. 2), or sometimnes two
(Scholin and Anderson 1992)4, bands depending on how the gel is
run. High voltage agarose gel electrcphoresis favors their resclutica

as two, pessibly more, distinct bands. Sizing these procucts indicates

4 Scholin, C.A. & Anderson, D.M. 1992, Population analysis of tosic and nontexic
Alexardium species using nbezomal RNA sigaature sequences. In: Simaysia, T
& Shimizu, Y. [Eds.] Fifih Intzrnational Cenference on Toxic Marine
Phytoplankton. Elsevier, New York. (in press).
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" ‘that the latger smg’e band“ is approximately 300 bp greazer t’aan
the expectcd SsrDNA preduct, while the larger "doublet” ’ |
B approxxma:ely 200 and 400 bp greater than the expecwd SerNA

. product.

Two amplxﬁcauon smzegxes were used in an at’empt to dxscem

‘ 1f the minor products were rearrangements of a ribosomal cxs:mn, or

the result of an insertion intc a specific portion of the Ss:DNA

J',:"sequc’ncc/ (Fig. B.1). In the first, "cistron amps” were attempted from

690?’ to DZC. The resulting product is predictef' to represent 3' half
of the SstDNA, the 5.85 rDNA and associated flanking rcgwns and
‘approxlmately 700 bp of the LsrDNA - a total of approxlmately 2.2
Kbp. Results of this amplification indicated that two, mmor prodtxcts
_",larger than those that cxpected were clearly visible in GtPPO1 and
»',_possxbiy GtPP06 (both Grcup I), but absent in PWO06 (Group II), 183

PEIV ‘and ATBBOI (all Group ). The amplification failed enmeiy

- for AFNFA4, GiCA29, GtMP and ACPPOI; poocr DNA preparatxons were

- xmplxcated in this failure (data not shown). The size and

- characteristics of the additional bands seen in the GtPPOI “cistron
am?" are 'consistem' with those ‘nozed in routine Group I SsrDNA
ampliﬁcations. This indicated that a potential rearrangement or
insertion was located between 690F and D2C (Fig. B.1). In an attempt
to localize the site(s) of such rearrangements, DNA from GtPPO1 was
amplified using 650F and EukR ("partial SsrDNA amp;” Fig. B.1).
Surprisingly, two major products emerged from the reaction: thf
expected fragment of ~900 bp, and a larger product of ~I?f‘/u bp (Fzg
B .2). The intensity and clarity of the ~1200 bp product was
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unexpectad, yet its size was in the range of that expected for the

"larger” SsrDNA amplification preduct (i.e., was 300 bp grater than

the expected product).  Therefore, it scemed possible that the larger
bands observed in SstDNA amplifications of Group I isclates were at

least partially due to insertions in the 3' half of some SstDNA.

S 3 AVl e AT GRS

However, evidence supporting this possibility was weak for two
reasons. First, amplification reactions were not optimized; the 12C0
bp fragmeant could have been an artifact. Second, DNA from other
Alexandrium isolates had not been subjected to the same
amplification strategy; consequently, the correlation (or lack thereof)

between the 1200 bp fragment and SstDNA RFLP groups (I-III) was

R T T

totally unknown.

Further investigation of these issues was deemed too costly, too
time consuming and potentially of little use in the overall context of
the thesis. It seemed probable that nature of the aberrant SsrDNA
amplification products from Group I isolates would remain a
mystery, with the following exceptions: 1) they were known to occur
‘n a particular group cof cultures; 2) they were always seen in
;:onjunction with the B gene; and 3) they potentially arose becausz of
an insertion(s) in the 3' half of some portion of the organisms'

§stDNAs.  Evidence supporting the laiter point was admittedly weak.
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']H'*/w i w mm—
690F>k | ;
g ' - 3"half of Ss:DNA —15.8S 5' portioit of LsrDNA é
S L © <EukR ; ;m. . <D2R
B i.. ‘ ~900 ,b‘p -7—_.-» ,.500 bp a—— ~700 bp ——@’}

S f ~_“cistron amp"” .
l‘ S , o ~2200bp o ﬁ’g
"pamal SerNA amp’ '
!"— - ~%00bp ""
Figure B.1. PCR ampliﬁcation strategy for determining approximate
location and boundaries of SstDNA insertion(s) relative to 5.85 and §'

end of LstDNA. "Cistron amp” used 69CF and D2R primers; "partial
SsrDNA amp” used 690F and EukR primers.

. 1600> '
» dg__"la:ger product” product
© 1000> (~1200 bp)
: <%~ expected product
(~900 bp)

500>

N
Figure B.2. Agarose gel of PCR products from "partial
SSrDNA amp” using GtPPO1 DNA. "S" = size standards;
sizes of relevant standards are shown to the left and are in bp.
"P" = PCR product. Arrows denote the unexpected 1200 bp
band and the expected band of ~900 bp.
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Interest in the possibility that an insertion was in fact present
in some copies of Group 1 SsrDNAs was rekindied during the search
for B-like genes (Chapter 4). Sequencing of SstDNA PCR preducts
using the magnetic bead technique revealed a minor sequence
inserted at position ~1156 in A. fundyanse (GiCA29; Group I) that
was distinct from A and B gene variation, and not present in any of
the other isolates tested for B-like sequences (Fig. B.3). This
sequence was not observed during rescluticn of GitCA29's A and B
genes (Chapt. 1). The appearance of a heretofore unknown
heterogeneity ("inserted sequence”) at a defined peoint within
GtCA29's SsrDNA could only be explained by the fact that the entire
PCR pool was sampled using the magnetic bead strategy. It seemed
likely that GtCA29's minor, larger SstDNA PCR products were the
source of this heterogeneity for several reasons. First, the fact that
the "inserted sequence" was very faint suggested that the element(s)
responsible for it had to be a minor cecmponent of the PCR pool.
Second, the "inserted sequence” was absent in isolates that have
homogeneous SstDNA amplification products. Third, the "inserted
sequence” appeared at position that placed it within the PCR
amplification primers used during initial characterizations of Group
I's larger SstDNA amplification products. Given these observations, it
seemed possible that the two major products observed in GtPPOl's
"partial SsrDNA amp” might represent: 1) native SstDNA (900 bp);
and, 2) that which carries the 3C0 bp insert (1200 bp) responsible
for Group I "larger SstDNA PCR products.”  Thus, GtPPO1's "partial
SstDNA amp" products were cloned and sequenced in an renewed

search for an insertional element in Group 1 SsrDNA.
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Figure B.3. Magnetic bead sequencing of SstDNA
“from GtCA29 and Pgt183 using the 650F primer.
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The results of these experiments were surprising, and for a
long time perplexing. First, as a coatrol, a portion of GtPPOl's SstDNA
was sequenced using the magnetic bead technique. Based on what
was observed in SstDNA from GtCA29, 6S0F- and 920F-primed
reactions were predicted to reveal the 5' end of the insert. As

expected, GtPPO1's PCR-amplified SsrDNA contains A/B gene

heterogeneity and the faint "inserted sequence™ at position 1156 (Fig.
B.4), identical to that in GiCA29 (Fig. B.3). When a "partial SstDNA e

Large Clone" (i.e., plasmid containing the 1200 bp fragment) from g

GtPPO1 wae sequenced with the 690F and 920F primers, it >

‘ surprisingly showed the same heterogencities, except that the

"inserted sequence"” no longer appeared faint but instead was equal
in intensity to the A/B ladders (Fig. B.4)! This was very confusing: a

single plasmid clone carried a 1200 bp fragment bordered by 690F

and EukR that had characteristics of the A gene, the B gene and the
"insert." Results of the reverse sequencing reactions were equally
puzzling. First, in an attempt to map the 3' terminus of the insert,
' . total GtPPO1 SsrDNA was PCR-amplified, and sequenced with the
ha magnetic bead technigue using EukR-, 14C0R- and 1055R-primed
reactions. This revealed A/B gene heterogeneities, but no “inserted
1 sequence.”  The latter result was unexpected: if the insert was a
unique, non-ribosomal segment of DNA (e.g., viral element), at least
one of the three "reverse-primed” reactions shouid have encountered
I its 3' end. Furthermore, when the GtPPO1 "partial SstDNA Large
Clone" was sequenced using the EukR and 140CR primes, the
sequence showed no evidence of A/B heterogeneity but instzad

appeared indicative of the B gene only (Fig. B.5). The primers used

230

ey TR M Ry T T O N PR T T W S A AR SO i s WAL A LA
- - : 3 G R NS S S R R i Ak
) . > ’ ;

LS P SR s
& s " "
A ’ \

¥ * ‘ |




R R T VT

" Gppo!

v total SstTDNA
.. Magnetic Bead
' CATG

—y o

™
.4

. =8

L

Y

ol

faint insent identical i
tothatobservedin @gﬁ@
GtCA29 -,
-~
-
“
=8
heterogeneity indicative =

of A and B genes

 GPPOl
partial STIDNA
“Large Clone”
 caTa

insert in partial SgrDNA
"Large Clone” appenrs
with equal strength a3
sequences

heterogeneity indicative
of A and B genes

Figure B.4. Comparison of PCR-amplified GPP01 SyDNA. sequenced with ‘he magnetic bead

technique, and GtPPO! partial bsDNA "Large Clone” sequenced as double stranded plasmid.
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Figure B.S. Sequence of GtPPO1 partial SsTDNA "Large Clone” using the 1400R primer (the
image has been invenied so that it reads as the complement) and comparison to A/B zene
sequences; numbers refer o the postion in the A/B gene slignment (cf. Chapt. 1). Amrows
dencte A/B gene ambiguitess(M =Cor A; Y=CorT). Note that in both cases the SsDNA
"Large Clone" violates highly conserved sequence positions.

231




B e e NN S e NE

T e T e e et S

e

I U - S e : - L~ O P g, PSRBT

in these sequence determinations, their relative lccations in the A
and B genes and a deducticn of the "partial SstDNA Large Cloae's”

structure is shown in Fig. B.6.

The only explanation for the sequence characteristics observed
in both magnetic btead sampling of the PCR peol, and the "partial
SstDNA Large Clone” is a 300 bp direct repeat of a portion of the
SstDNA (Fig. B.6). This can exist in two configurations: a fragment of
the A gene inserted into the B gene, or the 3' end of the B gene
attached to a truncated A gene. In both cases the 3' end of the
"partial SstDNA Large Clone" is expected to be of B gene origin, since

it harbors universal and eukaryotic position violations (Fig. B.5).
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Description of Alzxr~7 v Subribotypes

updated 141352

).."»v’!‘g

Subribaivre SrDNA RFLD vy Thainua LerDNA Lharietariating

RN v,

eastern Group 1 590/591 TG deletion norsent

PORSPES-IR S

!
western Croup il 580/591 TG deletion oot
alternate Group 1 55C/591 TG deletion nonents

seq. diff. at pos. 393.354

M ¢

North American Subribotype MNotes:

(-"

Additional length and sequence haizrogeneities were cbserved among
membsrs of the North American group, but are not reported here; it is impossible
to know if they are the resuvit of P t’,s\ error, or due to clonal biasing. Evidenc:
that such variaticns are representative of true genomic variation is weak without
confirmation by repeated PCR and soguencing. Extremely fine-scale variation
between localized pc*"u.:.tz.: 15 0f castem or western Nonth American {solaizs may

"

exist, but has not been resclved in this study. Approaching this expo *il rentatly will
be tedious given the mmrn‘w} var;;zzu-w thatis expected. One possibility is to use
tha magretic bead scquencing technique, to more effectively sampie th PCR pool

and eliminate coencerns of clenal b asing. Differences will most l;:;ci ¥ SPpear as
length heterogeneities or arnbiguities at defined locations, With highly redundant

efforts, it should be possible to prove if these are valid characters. If such markers
are identified, they cculd prove of valus in population dynamic smdies.
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| Subribotve  SuDNARFLP Goup

Tﬁmﬁw 40 Asian

Japaneég : Group I | o (Temperate Amn r&a&nw)

Korean E - Group I | length hctemge weity ~pcs 222

- ambiguities
sequenca dxf‘erencﬂ at t pos. 39

- Temperate Asian Subribotype Notes:

Only minor length and sequence heterogeneities were seen among
members of the Japanese subgroup. These differences are not shared

-among all isolates, and thus collectively this group appears

"heterogenecus.” Interpretation of these differences is problematic for the
same reasons noted above, Note that protein electrophoeretic cvmpaﬁsons
of a number of A. catenella isolates (ACPPO1, 02. 03, 09, and ACIP03)
also reveal heterogeneity (Hallegraeff, pers. comm.). 1 found the ACPP
series to be identical, except for the posmons of minor Icngm o

o heterogenmues

The length heterogeneity in the Korean group looks severe - possibly
several bp difference? inversion/insertion? Whatever it is, it's :ear the 3'
border of the D1 domain. At first | thought it was a cemamxnaw but the

D2 reads are clean. This indicates heterogenseity, not comammafxon Also,

it showed up in both G. Hope 1 and 2; these cultures were prﬁc.ssed in
completely different batches. I sequenced two individual clones from
G.Hope 1, but unfortunately picked the same one twice so the nature of this
heterogeneity is not fully resolved. My gut feeling is that the
Japanese/Korean differences are evolutionarily-equivalent to eastern/
western/alternate differences, only their divergence is more recent.
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Notes on Alexandrium LsrDMNA Sequence Alignment

The 5" porticn of the aligned molscules are relatively similar,

. despite the fact that this region of the LsrDNA encompasses the Di

variable domain. Alignment of the more distal portion of the clones,
covering the hypervariable D2 domain, requires the inserton of gaps
and is more problematic (cf. Chapt. 3). This is not surprising as the
D2 domain is reported to be one of the most variable within the
LstRNA and subject to the greatest length variations (Mitchot and
Bachellerie 1987)! . Theoretical seccadary structures were created
for each of D1 and D2 domains in an effort to assess the accuracy of
the proposed alignment. Secondary structures can improve an
alignment if the divergent sequences conform to similar folding
patterns. When they do, the structures indicate which sequence
positions are eqguivaleat and also help dictate the location of

alignment gaps (Olsen 1938).2

In an effort to test the alignment presented in Chapt. 3,
theoretical secondary structures of the hypervariable DI (positions
~75-225) and D2 (positions ~350-675) domains for each
representative ribotype were comparcd. Two different methods

were used, both of which employed the P. micans D1 and D2 models

1 Mitchot, B., Bachellerie, (1 27). Comparizons of large subunit tRNAs reveal some
eukaryote-sp ﬁc ments of secondury structure, Biochimie 69:11-23.

2Q0len, G. J. (1933). Phylogenetic analysis using rikosemal RNA. Methods in
7

-
93-812.

Enzymol. 164:
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e (Lenaers ez al, 1989)3 as a reference. F:rs‘t,‘the P. mjggas, structure

- was used dlrectiy as template to position the new scquc—:nces and

. vﬁctcrmme if compensating base pair changes occurred in the stem

\ - structures. ~ Second, theorencal structures were generated using the

| ‘Zucker and Stiegler foldmg program (NacDNASIS Pro V 1.0, Hitachi)
and tben superimposed on the P. micans structures, as well as those
 derived for other Algxandrium isolates. o

Alexandrium D1 domains appear to be smxcmra!ly similar to
. each other as weli as to that proposed for P. micans, thus their

‘- alignment as shown in Fig. 2 seems jﬁstiﬁed. Howcvér, theoretical
Alexandrium D2 structures appear different from each other, and
’from their counterpart in P. micans. Secondary structures can be
devised for each of the ribotype's D2 sequcnccs,'vbut none conceived

thus far gives risz to consistent, compensating base pair changes in a

Cstructure similar 6 those proposed by Mitchot and Bachelletie‘

(’1987) and Lenaers et al. (1989). This may indicate a relatively
divergent structure, even for closely-related species or strains of
single species (Noller, pers. comm.). In thé absence of more
advanced computer-assisted analyses, it bhas not been possible to
produce a structure suitable for testing the distal portion of the
proposed alignment. The discrepancy between the two halves of the
molecule probably reflect the fact that the D! domain is more highly

conserved, and its sequences from a number of dinoflagellates have

3 Lenaers, G., Maroteaux, L., Michot, B., Herzog, M. (1989). Dinoflagellates in
evolution. A molecular phylogenetic analysis of large subunit ribosomal RNA. J.
Mol. Evol. 29:40-51.
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been rigorously compared (Lenacrs et al. 1991). The D2 domain, on
the other hand, is more highly divergent and its sequences have not
been extensively analyzed for many dinoflagellate species. The
alignment in Chapt. 3 should therefcre be considered a working
model. Multiple attempts have been made to refine it, and each of
these revisions have been subjected to phylegenetic analysis. In all
cases, the existence of the same distinct groups of Alexandrium

isolates is clearly indicated.
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. Interpretation of Fine-Scale Alexandrium LsrDNA
S - Sequence Variations

- INTRODUCTION

, S PCR amplification, cloning and sequencing of rDNA can be 7

| -:‘problematic. These genes are ubiguitous among living organisms and
- the primers used in their amp%iﬁcatidn will cross react with a wide
‘;'range of species. Thus, the potential for contamination is ever o
v‘prescnt, even with fastidious execution of ex?erimemal protocol.

“ The processes of amplifying, cloning and set;uencing rDNA can also

“yield artifacts because of methodological errors (e.g., "mistakes”

~ during the PCR reaction, clonal biasing, sequence compressions, etc).

- Heterogeneity within an organism's complement of tDNA may also

. exist. A further complication is that some 1DNA may be expressed,

~and some may not.

Accurate ydocumcntatkion of sequence heterogeneity that occurs

- both within and between organisms is of key importance if the

sequences art to be uséful in phylogenetic analyses, and as
references for developing RFLP assays or for construciing
oligonucleotide probes. Consequently, the distinction between
-"artifactual heterogeneity” and "genomic heterogeneity” is critical,
especially when comparing sequences that vary only sl_ightly from
one ‘#hother. Since micro-scale rDNA heterogeneity holds the key to
many apblica:ions in Alexandrium population biology, one must be

cautious interpreting and documenting fine-scale sequence
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differences. If cloning is necessary, multiple clones must be pooled
prior to sequencing, the reproducibility of a particular sequence
character should be established and the effects of clonal biasing (see

below) need to be taken into considzration.

The following discussion and accompanying figures are
intended to provide examples of bheterogeneities found during the

sequence analysis of Alexandrium LsiDNA clones. Some attention is

given to distinguishing between contamination versus genomic
variation, as well as interpreting and resolving particular sequence
ambiguities and length heterogeneities. This is not an exhaustive
treatise; however, the salient features of difficulties that arose during

this thesis are presented.

Alexandrium LsrDNA Genomic Hetarogeneity

13
I
PUS
’

LstDNAs from sop’i’.', Alexandrium cultures contained

ambiguities and lengt*‘".}‘heterogenei!ies (Chapt. 3). At times this
made complete, 't;r"xaﬁmbiguous sequence determinations difficult or
impossible without analyzing individual LsrtDNA clones. Hypotheses
put forth to explain this variation included: 1) methodological
antifact(s); 2) presence of a contaminating source of eukaryotic DNA;!

and/or, 3) intracellular genomic variation.

! bacterial or plastid contamination was not considered since the PCR primers are specific
for eukaryotes
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o Methodological Artifadis

Thc poss'hxmy of methodoloaxcal artifact was addmssed by

: | amphfymg, cloning and sequencing LsrDNAs from PW06 (A.
mg_s_@) on two separate occasions. The methods do yieid an

overall reproducible result since both sequences were found to be

>99% 1d»n’1cal However each set of PW05 clones was found to

o harbor its own, unique sequence ambiguity. Thus, miner se:qimnb:: ‘
dxfferences are arising during the PCR, cloning and/or sequencﬁng |
B proceéses. PCR artifact cannot be ruled out in this case. In addition,
- the sequence differences could stem from a combination of actual
| genoinic variability and "clonal biasing.” That is, the ghserved
amﬁiguities or lengih heterogeneities depend on the random
‘v~\‘3vassorﬁnent of clones chosen for analysis from a pool of faithfully-
:’i:v};_reproduced albeit microheterogeneous, rRNA genes (this is dlscusscd
< ‘;’,:?m greater detail below). In the case of PW(6, one round of cloning
‘yielded 5 recombinants, the second 7.  Since so few clones have been

. sampled in both instances, it is impossible to decide which sequence

is "most correct,” and so neither discrepancy was reported.

" The combination of methodologicai artifacts (e.g. PCR error),

genomic variation and clonal biasing will therefors introduce errors!!
In Alexandriym LsrDNA sequence determinations there is the
‘potential for at least ~1% error, even if all all other determinations

are perfect. Comparing many isolates from the same genetic

population helps in catching some of these mistakes; or at least, helps

you to decide if an ambiguity or length heterogeneity should be
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recorded, or ignored (see beluw). At the very least, the observed
heterogeneity highlights the danger of using a single or even a few
iDNA clones irom these orzanisms to ascertain a representaiive
scquence. In this study, sequences ifrom isclates represented by few

clones were interpreted with caution.

Contamination_versus Gepomic Varisting

The sequences of the D1 and D2 hypervariable domains can be
used to distinguish between genomic (or PCR product) heterogencity
and contamination. Because these regions are known to be
evolutionarily-variable, one would expect a contaminated
Alexandrium DNA preparation (e.g., with fungal DNA) to yield
completely incongruous sequencing laddsrs in the D1 and D2 regions,
but "normal" sequencing ladders in the conserved regions flanking
these hypervariable domains. This is cbserved reading from a
conserved region through a variable region: the sequencing ladder
will appear unique (or with little variation) and then suddenly “split"
into two (or more) distinct sequences as the sequences extend into
the variable domain. In contrast, true genomic variants within a
hypervariable domain appear as a point mutations: an ambiguity
should occur at a unique positicn while the primary sequence
remains constant; a length heterngeneity should result in two
identical sequencing ladders which are simply displaced by one or
more nucleotides, giving the impression that one sequence "lags
behind the other.” In almost all cases, the heterogeneity observed in

the Alexandrium cultures fit the criteria of clonal variants and not
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"'f;_contamznatzon 2 Finally, I noted that certain groups of isolates share
'denucal pomt heterog»’nemes among their LstDNA clones; this is
- consxstent wzth genomic vananis that are shared among closely-

related :soiates

-Orzanismal LsrDNA _Variation

.‘vThc‘ best’examples of LsrtDNA genomic variants and and clonal

biasing are seen in the D1 and D 2 hypervariable regions. Figure C.1
| k,éhows poolvedrclong i‘fysequenées f!rom’ a numbef of isolates’ D1 regions.
: This'gel was‘\}cho‘sen’ for several reasons. It provides examples -of
~'sequence énd length heterogeneities, as well an example of clonal
’ ‘»,’bblasmg When fnany cultures arc compared Iéngth heterogenéities
| ’fj"‘and amb:gmtxes charactenstxc of a particular group of cultures
?J}become evxdcnt An example of this is seen in Fig. C.1 for AFNFA3,
GtCA29 and GtCN16 Only after many culmres are examined do the |

effects of clonal bxasmo become evident. in some cases, a pool of

LsrDNA clones would only exhibit a trace of an ambiguity, while in

Otb:rs the ambiguities could appear dramatic (e.g., compare GtCA29

and GICN 16). This can be used to help deduce the nature of an

ambiguity or length heterogeneity, and its effects on the sequencing

ladder. It is also useful for determining if ambiguities should be

“recorded, or ignored.

2 contamination was observed on rare cccasion; the most notable case was the author's
own 1DNA that was inadvertently introduced into a PCR reaction from a peeling sun bumn.
No kidding. Fungus was also a sporadic problem in early sequence determinations. The
contaminated DNA and cultures wre discarded, and from that point on great care was

taken in exammmg the cultures pr T 1o harvest and extraction.
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The most dramatic example of length heterogencities were
found in all cultures of A. tamarsnse and AL fundvense from easiem
North America, two Japanese A. {amarznse from Ofunato Bay (OTC41
and OF051) and two baliast water A, tamarense (172/21342,

172/21:44; Chapt.3), a total of sixteen different cultures. LesrDNA
clones from these organisms display an identical two base pair lengt
heterogeneity (TG deletion) at pesitions 550-591; this mixture causes
the scquencing ladders to become out of register distal to the
deletion and obscures sequence determiaations of the 3' half of the
molecules.  Individual L;rDNA clones from several isolates were
sequenced to resolve the ladders. An example of pooled and
individual sequences covering the 590-591 region of AFNFA3 are
presented in Fig. C.2 ("reverse reactions;” sequences are the
complement of the non-coding strand). Analysis of individual
LsrDNA clones showed this hesterogeneity to result from two disiinct
copies of the gene: those which carry the 590-591 TG deletion, and
those that do not. Clonal biasing around the 590-591 region was also
evident. Figure C.3 shows an example of this. Note ‘how the
sequencing ladders in Fig. C.3 emphasize the same two variants of

the sequence shown in Fig. C.2.
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Figuz'c C l Examg!w of length hetergensides, ambiguitdas and c!m:ai
biasing observed in LsrDNA clonss from the indicaied § clates,
Sequences are from pooled clones mmg the DIR primer. Region of
sequences shown extends from positicns ~86 (ottom) to ~189 (op).
Naote the difference in the position of the kength heterogeneities found in
PW0H (from western North America) and AFNTAS, GiCAZY, GiCN16
(all from eastern North America). Also note an example of clonal
biasing between AFNFA3GICA29 ond GiCNM16,
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bars indictate sh Iocation of the he 'N;c":::zw Tee region ofs"'gwn:/

shown extends {rom positions ~606 (Lottem) to ~516 (top).
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“Figure C.3. | Exam;ﬂe of clonal biasing in the region of the
- 550-591 LstDNA TG deletion, Sequences are from pooled

clones of Gt429 and GiLI21 using the D2C primer. Rogion

- of sequence shown extends from positions ~6C5 (boitom) to
~510 (top). S |
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Genomic Variation versus Expressad Variation.

Variztion that may exist within aa organism's compicrient of
rDNA genes may not be ex;nas: &1 exanple of .’.hi"s W33
decumented in Chapt. 1. The q='=sdon of expressior isﬁmpwmm in
developing assays to deiect mmrofsca}é rDNA he:é:‘ogeneity, such as
the agplication of sRNA-targeie probcs; If ambiguities in a targetad
region are present in the DNA, then it must be determined if the
same ambiguities exist in the RNA, or if the RNA exists at all. If the
sequence of interest is not expres::-ed, cr only at vanishingly low
levels, then any assay designed to detect it will have to be DMA-
based, such as RFLP or sequence analyses. An example of this was

documented in Chapt. 2

In the case of the LstDNA 590-591 TG deletion, both variaats
appear 10 be expressed (Fig. C.4). Unfortunately, a break in the RNA
backibone slightly downstream of the D2C primer preciuded a better
view of the two variants, but upon comparing BGtl (no TG deletion)

and CAZ29 (with TG deletion) the expected differences are evident,
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. BGT1 GTCA2
 ACGU ACGU .

590-591 G/U

% no length
heterogengity length

heigrogeneity

Figure C.4. Over exposure of D2-primed RTase sequences obtained from
total RNA extracts from BGtl and CAZ9. The complement of specific
nucleotide termination reactions are indicated above each lane. A nick in
the RNA backbone causes termination of the sequencing ladder slightly
downstream of the primer, but traces of sequencing ladders are still evident.
Readable sequence begins at position ~630 (bottom) and extends to ~ 520
(top) in Bgti. Dark bar indicates location of 590-591 G/U length
heterogeneity; note how GtCA29's sequence becomes out-of-register beyond
this point, while BGtl's does not.
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