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Abstract A sterile mutant of Ulva pertusa is tolerant to growth in a wide range of temperature, sa-
linity, and nutrient conditions, suggesting that this is an appropriate species for examining physio-
logical and molecular responses to environmental stresses in intertidal macroalgae. We have investi-
gated thermal and salinity stress responses in the sterile U. pertusa. When the alga was cultivated at
20C and 30°C, remarkable changes in chemical components due to thermal stress were found in the
amounts of the photosynthetic pigments and the major free amino acids. In response to thermal
stress, these components increased 1.4-2.4 and 1.9-10.5 fold, respectively. Isozyme assays for meta-
bolic enzymes showed that the 20'C- and 30 C-cultivated algae expressed a NAD*- and NADP*-
specific glutamate dehydrogenase (NAD/NADP-GDH), whereas the 30 C-cultivated alga expressed
an additional NADP*-specific GDH (NADP-GDH). Two types of cDNA clones encoding GDH,
designated pGDH-L and pGDH-S, were isolated from the 30 C-cultivated alga. mRNA encoding
GDH-L was constitutively expressed in the alga, whereas the expression of that encoding GDH-S
was induced by thermal stress. Differential gene expression in the alga grown under thermal stress
conditions was investigated by using differential display reverse transcriptase-PCR (DDRT-PCR).
Some DDRT-PCR fragments encoded proteins which were closely connected with carbon and nitro-
gen metabolism, and photosynthetic and molecular chaperone systems. The salinity stress
responses of the alga were investigated at 20, 100, and 180% seawater (low, normal, and high salini-
ty conditions, respectively). Analysis of free amino acid content showed that proline significantly in-
creased in response to high salinity stress. Some DDRT-PCR fragments corresponding to mRNAs
whose expressions were altered by low and high salinity conditions, were similar to membrane,
transport, and transcription factor proteins.
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Introduction

Land plants are often exposed to severe en-
vironmental conditions that dramatically
change on a daily and yearly basis. Plants have
developed a number of mechanisms in order to
respond and adapt to such fluctuating environ-
mental conditions. In recent years, some of the
adaptation mechanisms in response to various
environmental changes in the plants have been
identified at the molecular level. Intertidal al-
gae are also often exposed to a range of environ-
mental factors such as extreme temperature
and sunlight, desiccation, rapid salinity cha-
nges, and various forms of pollution. Responses
to these environmental stresses in algae are

well investigated at physiological and biochemi-
cal levels. For example, upper intertidal algae
often show enhanced rates of photosynthesis
and nutrient uptake in response to desiccation
(Quadir et al., 1979; Thomas and Turpin, 1980).
In addition, as part of an adaptation mechanism
to desiccation, remarkable increases in en-
zymatic activity are found in nitrate reducatse,
amylase, invertase, and peroxidase (Murthy et
al., 1986, 1988; Murthy and Sharma, 1989).
However, molecular mechanisms underlying
responses and adaptation to fluctuating en-
vironmental conditions in intertidal algae have
received little attention, since most of the inter-
tidal algal species grown in the laboratory are
maintained with difficult under axenic condi-
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tions.

Ulva pertusa (Chlorophyta) grows in the inter-
tidal zone along the entire coast of Japan, and is
tolerant to fluctuating environmental condi-
tions. However, the ‘wild’ strain of U. pertusa
undergoes sexual reproduction in laboratory
culture which involves the release of zoospores
and the subsequent deterioration of tissue. In
contrast, a sterile mutant of Ulva pertusa found
at Omura Bay, Kyusyu province in Japan in
1973 is suitable for laboratory experiments,
since the alga only develops vegetatively and
can be maintained with ease under laboratory
conditions (Migita, 1985). In addition, the alga
has high tolerance to extensive ranges of tem-
perature, nutrient salts, and salinity, suggesting
that this alga is an appropriate species for inves-
tigations designed to elucidate molecular
responses and adaptation mechanisms to vari-
ous environmental stresses.

We have recently investigated some of the
physiological and molecular responses to ther-
mal and salinity stresses in intertidal algae us-
ing the sterile mutant of U. pertusa as a model

species. This paper deals with the results and
problems in studies on physiological and
molecular responses and adaptation mechan-
isms to the thermal and salinity stresses in the
algae.

1. Thermal stress responses

Effect of thermal stress on growth
Previous experiments have shown that gro-
wth is optimal when the sterile mutant of U. per-
tusa is continuously cultured in our laboratory
in one-fifth strength Provasoli‘s enriched sea-
water (1/5 PES) medium (Provasoli, 1968) at a
light intensity of 100-200 « E/m?/s with a 12 :
12 h (light : dark) cycle at temperatures be-
tween 20 and 25°C (Murase et al., 1993; Amano
et al., 1997). Thalli cultivated at 20C grow
rapidly and have a normal flattened appearance
(Fig. 1A). When the sterile mutant is cultivated
at 30C for 7 days, the thalli also have the same
normal flattened appearance as the 20 C -culti-
vated thalli. However, the cells of the thallus
become dark green in color and rich in cytoplas-
mic content, and the cell wall thickens (Fig. 1B)

Fig. 1. Morphological changes of sterile Ulva pertusa grown under different thermal conditions. Thallus tissue
cultivated at 20C. (A) and 30C. (B) for 7 days, respectively. When the alga is cultivated at 33°C for additional 7
days, the thallus cuticle layer breaks down. (C) with the release of marginal cells from thallus periphery. The
released single cell (D) regenerates to a thallus by cultivation at 20C.
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(Amano et al., 1997). A further 7 days of growth
at 33C results in the breakdown of the cuticle
layer with the release of marginal cells from its
periphery (Fig. 1C and D). When the released
cells are inoculated to fresh medium and culti-
vated at 20°C, the cells regenerate into normal
thalli. These morphological changes, resulting
from a change in culture temperature (20 to 30
C and 30 to 337C), may reflect one of the ther-
mal stress responses of the alga. However, the
large amount of single cells released at 33C are
of little use in biochemical and molecular biolog-
ical studies on thermal stress responses, since
about 50% of the cells are dead (Amano et al.,
1997). Therefore, we investigated algal thermal
stress responses using the thalli maintained
either at 20 C (controls) and 30 C (experimental
growth conditions).

Changes in chemical components due to
thermal stress

Total pigment contents for the 20C- and 30
C-cultivated algae were approximately 580 and
990 mg per 100 g dry weight, respectively (Ta-
ble 1) (Kakinuma et al., 2001a). Individual pig-

ment contents in the 30 C-cultivated alga were
about 1.4-2.4 times higher than those in the 20
C-cultivated alga. The darkening of the chlo-
roplasts at high temperature is consistent with
the high photosynthetic pigment contents and
accounts for the higher photosynthetic activity
(Murase et al., 1993). In addition, total carbon
and nitrogen contents of the 30C-cultivated
alga were significantly higher than the levels of
the 20 C-cultivated (Table 2) (Kakinuma et al.,
2001a). The increase of the total carbon content
may correspond to the thickened cell walls of
the stressed cells.

Total free amino acid content also significantly
increased in the 30 C- cultivated alga. Amounts
of major components in the 20C- and 30 C-cul-
tivated algae, which accounted for approxi-
mately 80-90% of the total free amino acids, are
shown in Table 3 (Kakinuma ef al., 2001a). The
amounts of asparagine, aspartic acid, gluta-
mine, glutamic acid, glycine, and serine in the
30 C-cultivated alga were 1.9-10.5 times higher
than levels in the 20C-cultivated alga. A
remarkable increase was found in the
asparagine content. In higher plants, excess

Table 1. Photosynthetic pigment contents for 20C- and 30C-cultivated sterile Ulva pertusa (Kakinuma er al,

2001)

Photosynthetic pigment content (mg. 100 g dry wt) '

20T 30T
f -Carotene” 197 = 1.09 465 = 1030
Chlorophyll a*** 4273 = 31.86 6775 * 916
Chlorophyll b*** 914 = 7.13 2083 = 12.08
Lutein™* 278 + 101 376 £ 290
Neoxanthin*~ 69 = 074 95 = 042
Violaxanthin** 85 = 036 140 = 172
Total*** 5815 + 2424 9933 + 40.79

'Data represent mean * SD (n=3) with significant differences at *P<0.05, **P<001, and ***P<0.001.

Table 2. Total carbon and nitrogen contents for 20°C- and 30C-cultivated sterile Ulva pertusa (Kakinuma et al.,

2001)
Content (% of dry wy)'
20T 30T
Carbon” 258 + 0.17 291 * 159
Nitrogen™®* 21 = 007 26 £ 015

'Data represent mean = SD (n=3) with significant differences at *P<0.05 and **P<0.01.



M.Kakinuma, S.Itoh, Y .Kozawa, I.Kaneko, Y.lkuno, E.Inagaki & H.Amano

Table 3. Free amino acid contents for 20C- and 30C-cultivated sterile Ulva pertusa

(Kakinuma er al., 2001)

Free amino acid content (mg100 g dry wt)'

20C 30C
Asparagine™* 966 + 7940 10103 + 214.89
Aspartic acid** 207 £ 494 680 * 14.26
Glutamine™ 77 = 193 319 + 906
Glutamic acid” 1014 + 17.32 1920 = 31.74
Glycine” 70 £ 127 337 = 1522
Serine™** 90 * 158 214 + 137
D-Cysteinolic acid 4608 + 67.86 3123 + 8425
Other free amino acids® 1341 + 1335 1442 + 2141
Total*** 8374 = 13.09 18137 *= 176.17

'Data represent mean * SD (n=3) with significant differences at *P<0.05, **P<001, and ~**P<0.001.
2Total amount of free amino acids exept for asparagine, aspartic acid, glutamine, glutamic acid, glycine, serine,

and d-cysteinolic acid.

nitrogen from protein degradation is converted
into asparagine and glutamine, and consequent-
ly these amino acids are pooled in tissue (Givan,
1979; Sieciechowicz et al., 1988; Dembinski and
Bany, 1991; Oask, 1994; Lam et al., 1996).
Thermal stress may have influenced protein
and amino acid metabolism in the alga. On the
other hand, glutamine and glutamic acid ac-
cumulated in the 30°C-cultivated alga play im-
portant roles in ammonia assimilation and in
carbon and nitrogen metabolism in higher
plants and algae (Cullimore and Smis, 1981;
Haxen and Lewis, 1981; Srivastava and Singh,
1987; Oask, 1994; Lam et al., 1996; Sakakibara
et al., 1995). Nevertheless, total nitrogen con-
tent in the 20°C- and 30°C-cultivated algae
differed only slightly (Table 2), suggesting that
the increases of these amino acids in the 30C-
cultivated alga reflect thermal stress responses
involved in regulating some of the different
pathways of nitrogen metabolism.

Glutamate dehydrogenase isozymes
Comparison of isozyme patterns for 20 meta-
bolic enzymes from the 20 C- and 30 C -cultivat-
ed algae showed obviously different banding
patterns in the case of glutamate dehydrog-
enase (GDH) (Fig. 2) (Kakinuma et al., 2001a).
Generally, GDH is classified into three types by
coenzyme requirement: NAD*-specific GDH
(NAD-GDH, EC 1.4.1.2), NAD*- and NADP*-
specific GDH (NAD/NADP-GDH, EC 1.4.1.3),

and NADP*-specific NADP-GDH, EC 1.4.1.4).
The result of the GDH isozyme assay indicates
that NAD/NADP-GDH is constitutively ex-
pressed in algal tissue, whereas NADP-GDH is
expressed in response to thermal stress. In
higher plants, GDH plays an important role for
regulation of carbon and nitrogen metabolism
and oxidative deamination of glutamate to 2-ox-
oglutalate for the TCA cycle (Lam et al., 1996;
Robinson et al., 1992; Moyano et al., 1995). In
contrast, macroalgal GDH may be essential for
amination reactions and is thought to be a key
enzyme in the priinary assimilation of ammonia
(Sato et al., 1984; Inokuchi et al., 1997, 1999).
The NADP-GDH expressed in response to ther-
mal stress seems to compensate for the drop in
NAD/NADP-GDH activity to maintain ammo-
nia assimilation and regulate nitrogen meta-
bolism under thermal stress conditions.

The primary structure and expression of
GDH

Different types of GDH were expressed in
the algal tissue in response to changes of cul-
ture temperature. We isolated two types of
cDNA clones encoding GDH from the sterile U.
pertusa from a cDNA library constructed from
30°C-cultivated thalli (Kakinuma et al., 2001b).
The clone with the longest insert, designated
pGDH-L, was 1610 bp and contained an open
reading frame (ORF) encoding 447 amino acids
(Fig. 3). Compared with pGDH-L, the other
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Fig. 2. Distribution of banding patterns of glutamate dehydrogenase (GDH) from sterile Ulva pertusa. The
soluble protein fractions for the 20T- and 30C-cultivated algae were resolved on an acrylamide-gel and stained
with two types of GDH staining solutions containing NADP+ (A) or NAD+ (B) as the coenzyme.

type of clone, designated pGDH-S, lacked 78 bp
corresponding to the region from the 161st to
186th amino acid (Fig. 3). The alignment of
amino acid sequences deduced from sterile U.
pertusa GDH cDNAs revealed approximately
50% identity with those from higher plants
(Sakakibara et al., 1995; Melo-Oliveira ef al.,
1996; Syntichakis ef al., 1996; Tsurano et al.,
1997). Two regions that were presumed to be 2-
oxoglutarate-binding site (Fig. 3, Box I) con-
taining Lysi3s for catalytic function and pyri-
dine nucleotide-binding site (Fig. 3, Box II) con-
taining the nucleotide-binding motif
GXGXXG(A) were highly conserved in GDH-L
and GDH-S (Britton et al., 1992; Lilly and En-
gel, 1992). The missing region of GDH-S is lo-
cated near these binding sites, suggesting that
the region influences the binding characteristics
of GDH.

As shown in Fig. 4, expression analysis by
RT-PCR indicated that mRNA encoding GDH-
S was only expressed in thallus tissue cultivated
at 30C for more than 24 h, whereas mRNA en-
coding GDH-L was constitutively expressed at
both temperatures. Genomic DNA from sterile
U. pertusa probed with the GDH-L cDNA gave

several bands, suggesting that GDH is a multi-
gene family in the alga (data not shown).
Although it is not clear whether GDH-L and
GDH-S transcribed from the same or different
genes, transcription of these mRNAs seems to
be regulated by thermal stress.

The GDH in higher plants and algae is a hexa-
meric enzyme and composed of two types of
subunits, suggesting that the two subunits
make up all the possible hexameric combina-
tions (Sakakibara ef al., 1995; Syntichakis et al.,
1996; Inokuchi ef al., 1999). mRNA levels for
these subunits change under conditions of plant
stress and during development and ripening
(Loulakakis and Roubelakis-Angelakis, 1991;
Loulakakis et al., 1994; Melo-Oliveira et al.,
1996; Syntichakis ef al., 1996). Therefore two
possibilities are suggested for the GDH iso-
zymes found in sterile U. pertusa. First, the al-
gal NAD/NADP-GDH and NADP-GDH may
correspond to GDH-L and GDH-S, respectively.
Second, GDH-L and GDH-S may encode subu-
nits of the hexameric GDH, and the different
biochemical functions of GDH regulated by
changes in subunit composition. Expression
and purification of GDH-L and GDH-S using a
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Ulva MFGAL SKAYGSYC SROGQAATTGLGSYTG 29
Tobacco H-.. i
Corn H-..

Arabido H-. . 4
Human MYRYLGEALLL SRAGPAALGSASADSAALLGWARGOPARAPQP . —. 45
Ulva HQYRRAGHAENTNTFIRE ALAVLD LP-PAMEKTIVITP———- 65
Tobacco ----—————- aa . RNF.Q .ART .G .D-SKL..SLLI.-——-- 31
Corn  ————————- &b smm LAKLYG .D-SKL..SLLI.———— 31
arabido ---——————- aa .  RNFKL .ARL.G .D-SKL..SLLI.————————- 31
Human ~ —-———————- ALAARRHY SEM’ADREDDPNPFH‘I——--VEGFFDRGASIVE _DKLVEDLRTRE S-—-EEQK 98
E.coli MDQTY SLESFLNH. QKRDPNQTEFAQAYREVITTLWPFLEQNP 43
Yeast MSEPEF----QQAYEEYYSSLEDS--TLFEQHP 27
Ulva  ——————————— QREMTYELIIHRDDGKPESF[’IGYRVQEDNARGPFIO.‘TGLRHEKI)ADLDD‘FRSLASLM 121
Tobacco - —-F. .CT.PK...TLY.YY.F.......... I.Y.PEV...E.NA. .Q. 87
Corn  —————————- —-F..IK..CT.PK..‘TLA.‘[V.F .......... t‘[.‘.I Y. HEV.P.E.Na. Q.. 87
Arabido ---—————————— F..IK. .CT.PK...TLA..T.F.......... 1. .I.Y.PEV.P.EANA..Q.A 87
Human RNRYRGILRITKPCNHYLSLSFP.R....SW.VIE.Y.&. .5QH.T.C.. . I.¥ST.VSY.E. KA. .... 168
E.coli  KYRQUSLLERLVEPE. 'FIQFRW'JWD RMIQ'FHRAW FSS.I..Y...M...PSYN.SILKF.GFEQ 113
Yeast EY--RKYLPIVSYPE.IIQFRVTWEN.KGEQ.VAQ..... YRS.K..¥Y....... PSGN. SILKF . GFEQ 95
Ulva SFKTALLD?PFEK%%%WTK&LSEEIEI&TRH‘V §ET—-FLITFFEOIFAFITETIEET AT NG 189
Tobacco TW...VA.L.Y....... GCKP[.D. .KS.L.R...¥.T.K.--H.L. .INT.V.. .‘M..NAQT....L‘ 155
Corn TW.. . VaRL.Y....... GCSPpD. .IS.L.R...¥.T.K.-—-H.L. .IHT.¥... .M. . NSQT.. 155
Arabido TW...VAKRT.Y....... GC.PPK. .IS.L.R...¥.T.K.—-H.L.:.IHT.V... .M. .GPQT. 155
Human TY.C.YY.[Y.F... . A VKINP| NYTDN.L.KI..R.TM.LaK.GF...GI.V....MS.GE.E. s A 238
E.coli T..N..TTL.M..G...SDF.P[GK..G.VMRFCQALMT.L--YRHL. .ADT.V..G.I.7G. EVGFMAG 181
Yeast I..NS.TELDM. .G...LC. LI GR.NN. RRICYA.MR.L--SRH. .QDT.¥V. G I.¥6..EIGYL.G 163

Ulva EYSKFEG-Y-—— SPGWTGKPTWLHBSHGRE SATGRGTYFGIKIILQAFG- 248
Tobacco ..... H.-H-—-..&T..... ID.G. AL 7.YATEAL .AEY.- . 213
Corn  ..... H-.—. . & ..... \'D.G..L‘.IJA ..... TL.ATEAL .AEH. -—-—————- . R 213
arabido ..... Ho-.—. . & ..... ID.G..L..Da..... 1. .TEAL . NEH. - ——————- VI, 213
Human T.ASTI.H.DINAHAC.. ... ISQ6.I...I...... YFH. .E.FINEASYMSILGHTPGFG.KT|. ¥V. . 308
E.coli IMMK.LSNNT--—-AC.F...GLSFG..LI.PE...Y.L YFTEA. . ——-————o KRHGHIGF . 239
Yeast 4. RSYKNSW-——-EG.L. . .GLNWG. LI.PE...Y.LLYYTQ&.ID———— . 224
BOXI
Ulva SGCYYDDGPSGIDYPKLL-——————— RHLHRGDDL--SKYPHGQ- 307
Tobacco ........ JIH.R..K.I... [IT.& KNPNGLD.PALLNH--———-- KEATGKLI .F--.GGDVIIN- 273
Corn T.&. KNYDGLD. AQLVKI{ ——————— SAENKGIKGF--KGGDATA- 273
Arabido 273
Human 367
E.coli . . .D-G.VA. . 304
Yeast S. . aQY ALKYI.L..T.¥SL..|SK. .IILETGITSEQVMISSAKVHFKSLEOIVNEYSTFSENKV.Y 294
Ulva -QLLRDEIFDYKCDYFYPAALGGYITDPYARKI SC---KYIVEAANGPTTP SADLILRDRGIPYL-———- 368
Tobacco ----S..FLTHE...LI.C..... LNREN.DNVKA-—-.F.I... .H..D.E. .E. .CKK. .¥I.———-- 331
Corn -——-P.SLLTEE...LI........ NKDN.ND.KA---.Y.I....H. .D.E. .E. .SKK.VLI.-———- 331
Arabido ----PNS.LYED..IL......... RREN.NE.KA--- . F.I....H..D.D..E. . SKK.VVI.-——— 331
Human -——-EGS.LEAD. .JLI...SEK]L.KSN.PRYKA-—- .1 4. G....... E..K.FLERN.M.I-———- 425
E.coli LEGQQPWSL—-PV.IAL.C.TQNELDYDA.HQLIANGY.AVA.G. .M. . .IE.TELFQQA-———————— G 363
Yeast IaGA PWTHVQ.V.IAL.C.TQNEVSGEE. KALVAQGY F.A.GS.IM55. .E.IAVFETARSTATGPSEA 364
Ulva ————PDIYTNAGGVTVSFLEWVQNLQNFKWTTEQ 398
Tobacco ---—- AL YF..... G.M.DE. 361
Corn CLLa.S.. ... YF..... IAGAM.DE.K 361
Arabido L ALS YF..... I.G.M.E 361
Human  -———. . L.L........ YF..LK. mﬂfSYGRLTFKYERDSHYI{LLMS?QESLERIG‘GKI-EG’I‘IPI‘IPTA 491
E.coli .GKaA . . ... AT.G. .MA. AARLG.KA.K 397
Yeast .PKAA L...A. .G..MA. S.RIT..S.R 398
Ulva 'FHDQLKTRMIJEAFQ SHWDS SQE}BVPLRTGMTF SLRRYTRATTNR—————-| GF 446
Tobacco -- ————..RE.RKY.TK. .HNLKMMIC.S.NCS. .l1....LGYN. . &. . .TL.-————- .WEA 411
Corn - —_—— AE RTY.TR. .GDYKQUICRS. SCD. .I1. .. .LGYR. .&. ... L. —————- .WEA 411
drabido ----——-———m——- Y. TRS.KDLKEMCKT . SCD. .I. . . . LGVN. AQ IL. e .WGA 411
Human EFQDRI SGASEKDI . HSG AYT ERSARQIMRTAMKYNLG. DLRTAAYTNATEKVFK. YN-—--E&.VTFT 558
E.coli - .DAR. HHI . LDTHHACYEHGG . GEQTNY VQGANTAGF YKVADAMLA————— Q.71 447
Yeast — .DQE. .RI.INC.NKRECI.YAKKYTKDGKYLPSL . KGANTASFIKY SDAIMFDQ.DVF 454

Fig. 3. The amino acid sequence of sterile Ulva pertusa glutamate dehydrogenase (GDH) in comparison with
those of other species. The deduced amino acid sequence of GDH-L for sterile U. pertusa (Ulva) (Kakinuma et
al, 2001b) is shown on the upper line in single letter code. The amino acid sequences of N. plumbaginifolia
GDH A (Tobacco) (Ficarelli et al, 1999), Zea mays GDHI1 (Corn) (Sakakibara et al, 1995), A. thaliana GDH1
(Arabido) (Melo-Oliveira et al, 1996), H. sapiens GDH (Human) (Amuro et al, 1988), E. coli K-12 GDH A (E. coli)
(Valle et al, 1984), and S. cerevisiae GDH1 (Yeast) (Moye et al, 1985) are shown below in optimal alignment.
Shaded box indicates sequence gap between GDH-L and GDH-S. Boxed sequences (represented as Box I and
Box II) are functionally important regions. The asterisks in Box II denote residues of a consensus sequence
(GXGXXG) which forms a pyridine nucleotide-binding site.

bacterial expression system are currently being carried out to fully characterize enzymatic
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Detection of mRNAs encoding GDH-L and GDH-S of sterile Ulva pertusa by RT-PCR.

First-strand

c¢DNA was synthesized from 5 ug of total RNA isolated from the alga subjected to 20T (lane 1) and 30C for 6

h (lane 2), 24 h (lane 3), and 1 week (lane 4).
cDNA as template.

The PCR amplification was carried out using 0.5 ug of first-strand
Sense and antisense primers used for detection of GDH ¢cDNA were designed to produce

DNA fragments of approximately 700 and 620 bp for GDH-L and GDH-S, respectively. Lane M is the DNA size

marker.

properties and functions of sterile U. pertusa
GDH isozymes.

Other proteins related to thermal stress
responses

Higher plants exposed to various environ-
mental stresses accumulate a variety of small
heat shock proteins (HSPs) ranging from 16 to
30 kDa (Boston et al., 1996). Two-dimensional
electrophoretic analysis of total protein for the
20C- and 30C-cultivated algae showed that
some low molecular proteins (15-30 kDa) ac-
cumulated in response to thermal stress, sug-
gesting that these proteins may be algal small
HSPs. Other HSPs such as HSP60, 70, and 90,
which are major components of molecular
chaperonin system, are well characterized in
various species. These HSPs are expressed dur-
ing heat stress and are related to acquisition of
thermotolerance in higher plants (Boston et al.,
1996). We isolated cDNA clones encoding
sterile U. pertusa HSP60, 70, and 90 from the 30
C-cultivated algal cDNA library. These clones,
designated pHSP60, pHSP70, and pHSP90,
cover an entire ORF encoding 573, 663, and 705
amino acids, respectively. The deduced amino
acid sequence of each HSP for the alga exhibit-

ed between 60 and 80% similarity with that of
higher plant HSPs (Prasad and Stewart, 1992;
Wu et al., 1994; Milioni and Hatzopoulos, 1997;
Li et al., 1999). mRNA encoding HSP60, 70,
and 90 were detected by RT-PCR using sense
and antisense primers specific to each HSP.
The mRNA levels of these sterile U. pertusa
HSPs increased in the thallus tissue treated
with high temperature (Fig. 5), suggesting that
these HSPs were also involved in adaptation to
thermal stress.

Recently, we used differential display reverse
transcriptase-PCR (DDRT-PCR) to identify
sterile U. pertusa genes whose expression are
specifically induced and repressed by thermal
stress. We have isolated 33 and 14 DDRT-PCR
fragments from two experimental conditions,
20C — 35T and 20C — 57T, respectively.
BLAST analysis of these cDNA nucleotide se-
quences showed that 12 of them encoded pro-
teins which were closely connected with carbon
and nitrogen metabolism, and photosynthetic
and molecular chaperone systems (Table 4). On
the other hand, remaining 35 DDRT-PCR frag-
ments were not homologous to genes deposited
in DNA databases.

2. Salinity stress responses

= 497
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Fig. 5. Detection of mRNAs encoding heat shock protein (HSP) 60 (A), 70 (B), and 90 (C) of sterile Ulva pertusa
by RT-PCR. First-strand cDNA was synthesized from 5 ug of total RNA isolated from the alga subjected to
20T (lane 1), 5C for 6 h (lane 2), or 35C for 6 h (lane 3). The PCR amplification was carried out using 0.5 ug of
first-strand ¢cDNA as the template and primers specific to each HSP ¢cDNA. Relative expression changes of
each HSP was estimated by using ¢cDNA encoding actin as an internal standard. Lane M is the DNA size

marker.

Changes in growth and chemical compo-
nents due to salinity stress

Sterile U. pertusa can withstand extreme
changes in salinity. The algal strain maintained
in our laboratory grows in salinity ranging from
20 to 180%. After five days in culture, the thalli
grown under normal salinity conditions (100%
seawater) were approximately 31-fold larger in
surface area than initial thalli, whereas the thal-
li treated with high and low salinity conditions
(180 and 20% seawater, respectively) increased
only about 7- and 8-fold, respectively. However,
thalli cultivated in these different conditions
have the same flattened appearance. Compari-
son of growth rates of thalli cultivated at nor-
mal, high, and low salinity conditions for 24 h
showed that growth was significantly repressed
by salinity stress.

No significant difference was found in total
pigment, carbon, and nitrogen contents for the
algae cultivated under normal, high, and low sa-
linity conditions for 24 h. In contrast, free ami-
no acid analysis showed obvious differences in
proline content in the algae grown under differ-
ent salinity conditions. The proline content of
the algae cultivated at normal, high, and low sa-
linity conditions were 33.1 + 4.64, 475.2 =+
18.84, and 15.8 = 7.32 mg per 100 g dry
weight, respectively. The amount of proline in
the alga cultivated under hypersaline condition
was approximately 14-30 times higher than lev-
els in alga treated with normal and low salinity
conditions. It has been reported that the adjust-
ment of osmotic potential can be achieved by
changes in the concentrations of internal inor-
ganic ions and organic osmolytes, such as pro-
line, betaines, and mannitol, in higher plants
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and algae (Edwards et al., 1987; Ahmad and
Hellebust, 1988; Kirst, 1990; Kalinkina and
Naumova, 1992; Delauney and Verma, 1993;
Singh et al., 1996; Liu et al., 2000). In particular,
proline, one of the nontoxic osmotica, functions
as a protectant of macromolecules such as pro-
teins and membranes, as a nitrogen-storage
compound and energy source after the release
of stress, and as a regulator of cellular redox
status (Delauney and Verma, 1993; Hare and
Cress, 1997; Hare et al., 1999; Liu et al., 2000).
Therefore, we are interested in expression and
regulation of genes related to proline biosynthe-
sis, since the result of free amino acid analysis
shows that the sterile U. pertusa may adapt to
hypersaline condition by accumulating proline
in tissues.

Other proteins related to salinity stress
responses

We have employed DDRT-PCR for isolation
and identification of genes which are specifical-
ly expressed in salinity-stressed algae and may
associate with acquisition of osmotolerance.
Nine and twenty-eight DDRT-PCR fragments
were isolated from two experimental condi-
tions, normal — high salinity and normal — low
salinity, respectively. cDNA nucleotide and
deduced amino acid sequences of nine of the
DDRT-PCR fragments are homologous to vari-
ety of plant proteins as listed in Table 5. These
membrane-, transporter-, and transcription-as-
sociated proteins may play important roles for
adaptation to salinity-stress conditions in sterile
U. pertusa. In contrast, the genes and associated
proteins corresponding to the other 28 DDRT-
PCR fragments have not been identified.
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Table 4. DDRT-PCR fragments isolated from sterile U. pertusa treated with high and low temperatures.

cDN/?be)Salgment Expression pattern? Homologous protein (species) Si?;/g ';n;it

DDF-44 (763) induced by 5C* Ferredoxin (Dunaliella salina) 61

DDF-6-3 (224) induced by 5C Elongation factor-Tu 80
(Mesostiguma viride)

DDF-114 (807) induced by 35T Frabin-binding monooxygenase 33
(Arabidopsis thaliana)

DDF-135 (577) induced by 35C* Methylenetetrahydrofolate 43
dehydrogenase (Mesorhizobium loti)

DDF-17-2 (811) induced by 35T Peptidylprolyl cis-trans isomerase 38
(Eschelichia coli)

DDF-22-1 (393) induced by 35C* Oxygen-evolving enhancer protein 2 75
(Chlamydomonas reinhardtii)

DDF-22-5 (1019) induced by 35C* Heat shock protein 70 (Pisum sativum) 70

DDF-24-8 (751) induced by 5T TCP-1 chaperonin-like protein 65
(Arabidopsis thaliana)

DDF-27-39 (441) repressed by 5C* Sedoheptulose-1,7-bisphosphatase 72
(Chlamydomonas reinhardtii)

DDF-31-57 (484) induced by 35C* RIESKE iron-sulfer protein 69
(Solanum tuberosum)

DDF-33-60 (341) induced by 35C* 20S proteasome B subunit 40
(Oryza sativa)

DDF-36-9 (588) induced by 35C Ca®*'-ATPase (Arabidopsis thaliana) 55

'Length of fragment including arbitrary and anchor primers.
?Expression patterns estimated from fingerprint patterns of DDRT-PCR products.
Asterisks (%) indicate that the differential expression was confirmed by Northern blot analysis.

*Values represent amino acid sequence similarity.

Conclusions and problems for future stu-
dies

Sterile U. pertusa is one of the most useful
model species to elucidate the mechanism of
adaptation to environmental stress conditions in
the intertidal algae, since the sterile mutant de-
velops vegetatively and can be maintained easi-
ly in laboratory conditions. In this study, we
showed that morphological changes in the
sterile U. pertusa grown under thermal and sa-
linity stress conditions correlated with changes
in chemical components. In addition, we
showed that the alga expressed GDH isozymes
and various HSPs in response to thermal stress.
GDH and HSPs are thought to play important
roles in carbon/nitorogen metabolism and in the

molecular chaperone system, respectively. We
are currently carrying out experiments to fully
characterize enzymatic properties and func-
tions of these proteins in stressed tissues.

On the other hand, we have attempted to iso-
late and identify other proteins related to ther-
mal and salinity stress responses by DDRT-
PCR. Some DDRT-PCR fragments correspond-
ing to mRNAs whose expressions were altered
by changes in temperature and salinity condi-
tions have been isolated. BLAST analysis of
nucleotide and amino acid sequences showed
possibilities that some of the DDRT-PCR frag-
ments were homologous to genes encoding pro-
teins closely connected with carbon/nitrogen
metabolism, photosynthesis, the molecular
chaperone system, gene transcription, and
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Table 5. DDRT-PCR fragments isolated from sterile U. pertusa treated with high and low salinities.

CDN‘?be%gm ent Expression pattern® Homologous protein (species) Si?,}/gﬁ‘?t

p

DDFS-1-1 (379) induced by low salinity 20S proteasome B subunit 80
(Spinacia oleracea)

DDFS -3-1 (534) induced by low salinity Membrane-associated prostaglandin 36
E synthase 2 (Macaca fascicularis)

DDFS -3-2 (523) induced by high salinity =~ Translation initiation factor elF-2, 71
y subunit (Arabidopsis thaliana)

DDFS -3-3 (1120) induced by high salinity Translational endoplasmic reticulum 76
ATPase (Arabidopsis thaliana)

DDFS -59-1 (828) induced by low salinity Syntaxin-related protein Nt-syrl 32
(Nicotiana tabacum)

DDFS -59-2 (911) induced by low salinity CHP-rich zinc finger protein 27
(Aridopsis thaliana)

DDFS -61-1 (459) induced by high salinity =~ Geranyl-geranyl hydrogenase 79
(Glycine max)

DDFS -61-2 (448) induced by high salinity =~ GTP-binding protein type A 57
(Arabidopsis thaliana)

DDFS -71-1 (632) induced by low salinity Plastidic ATP,/ADP transporter 58

(Solanum tuberosum)

'Length of fragment including arbitrary and anchor primers.
*Expression patterns estimated from fingerprint patterns of DDRT-PCR products.

*Values represent amino acid sequence similarity.

membrane functions. However, it has been im-
possible to estimate functions of genes and/or
proteins corresponded to the other cDNAs iso-
lated by DDRT-PCR, since these isolates con-
sist of a 3‘-terminus encoding a partial ORF and
untranslated regions. In addition, expression
sequence tag (EST) database resources for mac-
roalgae are not advanced enough compared
with that of higher plants. In order to elucidate
the mechanism of adaptation to both stress con-
ditions in the alga, we are planning to isolate
and identify mRNAs corresponding to these
DDRT-PCR fragments from a sterile U. pertusa
cDNA library.

In land plants, various methods for stable
nuclear transformation have been established,
which resulted in production of transgenic
plants (Harms and Potrykus, 1978; Hayashimo-
to, et al., 1990; Hiei ef al., 1994; Shimada et al.,
1995). Transgenic plants are an effective sys-

tem for functional analysis of unidentified genes
and for production of stress-tolerant mutants.
The same systems are necessary for transgenic
algae and for analyses of the properties of trans-
lated products encoding unknown genes isolat-
ed from sterile U. pertusa. In recent years, stu-
dies on development of algal transgenic sys-
tems have been attempted, but no transforma-
tion vectors for marine macroalgae are availa-
ble.

Construction and enrichment of algal genom-
ic, protein, and EST databases, and the estab-
lishment of algal transgenic systems are essen-
tial to further development of studies on
molecular responses to various environmental
stresses in sterile U. pertusa.
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