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Polyamine analysis of unicellular, colonial,

and multicellular green algae
—Detection of aminobutylcadaverine, N*-aminopentylspermidine,
N%-aminopentylspermidine, and penta-amines—

Koei Hamana, Masaki Kobayashi?, Takemitsu Furuchi?,
Hidenori Hayashi® and Masaru Niitsu?

UFaculty of Engineering, Maebashi Institute of Technology
460-1 Kamisadori-machi, Maebashi, Gunma 371-0816, Japan
MFaculty of Pharmacy and Pharmaceutical Sciences, Josai University
1-1 Keyakidai, Sakado, Saitama 350-0295, Japan

To obtain the relation between cellular polyamine distribution profiles and multicellular evolution in green algae, we
acid-extracted polyamines from 59 additional unicellular, colonial and multicellular green-algal samples (52 species), newly
analyzed them with HPLC and HPGC, and compared them with 124 previously analyzed green algal polyamine profiles.
Tetra-amines, norspermine and/or spermine, which are distributed as major polyamines predominantly in multicellular,
macro green algae, were found also in unicellular photobiontic Trebouxia species and endosymbiotic Chlorella variabilis
(Trebouxiophyceae), respectively. In the class Chlorophyceae, colonial freshwater Volvox, Pleodorina, Eudorina,
Yamagishiella, Pandorina, Tetrabaena and Gonium (Volvocales) always contain putrescine, norspermidine and spermidine
as major polyamines, similar to unicellular Chlamydomonas and Haematococcus, indicating that there is no correlation
between their colony-forming and polyamine profiles. A novel triamine, aminobutylcadaverine, homospermidine and
homospermine were all detected as minor polyamines in another colonial alga, Westella (Sphaeropleales). Furthermore,
the aminobutylcadaverine level increased, and novel tetra-amines N-aminopentylspermidine and N®aminopentylspermidine
appeared in a culture supplemented with 1 mM cadaverine. The occurrence of thermospermine was limited in multicellular
thallic freshwater Prasiola (Trebouxiophyceae) and multicellular thallic marine Ulva (Ulvophyceae). Caldopentamine,
homocaldopentamine and/or thermopentamine were distributed as minor polyamines in unicellular coenocytic Codium,
multicellular branched-filamentous Aegagropila, thallic Monostroma (Ulvophyceae) and filamentous Spirogyra
(Zygnematophyceae) in addition to Prasiola and Ulva, suggesting that the occurrence of penta-amines is related to
multicellular and macro green-algal evolution.

Key words; aminobutylcadaverine, aminopentylspermidine, green alga, penta-amine, polyamine, thermosper-
mine

INTRODUCTION green algal samples belonging to the two phyla

We have analyzed various eukaryotic algae to
reveal the phylogenetic significance of polyamine
distribution profiles in varieties of unicellular algae
by secondary and tertiary symbioses and their evo-
lution into multicellular forms (Hamana, 2008:;
Hamana & Matsuzaki, 1982, 1985; Hamana & Niitsuy,
2006; Hamana et al., 1988, 1990, 2004a, 2004b, 2013,
2016b, 2017). Within the 124 previously analyzed
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Chlorophyta (divided into four classes
Trebouxiopyceae, Chlorophyceae, Prasinophyceae,
and Ulvophyceae) and Streptophyta (divided into six
classes Mesostigmatophyceae, Chlorokybophyceae,
Klebsormidiophyceae, Zyvgnematophyceae,
Coleochaetophyceae, and Charophyceae) (Inouye,
2007; Finet et al, 2010; Leliaert et al., 2012), 1,3-diami-
nopropane (3) (numeric codes of polyamines abbrevi-
ated as the number of methylene (CH,) groups
between amino (NHy) or imino (NH) groups), putres-
cine (4), cadaverine (5), spermidine (34), norspermi-
dine (33), homospermidine (44), norspermine (333),
spermine (343) and thermospermine (334) were wide-
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ly distributed (Hamana & Matsuzaki, 1982; Hamana
et al., 1988, 2004a, 2013). Non-photosynthetic achloro-
phyllous heterotrophic green algae Polytoma,
Polytomella, Prototheca, and Helicospiridium belong-
ing to the class Trebouxiophyceae or Chlorophyceae
contained putrescine, norspermidine and spermidine
(Hamana et «l., 2004a). In the multicellular terrestri-
al green algae, such as Nitella and Chara, belonging
to the class Charophyceae, two unusual tetra-amines,
aminopropylhomospermidine (344) and canavalmine
(434), were found in addition to the common
diamines, triamines and tetra-amines (Hamana et al.,
2013).

Outside of the 124 previously analyzed green algal
samples, we selected Trebouxia species isolated as a
photobiont (photosynthetic symbiont) in lichen
(Ahmadjian, 1960; Inouye, 2007) and endosymbiotic
Chlorella variabilis isolated from the ciliate
Paramecium bursaria (Hoshina et al, 2004; Minaeva
& Ermilova, 2017). Multicellular freshwater Prasiola
japonica with membranous thalli belongs to the class
Trebouxiophyceae. Multicellular seaweeds, such as
thallic (foliose) Monostroma and Ulva, branched fila-
mentous Chaetomorpha and Caulerpa, and unicellu-
lar coenocytic Codium and Halimeda, belong to the
class Ulvophyceae (Lewis & McCourt, 2004).
Multicellular branched-filamentous freshwater
Aegagropila and marine Valonia aegagropila forming
bubble colonies with large spherical single coenocyt-
ic cells are also found in this class. Gonium,
Tetrabaena, Pandorina, Yamagishiella, Eudorina,
Pleodorina and Volvox are the genera of colony
(coenobium)-forming microalgae, as the members of
the order Volvocales (Chlamydomonadales) of the
class Chlorophyceae were evolved from a single
primitive Chlamydomonas-like alga (Arakaki et al.,
2013; Herron et al., 2009; Inouye, 2007; Lewis &
McCourt, 2004; Nozaki ef al., 2000). Westella and
Pediastrum (Sphaeropleales) are colony-forming
(colonial) genera, and Stigeoclonium (Chaetophorales)
and Oedogonium (Oedogoniales) form branched-fila-
ment and linear-filament, respectively, in the class
Chlorophyceae (Inouye, 2007; Lewis & McCourt,
2004).

To reveal the polyamine components related to
multicellular morphological development and colony-
forming in addition to their phylogenetic locations,
here we newly analyzed polyamines of 59 additional
green-algal samples (52 species) including the above-
mentioned green algae by employing a high-perfor-
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mance gas chromatography (HPGC) technique devel-
oped with a long capillary column and a high-perfor-
mance liquid chromatography (HPLC) method
advantageous for minor polyamine analysis (Hamana
et al., 2016a, 2016b; Niitsu et al., 2014).

MATERIALS AND METHODS

The green microalgae strains supplied by the
Microbial Culture Collection at the National Institute
for Environmental Studies (MCC-NIES) and the
Biological Resource Center, National Institute of
Technology and Evaluation (NBRC) were cultivated
phototrophically in the light (10-14 h/24 h) at
20-25C using 1-10 { of the liquid media designed by
MCC-NIES (http://mcc.nies.go.jp, 2017) and NBRC
(https:.//www.nite.go.jp/en/nbrc, 2017), respectively.
DBT microalgal strains were purchased from the
Department of Biotechnology, Institute of
Environmental Biology Co. (DBT) and cultured pho-
totrophically in the media (1-1.5 /) designed by DBT.
In the additional mass culture of three unicellular
algae, the medium was supplemented with 1 mM
cadaverine (cadaverine 2HCI, Sigma, USA). The
dried powders of Dunaliella DIC strain (DIC
LIFETEC Co.), Yaeyama Chlorella strain (Yaeyama
Shokusan Co.), Sun Chlorella strain (Sun Chlorella
Co.), nichie strain (nichie Co.), ORIHIRO strain
(ORIHIRO Co.} of Chlorella, and Chlorella Industry
(Chikugo) strain (Chlorella Industry Co.) of
Parachlorella are commercially available in Japan as
food supplements. The freshwater macroalga
“Kawa-nori” (Prasiola japonica) was kindly supplied
by Kuwaya Co., Minakami (cultured in the Tone
River) and Misato-kan of Tange Spa, Nakanojo (col-
lected in the Tange River), and collected by
Hamana, K. with the support of Shimonita Shizenshi-
kan in the Aokura River, Shimonita, Gunma, Japan.
The marine green macroalgae “Hitoegusa”
(Monostroma nitidum), “Ana-aosa” (Ulva perusa),
“Suji-aonori” (Ulva prolifera) and “Kubirezuta”
(Caulerpa lentillifera), and the freshwater green mac-
roalga “Marimo” (Aegagropila linnaei) were pur-
chased from the markets in their habitats in Japan
(Table 1). “Aomidoro” (Spirogyra sp.) were collected
from paddy fields in Gunma. Marine “Futo-juzumo”
(Chaetomorpha spirales), “Tama-baronia’ (Valonia
aegagropila) and “Uchiwa-sabotengusa” (Halimeda
discoidea), and freshwater “Hime-furasukomo”
(Nitella flexilis) were purchased from aquarium mar-
kets in Chiba, Gunma and Saitama, respectively.
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Table 1 Concentration of polyamines of green algae

Polyamines (smol/g wet weight)

Green algae Ref. Dap Put Cad Dah NSpd Spd APCad HSpd ABCad NSpm Spm TSpm APHSpd Can HSpm APISpd AP8Spd CPen HCPen TPen APANSpd AP4Spd
Phylum Chlorophyta 3 4 5 6 33 34 35 44 45 333 343 334 344 434 444 S34 345 3333 3334 3343 333 30M
Class Prasinophyceae
Tetraselnis cordiformis NIES-18 (freshwater) - 149 025 - 00l 052 - 025 - 032 002 - - - - - - - - - - .
Tetraselmis subcordiformis NIES-2572 (marine) - 036 003 - 010 056 - - -t - - - - - - - - - - - -
+ 1 mM Cad (5) - 005 >20 - 005 050 005 - T - - . - . . . - - .
Class Trebouxiophyceac
Trebosia anticipsta NIES-1271 (photobiont) (fapan) - 02 000 - - 060 - 017 - 007 - - - - - - - - - - - -
Trebawsia corticols  NIES-1278 (photobiont) (Japan) - 025000 - - 05 - 015 - 005 - - - - - - - - - - - -
Trebowsia erici NIES-2185 (photobiont) (USA) 001 045 001 - 002 09 - 003 - 065 002 - - - - - - - - - - -
Trebousia plomerata NIES-2187 (photobiont) (USA) 00l 063 027 - 003 090 - 12 - 106 - - - - - - - - - - - -
Chioroidium saccharophitum ("Chlorelfa saccharophyla™) NBRC 102700 2013 - 004 - - - 044 - - - - - - - - - - - - - -
Coccomyxa dispar 1AM C-(37 20040 - 002 - - 005 052 - - - - - - - - - - - - - - .
xa subellipsoidea (*Chlorella succharophyla™) 1AM C-169 20042 - 004 - - - OI8 - - - - - - - - - - - . - .
Chiorella variehifis NIES-2540 (endosymbiont) (Japan) 00l 001 001 001 - 060 - 001 - - 048 - - - - - - - - - - -
Chiorelta sorokiniuna 1AM C-212 20Ma - 0.5 004 - 003 065 - - - - . - - - - . - - - -
“Chiorella succharophyla® NIES-640 2013 - 056 - - 002 043 - - - - 002 - - - - - - - - - - -
Chlorella vilgaris 1AM C-27 1982 - 189 009 - 005 218 - - - - - - - - - - - - - - R
1AM C-207 20040 - 037 002 - - 020 - - - -0 o« - - - - - - - - - -
Yaeyama Chlorella strain (food supplement) - 040 - - - 120 - - - - - - - - - - - - - -
"Chioreltu pyrenoidosa®  Sun*Chlorella strain (food supplement} 001 070 002 - 00l 240 - 031 - - - - - - - - - - - - - -
nichie strain {food supplement) - 052 - - -2 - - - - - - - - - - - . - - - -
ORIHIRO strain  (food supplement) -0 - - - 08t - - - - - - - - - - - - - - - .
Parachlorella beijerinckii Chiorella Indusry strain  (food suppiement) 001 036 - - - 25 - 010 - - 003 - - - - - - - - - - -
Parachlorella kessteri 1AM C-531 20042 - 140 - - - 064 - - - - - - - - . - - - - - .
Pseudochloretla pringsheini (*Chlorella ellipsoidea™) TAM C-87 1982 063 074 G.14 - 008 207 - - - - 008w - - - - - - - - - -
Botryacoccus braunii DBT strain - 001 - - 001 060 - - - 00t 001 - - - - - - - - - - -
NIES-2199 2003 005 015 - - 120 025 - - - - - - - - - - - - - . .
NIES-836 2013 - 0% - - 110 121 - - - - 002 001 - - - - - - - - . -
Prasiola japonica (Minakami, Gunma) “Kawa-nori* No.l © 003 - - 045 053 - 004 - 105 065 040 - - - - - ool - 005 - -
(Nakanojo, Gunma) No.2 60L 010 - - 011 031 - 002 - 077 026 014 - - - - - ool - 002 - -
(Shimonita, Gunma) No3 003 012 - - 003 041 - 006 - 120 036 018 - - - - - - oo - -
Class Chlorophyceae
Volvox aurens DBT strain  (colony-forming) - 188 - - 002 006 - - - - - - - - . . - - - - R
c-419 20040 - 174 009 - 019 015 - - - - - - - - - - - - - -
Pleadorina californica NIES-735  (colony-forming) - 120 004 - 090 025 - - - - - - - - - - - - - B N
Eudorina illinolsensis 1AM C-596 {(colony-forming) 20042 - 075 - - 020 033 - - - - 004w - - - - - - - - - -
Endorina cylindrica NIES-722 (colony-forming) 2013 - 120 - - 120 102 - - - - 002 001 - - - - - - - - - -
Yamagishietla unicocca NIES-3983 (colony-forming) - L0 - 001 107 OM1 - - - - - - - - - - - - - -
Pandoring morpm NIES-242 (colony-forming) ~ *Kuwanomimo” - L0 - 0Ol 088 088 - 005 - - - . - - - - - - - - -
Tetrabuena socialis NIES-691 (coony-forming)  "Shiswasemo® - 0S54 - - 060 023 - 005 - - 001 003 . - - - - - - - - -
Gonin pectoraie 1AM C-598 (calony-forming) 2004 - 025 135 - 020 005 - - - - - - - - - - - - - R
NIES-2261 (=IAM C-598) - L0 - - 109 110 - 0ol - - - - - - - - - - - - -
Chiamydomonas applanata 1AM C-214 20042 - 180 - - 020 005 - - - - - - - - - - - - - - - -
Chiamydomonas moewnsii [AM C-5 20042 - 250 - - 035 0I0 - - - - . - - - - - - - - .
Chiantydomonas reinhardtii IAM C-9 20042 - 240 - - 020 003 - - - - . - - - - - - - - - .
[AM C-239 20040 - 300 - - 020 002 - - - - - - - - - R - - . . .
NIES-2235 (=IAM C-9} - 220 - - 054 022 - 001 - - o002 00l - - - - - - - - . .
Chiamydomonas sp. DBT swain 0.0 070 - - 120 009 - 0M3 - - 0ot o0l - - - - - - - - - -
Chiorogonium elongatum 1AM C-295 20042 - 100 - - 035 055 - - - - 010« - - - - - - - - - -
Chiorogonium capitiatum ATCC 50936 203 - 055 - - 030 043 - 020 - - 023 003 - - - - - - - - - -
Chiorogonium complexum NBRC 05662 001 035 010 - 060 048 - 021 - 0Ol 00l 001 - - - - - - - - 003 001
Haematococcus lacustris (H. pluvalis) 1AM C-392 20043 080 020 002 - 045 040 - - - - - - - - - - - - - - K
Haematococcus sp. DBT strain No.l 119 006 0.06 - 030 007 - - - - - - - . - - - - - -
No2 green swarmer % 002 002 - 020 020 - - - - - - - - - - - - - -
No2 red cyst - - - .oz 015 - - - - - - - - - - - - - - - .
Dunalietla sp. DICstrain  (food supplement) No.l 198 - on1 - - - 058 - 002 - - 00 - - - - - - - - - - -
No2 002 025 0.0 - 02 120 - 0.0 - 003 003 00l - - - - - - - - - -
Dunatictia bardawil ATCC 30361 1988 - 006 002 - - 037 - - - - - - - - - - - - - .
itata NIES-35  "Mure-mikazuki 004 140 001 - 090 009 - - - - - - - - - - - - - - -
(Pseudokirchnerietla subcapitata) + | mM Cad(5) 0.10 020 >20 - 080 008 010 - - - - - - - - - - - - - -
Westella sp. DBT strain {colony-forming) No.l 000 056 035 - - 120 - 071 005 - - - - -ee - - - - - - -
No2 00z 040 002 - - 120 - 006 - - ool - - - - - - - - - - .
No3 - 030 040 - - L0 - 08 - - 0o - om 001 - - - - - - - -
+ 1 mM Cad (5) - 025 042 - - 12 002 055 040 - 002 001 002 001 - 0Ol 004 - - - - -
Pediastrum biwae  DBT strain (colony-forming)  "Kunshoumo® 042 012 - 422 077 - 019 - - o0t - - - - - - - - - . .
Stigeoclonium sp, (Maebashi, Gunma) (colony-forming) 1982 004 000 - - - Q0L - 007 - - - - - - - - - - - -
Oedogoniwm obesum 1AM C-348 (colony-forming) ~ “Sayamidoro” 20042 - 020 - - 030 005 - - - - - - - - - - - - - - - -
Class Ulvophyceae
Monostroma nitidum  (Mie) *Hitoegusa"  No.l - 002 - - L6 010 - - - 120 001 001 - - - - - - - - - -
(Fukuoka ) No2 - 002 - - 100 D22 - 005 - 117 010 00l - - - - -0 - - - -
{Nagasaki) No3 - 020 - - 067 045 - 030 - 120 034 003 - - - - - - - - - -
Utva perusa (Nishio, Aichi ) "Ana-aosa®  No.l 010 070 030 - - 0I5 - - - 052 002 020 - - - - - - - - - -
(Toyohashi, Aichi) No2 003 0.0 - - 007 035 - 003 - 118 008 060 - - - - - ooz - - - -
Ulva prolifera (Shimanto, Kochi) ~ *Suji-aonori® No.l - b0 - - 008 029 - - - 120 006 065 - - - - - - - - - -
(Enterontorpha profifera) (Mum(o Kochi) No2 - 010 - - 021 044 - 002 - L8 002 075 - - - - - - - - - .
Mie) No3 - 006 - - 017 040 - 003 - 120 003 066 - - - - -0t - - - -
Aegagropila finnaei (Hokknido) "Marimo®  No.l 1982 - 040 - - - 008 - - -009 - - - - - - - - - - - -
(Aegagropila sauteri) (Hokkaido) No2 001 003 - - 00l 007 - 040 - 04l 002 - - - - - - 004 002 - - -
No3 010 010 - - 004 022 - 015 - 052 090 001 - - - - - - - - - .
Caulerpa lentitlifera (Okinawa) "Kubirezuta” No.1 - 002 002 - 002 015 - 001 - 006 028 001 - - - - - - - - . -
No2 001 005 0.14 - 001 120 - 00 - 003 080 - - - - - - - - - - -
Chaetomorpha spirales  (Chiba) “Futo-juzumo” 002 002 - 025 034 - 002 - 028 003 - - - - - - - - - - -
Valania (Kagoshima) *Tama-baronia” - 020 - - 003 102 - 004 - 030 04 001 - - - - - - - - - -
Codium fragile (Mic) “Miru” - 00l DO1 - 010 005 - 00l - 107 0O - - - - - - - - - - -
Codium cylindricum (Mie) "Naga-miru" - 010 002 - 021 066 - 0I5 - 108 013 00l 001 - - - - 02 002 - - -
Halimeda discoidea (Kagoshima) “Uchiwa-sabotengusa” 02x - - 005 105 - 002 - 0I5 100 0O0L - - - - - - - - - -
Phylum Streptophyta
Class Zygnematophyceae
Closteriunt sp. (Macbashi, Gunma) 1982 - 003 - - - 058 - - 002 - - - - - - - - - - - .
T strain - ole - - - L5 - - - 03 - - - - - - - - - - - -
Closteritm gracite 1AM C-570 "Mikazukimo" W04 - 002 - - - 050 - - - - - - - . . - - - - .
Staurastrum sp. (Macbashi, Gunma) 1982 020 027 - - 002 025 - - - - - - - . - - - . - -
DBT strain - 006 - - - 120 - 025 - 003 - - - - - - - - - - - -
Pleurotaenium ehrenbergii 1AM C-468 20042 035 075 0.0 - 035 045 - - - - - - - - - - - - - - - -
Plenrotaenium cylindricun  NIES-306 2013 005 002 - - - 025 - - - .- - - - - - - - R - - .
Spirogyra sp. (Mebashi, Gunma) *Aomidoro” Nod 1982 - 00l - - - 0I7 - - - o1 - - - - - - - - - - -
(Macbashi, Gunma) No2 1982 - 009 - - 004 077 - - - 001 ool - - - - - - - - - - -
(Macbashi, Gunma) No3 1982 - 003 - - 0M 007 - 001 - 001 002 - - - - - - - - - - -
(Macbashi, Gunma) Nod 010 072 003 - 065 LIS - 020 - 032 002 00} - - - - - 00l ool - - -
(Nakanojo, Gunma) NaS 0.0 100 003 095 060 - 020 - 003 002 001 - - - - - - - - - :
Class Charophyceac
Nitella flexilis (Magbashi, Gunma) "Hime-furasukomo™ No.l 1982 - 012 - - - 070 - 0.10 - 007 - - - - - - - - - - - -
(Osakn) No2 2013 004 021 - - 002 128 - 028 - 004 04 001 00l OO - - - - - - - -
(Saitama) No3 002 030 - - 002 LI5 - 065 - 003 008 001 - - - - - - - - - -
Ciara braunii (Osaka) “Shajikumo® No. 2013 002 090 - - 020 75 - 040 - 028 0.0 007 - - - - - - - - - -
Chara australii___(Osaka) No2 2013 - - - - 0O 104 - 030 - 002 002 - - 003 - - - - - - - -

Dap (3) (=abbreviations for the number of methylene CH, between amine NH, or imino NH), 1.3-diaminopropane; Put {4}, putrescine; Cad {5}, cadaverine; Dah (6). 1.6-diaminohexane; NSpd (33), norsper-
midine; Spd (34), spermidine; APCad (35). aminopropylcadaverine: HSpd (44). homospermidine; ABCad {45), aminobutylcadaverine; NSpm (333), norspermme Spm (343), spermine; TSpm (334), thermo-
spermine; APHSpd (344), aminopropylhomospermidine; Can {434). canavalmine (aminobutylspermidine): HSpm {444), h ‘mine butylh ‘midine). AP1Spd {534) (=435),
N'-aminopentylspermidine; AP8Spd (345) (=543), N*-aminopentylspermidine; APANSpd (3(3)3), N*-aminopropylnorspermidine: AP4Spd (3(3M). N *-aminopropylspermidine; CPen (3333), caldopentamine;
HCPen (3334). homocaldopentamine; TPen (3343), thermopentamine; ATCC, American Type Culture Collection. Manassas, Virginia, USA; Chlorella Industry, Chlorella Industry Co., Tokyo, Japan; DBT,
Department of Bi logy, Institute of Envir Biology Co. Ltd. Yaezu, Shizuoka, Japan; DIC, DIC LIFETEC Co. Ltd.. Tokyo, Japan: IAM, 1AM Culture Collection. Institute of Molecular and
Cellular Biosciences, The University of Tokyo, Tokyo, Japan {IAM algal collections have been transferred into NIES) NIES, National Institute for Environmental Studies, Tsukuba, Japan; NBRC.
Biological Resource Center, National Institute of Technology and Evaluation, Kisarazu. Japan: Yaeyama Chlorella. Yaeyama Shokusan Co, Okinawa, Japan; Sun Chlorella, Sun Chlerella Co., Kyoto, Japan:
nichie Chlorella, nichie Co. Nagoya, Japan; ORIHIRO Chlorella, ORIHIRO Co.. Takasaki, Gunma, Japan; Chlorella Industry Chlorella, Chlorella Industry Co. Tokyo, Japan; -. not detected (<0.005 gmol/g
wet weight) (analyzed but not determined as a peak in the HPLC, standard GC and/or HPGC of the concentrated polyamine samples, as described in Materials and Methods), % . Quantification of
diaminopropane (3) and thermospermine (334) was difficult in the HPLC of some samples. Our previous data from References (Ref) are cited by the year of publication. Quotation marks indicate that
the name has not been validly published. Former algal names are shown in parenthesis.
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The seaweeds “Miru” (Codium fragile) and “Naga-
miru’ (Codium cylindricum) were supplied by Mie
Prefecture Fisheries Research Institute, Mie, Japan.

Microalgae (1-10 g wet weight) harvested in our
laboratory in the early stationary phase, dehydrated
microalgae and macroalgae powder (5-10 g), and wet
macroalgae (50-100 g) were homogenized in 5% per-
chloric acid (PCA). The PCA extract was subjected
to a column containing a cation-exchange resin,
Dowex 50WX8 (1cm ILD. X3 cm or 3cm LD. X1cm)
and then eluted with 6M HCL The concentrated
polyamines were analyzed by HPLC on a Hitachi
16000 employing a column of cation-exchange resin,
Hitachi 2619F (=Hitachi 2720) (4 mm LD. X 50 mm),
using post-labeled fluorometry after heating with
o-phthalaldehyde (Hamana et al., 2016a, 2016b).
After the heptafluorobutyrization of the concentrat-
ed polyamines, we performed HPGC on a
SHIMADZU GC-17A and HPGC-mass spectrometry
(HPGC-MS) on a JEOL JMS-700, equipped with a
capillary column of Inert Cap 1MS (0.32 mm ID. x
30 m, df 0.25 ym) (GL Sciences) at a column tempera-
ture of 120C—-(16C/min)-280C and 90C-(16T/
min)-280C, respectively (Hamana et al., 2016a, 2016b,
2017; Niitsu et al., 2014), as shown in Fig. 1. The
final identification of the polyamine peaks in HPGC-
MS was accomplished by employing mass spectra
using authentic linear diamines, triamines, tetra-
amines and penta-amines, and tertiary branched tet-
ra-amines, chemically synthesized in our laboratory
(Niitsu et al., 1992, 1993) as shown in Fig. 2. The
mass spectra of the HFB-polyamine derivatives
were taken from previous studies (Furuchi et al.,
2015a, 2015b; Hamana et al., 2016a, 2016b, 2017,
Niitsu et al., 2014). Table 1 shows the molar concen-
trations of cellular polyamines per gram of wet
weight of the starting wet algae, estimated from the
HPLC and HPGC analyses using the peak high of
authentic polyamine standards. From the total of
124 green algal samples previously analyzed, 39
green-algal polyamine data (analyzed by HPLC and/
or standard GC equipped with a packed column in
1982-2004) related to the 59 new green algal sam-
ples, are cited for comparison in Table 1.

RESULTS AND DISCUSSION
Distribution of norspermidine, spermidine, homo-
spermidine, norspermine, spermine and thermo-
spermine

In our previous analysis of the most primitive uni-
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cellular class Prasinophyceae in the phylum
Chlorophyta, Mantoniella, Micromonas,
Prasinococcus and Pyramimonas species contained
norspermidine but did not contain norspermine,
whereas Prasinoderma, Prasinopapilla and
Pseudoscourfieldia species contained neither nor-
spermidine nor norspermine (not cited in Table 1)
(Hamana ef al., 2004a, 2013). In the present study,
freshwater Tetraselmis cordiformis and marine
Tetraselmis subcordiformis contained both nor-
spermine and norspermidine (Table 1).
Homospermidine was found in the freshwater spe-
cies. The polyamine profiles varied in the seven
previously analyzed genera and the two Tetraselmis
species. We cannot exclude the possibility that their
growth environments affected their polyamine pro-
files rather than their phylogenetic positions.

In the class Trebouxiophyceae, the occurrence of
homospermidine and norspermine in the four spe-
cies of terrestrial photobiontic (ectosymbiotic)
Trebouxia is unique among the polyamine profiles of
unicellular green microalgae. Without statistical
analysis, various polyamine levels were found within
the four species isolated in the USA and Japan, sug-
gesting the possibility of a relationship between
their polyamine patterns and their photobiont abili-
ties. The reclassification of the ellipsoidal Chlorella-
like green algae “Chlorella saccharophyla” ,
“Chlorella ellipsoided” and “Chlorella pyrenoidosa’ is
in progress (Darienko et al., 2010). The occurrence of
spermine as a major polyamine and the absence of
norspermidine and norspermine from endosymbiotic,
amino acid-required Chlorella variabilis NIES-2540 is
unique among green unicellular algae. This poly-
amine profile resembles to that of Auxenochlorella
protothecoides (Hamana et al., 2004a) (not cited in
Table 1). Since C. variabilis and A. protothecoides
were cultured heterotrophically (nonphotosyntheti-
cally) in CYT medium containing yeast extract and
tryptone and Pro medium containing peptone,
respectively, the uptake of spermine from the media
containing spermine is possible. Homospermidine
was found in “C. pyrenoidosa’ and Parachlorella bei-
Jerinckii, however, its level differed within the four
commercial chlorella supplements (Table 1).

In the order of Volvocales, polyamines of
Chlamydomonas reinhardtii NIES-2235 (=IAM C-9)
and Chlamydomonas sp. DBT newly analyzed in the
present study showed a similar polyamine profile for
several Chlamydomonas species. The normal
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Fig. 1 HPGC spectra of polyamines of (A) Tetrabaena socialis NIES-691, (B) Chlorogonium complexum NBRC 105662, (C)
Prasiola japonica No. 1, (D) Ulva prusa No. 2, (E) Aegagropila linnaei No. 2, (F) Codium cylindricum, (G) Westella
sp. DBT No. 1, (H) Westella sp. No. 3 +1 mM cadaverine, () Tetraselmis subcordiformis NIES-2572, () T subcor-
diformis +1 mM cadaverine, (K) Raphidocelis subcapitata NIES-35, and (L) R. subcapitata +1 mM cadaverine on a
JEOL JMS-700 (A-H) or a SHIMADZU GC-17A (I-L). Numeric codes (abbreviations for polyamines) are

explained in Table 1.
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Fig. 2 Mass spectra of the HFB-polyamine peaks (a), (b) and (c) obtained with HPGC on a JEOL JMS-700 (H in Fig. 1).
The spectra are identical to that of authentic HFB-45, HFB-534 and HFB-345, respectively. The JMS-700 mass
spectrometer was operated in the electron impact mode at an ionization energy of 70 eV. The structure,

molecular weight [M] and mass number of the three fragment ions from the HFB-amines are shown.
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growth cell (green swarmer) and red cyst of
Haematococcus sp. DBT gave the same polyamine
profile (Table 1). The red cells were collected from
an old culture under high light irradiation.

Westella sp. DBT, Pediastrum biwae,
Chlamydomonas sp. DBT, and Chlorogonium com-
plexum of the class Chlorophyceae contained homo-
spermidine as shown in the present study. A minor
occurrence of spermine and thermospermine was
observed in Botryococcus braunii and Tetrabaena
socialis in addition to Eudorina, Chlamydomonas and
Chlorogonium species of the class. Although it has
been reported that several halophilic Dunaliella spe-
cies contained putrescine and spermidine as major
polyamines (Hamana et al., 1988, 2004a) (not cited in
Table 1), norspermidine, homospermidine, spermine,
and thermospermine were detected in Dunaliella sp.
DIC as a minor polyamine by the large-scale analysis
undertaken in the present study.

As regards streptophytes, thermospermine was
not detected in Mesostigma (Mesostigmatophyceae),
Chlorokybus (Chlorokybophyceae), or Klebsormidium
and Interfilum (Klebsermidiophyceae) (Hamana et al,,
2004a, 2013) (not cited in Table 1). In the class
Zygnematophyceae of the phylum Streptophyta,
homospermidine was found as a major polyamine in
the newly analyzed Steurastrum sp., and spermine,
norspermine and thermospermine were detected as
minor polyamines in the newly analyzed Spirogyra
sp. Polyamines of the green algae belonging to the
class Coleochaetophyceae of the phylum have never
been analyzed.

In the present study, thermospermine was found
as a major polyamine to a limited extent in thallic
Prasiola japonica in the class Trebouxiophyceae, and
thallic Ulva perusa and Ulva prolifera (Ulvales) in the
class Ulvophyceae. In contrast, thermospermine
was a minor component in Monostroma
(Ulotrichales), Aegagropila, Chaetomorpha and
Valonia (Cladophorales), Caulerpa, Codium and
Halimeda (Caulerpales) of the class Ulvophyceae of
the phylum Chlorophyta as well as Nitella and
Chara of the class Charophyceae of the phylum
Streptophyta. It is suggested that the occurrence of
thermospermine is essential for the formation of the
thallus structure in green multicellular algae.

Polyamine profiles in colonial green algae
Colonial green algae are distributed within the
class Chlorophyceae. Within the order Volvocales
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(Chlamydomonadales), it has been shown that unicel-
lular primitive Chlamydomonas-like alga evolved
into colonial Gonium (4-16 cells in a colony),
Pandorina (16 cells), Yamagishiella (16 cells),
Eudorina (16, 32 or 64 cells), eodorina (32, 64 or 128
cells) and then Volvox (up to 500 cells) through the
simplest integrated green alga, Tetrabaena (4 cells),
in which four identical cells constitute an individual
(Arakaki et al, 2013; Herron et al, 2009). These flat
or spherical colony-forming green algae are located
in a clade of the class. Gonium pectonera NIES-2261
(=IAM C-588) re-cultured and reanalyzed by HPGC
in the present study showed no cadaverine (5) con-
tent, indicating a misassignment in a previous study
that used HPLC alone (Hamana et al., 2004a). Except
for minor distributions of homospermidine, spermine
and thermospermine, the occurrence of putrescine,
norspermidine and spermidine, and the absence of
norspermine were observed in the seven colonial
genera, indicating that the major cellular polyamine
profile did not change during their evolution for col-
ony-forming within the order Volvocales.

Different polyamine profiles were obtained in the
four other colonial genera Westella (Chlorococcales),
Pediastrum (Sphaeropleales), Stigeoclonium
(Chaetophorales), and Oedogonium (Oedogoniales)
within the class Chlorophyceae, suggesting that the
polyamine profiles varied in the order levels within
the class.

Occurrence of novel and unusual diamine, tri-
amines and tetra-amines

A minor peak corresponding to the unusual long
linear diamine, 1,6-diaminohexane (6) first found in
multicellular macro brown-algal seaweeds belonging
to the class Phaeophyceae of the phylum
Heterokontophyta (Hamana ef al, 2017) was unex-
pectedly detected in the HPGC of Yamagishiella
unicocca and Pandorina morum polyamines and
identified by MS (not shown in Figs. 1 and 2). The
results show the widespread distribution of
1,6-diaminohexane as a minor diamine in algae.

The natural occurrence of aminopropylcadaverine
(35) and aminobutylcadaverine (45) in algae has
never been reported, however, their production
from cadaverine has been expected in unicellular-
algal cultures. Aminopropylcadaverine has been
found in some bacteria and aminobutylcadaverine
has been detected in a leguminous root nodule.
When Tetraselmis subcordiformis (Prasinophyceae)
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and Raphidocelis subcapitata (Chlorophyceae) were
cultured in the presence of 1 mM cadaverine (5) in
the culture medium, aminopropylcadaverine was
found in addition to excess cellular cadaverine but
aminobutylcadaverine was not detected (Fig. 1 and
Table 1).

Aminobutylcadaverine and homospermine (444)
were detected in the colonial green alga Westella sp.
DBT (culture No. 1) belonging to the class
Chlorophyceae. Since an aminobutyl-transfer to
cadaverine (5) and homospermidine (44) occurred in
the green alga, the culture No. 2 in which the two
polyamines were at low levels, was absent from 45
and 444. Although the same mass culture conditions
were repeated, culture No. 2 showed the lowest cell
density of the four cultures. When the green alga
(culture No. 3 in which aminopropylspermidine (344)
and canavalmine (434) were detected) was cultured
in the presence of 1 mM cadaverine, 35 and 45, fur-
thermore, N-aminopentylspermidine (534, =435) and
N&aminopentylspermidine (345, =543) appeared.
The ratio of 35:44 in the mix peak in HPGC-MS (Fig.
1H) was estimated to be 1:20 from MS data (not
shown in Fig. 2). We think that the two novel tetra-
amines 534 and 345 were produced by an aminobu-
tyl-transfer to the aminopropyl moiety of 35 and an
aminopropyl-transfer to the aminobutyl moiety of 45,
respectively. It has been shown that Nitella and
Chara located in the class Charophyceae containe
the two unusual tetra-amines aminopropylhomosper-
midine (344) and canavalmine (434) (Hamana et al.,
2013) (Table 1). Although this is the first report on
the production of 45, 534 and 345 in algae, their
occurrences in Westella sp. DBT were not constant
and the biological significance of the polyamines in
the green alga is not clear.

The tertiary branched tetra-amines
N*-aminopropylnorspermidine (3(3)3) and
N*-aminopropylspermidine (3(3)4) were detected as a
minor tetra-amine in unicellular Chlorogonium com-
plexum in the order Volvocales of the class
Chlorophyceae. This unicellular green alga con-
tained 4, 5, 33, 34, and 44 as major polyamines and 3,
333, 343 and 334 as a minor polyamine in addition to
the two branched tetra-amines. The coexistence of
333 and 33} in an HPGC peak (Fig. 1B) was con-
firmed by MS analysis of the peak (not shown in
Fig. 2). This is the first report of the occurrence of
tertiary branched tetra-amine in algae, however, the
branched tetra-amines have already been found in
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thermophilic bacteria and archaea.

Distribution of penta-amines

Caldopentamine (3333), homocaldopentamine (3334)
and/or thermopentamine (3343), a long linear poly-
amine, were found as minor polyamines in multicel-
lular Prasiola japonica belonging to the class
Trebouxiophyceae, Aegagropila linnaei and Codium
cylindricum belonging to the class Ulvophyceae, and
Spirogyra sp. belonging to the class Zygnematophyceae.
Caldopentamine was also detected in the three mul-
ticellular marine algae (green-algal seaweeds)
belonging to the genera Monostroma and Ulva of the
class Ulvophyceae. Therefore, the occurrence of the
linear penta-amines seems to be related to their mul-
ticellular green-algal form. Furthermore, the major
occurrence of these penta-amines has been reported
in multicellular brown-algal seaweeds (Ochrophyta)
(Hamana et al., 2017). On the other hand, we found
these penta-amines as a major polyamine in unicellu-
lar photosynthetic diatoms (Bacillariophyta) and uni-
cellular non-photosynthetic Labyrinthulea belonging
to the subdomain Stramenopiles (Hamana et al,
2016b). The biclogical and phylogenetic significance
of the occurrence of penta-amines in unicellular dia-
toms and Labyrinthulea is unclear.

CONCLUSION

We have reported the preferential distribution of
thermospermine (334) and the penta-amines caldo-
pentamine (3333), homocaldopentamine (3334) and
thermopentamine (3343) in addition to common poly-
amines in multicellular green macroalgae and the
detection of novel or unusual polyamines such as
1,6-diaminopropane (6), aminopropylcadaverine (35),
aminobutylcadaverine (45), N-aminopentylspermidine
(534) and N®aminopentylspermidine (345), homosper-
mine (444), N*-aminopropylnorspermidine (3(3)3) and
N%aminopropylspermidine (3(3)4) as a minor poly-
amine in some unicellular green microalgae.
Further polyamine analysis of additional endosymbi-
otic, photobiontic and achlorophyllous green-algal
species and a comparison of polyamine distribution
patterns in marine and freshwater green algal spe-
cies in their environmental adaptation are in prog-
ress.
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