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Abstract

The growth, morphological response, nitrogen uptake and nutrient allocation of two
free-floating species (Salvinia cucullata Roxb. ex Bory, Ipomoea aquatica Forssk.) and two
emergent species (Cyperus involucratus Rottb., Vetiveria zizanioides (L.) Nash ex Small)
were investigated. Plants of each species were grown on a modified Smart & Barko (1985)
medium. Inorganic nitrogen was supplied as nitrate (NO5), ammonium (NH4+) or NH4NO;
combined at equimolar concentration (500 uM) in the same condition. S. cucullata had the
highest growth rate (RGR= 0.12 d-1) followed by [ aquatica (0.035+0.002 d-1), C.
involucratus (0.031£0.002 d-1) and V. zizanioides (0.02+0.003 d_1), respectively. A high N
uptake rate was found in free floating species compared to emergent plants. Thus, S.
cucullata and |. aquatica were selected for further study to assess their tolerance to high
ammonium concentrations. The plants were grown with NH4+ at concentrations of 0.5, 1, 5,
10 and 15 mM, all other conditions being equal. Both species had the highest growth rate
when supplied with NH4+ at a concentration of 1 mM, but growth decreased when supplied
with NH4+ at concentrations of 5, 10 and 15 mM. The plants had small leaves and short
roots, particularly when grown with 10 and 15 mM of NH4+. Both species had high mineral
and protein contents when grown with in a NH4+ concentration ranging from 1-5 mM, so
after harvest, that can be used as a feed crop for animals or fertilizers. Based on this
study, S. cucullata and I. aquatica can be used for water treatment, but the NH4+
concentration must be less than 5 mM to prevent root and stem damage that causes

minerals to be released from the plants and reenter to the water treatment system.

Key words: Tropical aquatic plants, Inorganic nitrogen, N uptake, Ammonium toxicity,

Wastewater treatments
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AN 2.1 Yszinnuasiein (types of aquatic plants)
LEREG] 1, 2 = emergent plants; 3, 4, 5, 8 = free-floating plants;
6 = floating-leaved plants; 7 = submerged plants

(f91: Thomaz, 2004)
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nw 2.2 madszendld Scirpus lacustris ludatlaz@u3uny Free Water Surface System (n);
sruythiaiwialaslfinausin (Eichhornis crassipes) (3) Waz Elodea Canadensis () 11

ﬁoﬂizawﬁuuu Free Water Surface System (‘ﬁm: Brix and Schierup, 1989)

2. Sub-surface flow system (SSF) Huszuufadsuuuusn udaziinsdaassinaannlafin
au Wi Inarwiaquanifisaldtewnsia nie wisdu uazruszuunniie luszuuiias
oA R [ = Aa x> a Aa A
1°11W°ﬂwawu‘mLﬂumaﬂLLazLﬂm:uwuwl‘*ﬁﬂumﬂluﬂszmmmumﬂqiiﬂmmmg]ﬁmm
windauazliuzdnaguiduszozinansn uddslnakuhazdaliszuunnidimansngadu
g/ dl 1 e va U a o v va ﬁl‘ 1
ssemTnihidassundildanlduazimsarananmsiuirdulaauiie lilugi9szosia
et 1 1 A a ) v = a 1 v A s @ dq’ = a
ananauniirziimiwandrdunitedulugringlulinduesiaald wananiinswne
p2sNTluTI9ngnI iasdduuazlunuimduiuouuududaduawiunuanununnbun
o @ v A A ed . a A e v
faylinuadunidntislunszuiunsdesaasasBunidandan
n‘i/ o = &/ ] a
uananh geiimanawszuudnanlng lasfsng uanainszuy sub-surface flow
lavd1siude sruulnddl azlinsddesihaniiduudildides 9 Suasgldauluuuads
wazneluszuuazinnsdavieemaldauiNaivaandianlinusinie Sonszuuiiin
vertical flow system (VF) szuuaananidunissanuuuiiadszndanuilasliilnauazgn

117a sl a



nw 2.3 mydszendld  Phragmites  aurtralis  Tuialsz@usuuy - Sub-Surface
Horizontal Water Flow (n) waz Vertical Flow System (%) (ﬁm: Brix and Schierup,
1989)
P A &4 ' o o oA A A g o A 2 A
szuufvdsz@ugnndntrsdu ladnsifenisiunldnainnanasia Seliaanw
LL@m@i’mﬁummzuuLLam@lQﬁmmﬁmadIaﬂ @aammﬁ@ﬁ%ﬁufﬁwulumaz‘ﬁaaﬁu a9

a;ﬂlummzn, 2.2 Uae 2.3 MUSGLU (Cronk and Fennessy, 2001)

39N 24 shedmihnlslussuuinlsf@uguuy surface flow system lu Queenland,

Australia
Faed BRANY Uszianvasitzin
Alismataceae Sagittaria graminea AL AN ufql’:’]
Apiaceae Hydrocotyle bonariensis Nrluaay ‘I}l:ﬂ
Amaranthaceae Alternanthera philoxeroides N LHan: mi’l
Araceae Pistia stratiotes NTRDe ﬁtﬁ
Colocasia esculenta Nl AN %‘Ij:’l
Asteraceae Eclipta prostrate AT awosin
Azollaceae Azolla sp. ﬁ"ﬁaaﬂﬁt’]
Cannaceae Canna sp. ﬁﬂwﬁiﬁm{’]
Ceratophyllaceae Ceratophyllum demersum N m:l:’l
Convolvulaceae Ipomoea aquatica NTRD El‘lfi:ﬂ

Ipomoea diamantinensis



Cyperaceae Baumea articulate, B. rubiginosa, ﬁﬂwﬁiﬁ’ul{’]ﬁg{mw@
Bolboschoenus fluviatilis, B. caldwelli,
Ho29d Ay Uszinnaasfizsin
Cyperaceae Cyperus alopercuroides, C. eragrostis, ﬁﬂwdﬁuﬁwﬁy’mm
C. exaltatus, C. papyrus, C. involucratus,
Eleocharis acuta, E. dulcis, E. phillipinensis,
E. sphacelata, Rhynchospora corymbosa,
Scirpus sp., Scheonoplectus mucronatus,
S. validus, Scleria poiformis, Schoenus
apogon
Gramineae Brachiara mutica, Chinochloa crus-galli ﬁﬂwéﬁuﬁwﬁy’mm
E. colona
Hydrocharitaceae Vallisneria gigantea N mf’l
Juncaginaceae Triglochin procera NT9 m{’l
Juncaceae Juncus planifolius, J. polyanthemus, ﬁﬂwéﬁuﬁwﬁy’mm
J. prismatocarpus, J. Kraussii, J. usitatus
Lemnaceae Lemna spp., Spirodela spp., Wolffia spp. ﬁ‘*ﬁaam{’]
Limnocharitaceae Hydrocleys nymphoides ﬁﬂuaaﬂﬁﬁ
Marantaceae Thalia dealbata ﬁ“ﬁiwéﬁuﬁﬁ
Marsileaceae Marsilea mutica, M. Drummondii ﬁ"ﬂuaaﬂﬁ’l
Menyanthaceae Nymphoides indica ﬁ”ﬂ‘i_laami’]
Myrtaceae Melaleuca quinquenervia laitnan
Nymphaeaceae Nymphaea capensis, N. Gigantea ﬁﬂuaaﬂﬁﬂ
Onagraceae Ludwigia peploides, L. Peruviana ﬁ“ﬁINdﬁuﬁﬁ
L. octovalvis
Pakiariaceae Ceratopteris thalictroides NT LA u‘L{ﬁ
Philydraceae Philydrum lanuginosum ﬁﬂwﬁiﬁuﬁﬁ
Polygonaceae Persicaria attenuata, P. Orientale, P. ﬁ“ﬁINdﬁWi’]
Strigosum
Ponteriaceae Monochoria cyanea ﬁﬂmdﬁuﬁ’]
Potamogetonaceae Potamogeton crispus, P. Pectinalis ﬁ"}jﬁmﬁ’]
Salviniaceae Salvinia molesta WD aatlﬁ’l
Scrophulariaceae Bacopa monnieri ‘ﬁﬂwdﬁui’]
Typhaceae Typha domingensis, T. orientalis ﬁ"ﬂmiﬁm{’]




@13197 2.2 silafmindldluszuuiadszfsguuy sub-surface flow system lutszinaunaugu

Faa9d npaiiy Uszinaasiizin
Alismataceae Sagittaria, Sagittifolia Nerlw dﬁuﬁ"l
Cyperaceae Carex spp., Rhynchospora spp., Cyperus spp., ﬁ"ﬂwéﬁuﬁ’]

Scirpus spp., S. acutus, S. californicus, S.
lacustris, Schoenoplectus validus,
S. tabernaemontoni
Gramineaea Glyceria maxima, Panicum spp., Phalaris ﬁ“ﬁiwéﬁuﬁ’l
arundinacea, Phragmites australis, P. Communis
Iridaceae Acornus calamus, Iris pseudacorus, I. Versicolor wﬂwdwut{ﬂ
Juncaceae Juncus spp., J. effusus ﬁﬂwﬁﬁ’uﬁ’l
Lythraceae Lythrum spp., L.salicaria ﬁ"ﬂm&iﬁuﬁ’l
Onagraceae Epilobium spp. ﬁ“ﬁiwﬁiﬁut{’l
Polygonaceae Polygonum amphibium, Rumex spp., R. crispus ﬁﬂwdﬁuﬁw
Sparganiaceae Sparganium erectum, S. americanum ﬁ"ﬂwéﬁuﬁ’]
Typhaceae Typha spp., T. latifolia, T. angustifolia, ﬁ“ﬁiwéﬁuﬁ’l
T. domingensis
Umbelliferae Oenanthe spp. ﬁﬂwdﬁuﬁ’l

4 a g} { a 4 %
ms1ah 2.3 viladnihnlFlussuuialsgauguuy sub-surface flow system ludszmenuadounsona

VYU
4 ¢ a A &g
BOINA FHANY ﬂﬁ%!ﬂﬂﬂlﬂﬂ‘ﬂ‘ﬂ‘l—ﬂ
2
Cyperaceae Carex fasicularis, Cyperus articulatus, s Twanuii
C. flabelliformis, C. immensus, C. papyrus,
Schoenoplectus validus, Scirpus californicus,
S. lacustris
9
Gramineaea Miscanthidium violaceum, Paspalum penisetum, s Twanuii
Phragmites spp., Vetiveria zizanioides, V.
bonariensis
= ' 9y oy
Typhaceae Typha spp. Wy Twanuii




v A o & = a ¢
unumurfivasiizgvnlussuuelshug
A2 o g & = a AA |a S a
Amhiadussdlsznaunindaylunmaadinamsamsniivinnmgeluings
& e a a a o A& A A A6 A A A6
duddnsiuadunidleglunziibadenalfsuulsegduessmdunidniaaiunideng
a & o 9« ! a a a . R =< A €A R A
g annvgaduunasivudTuimeanFraunnunssindnery Tuszuufolsefugnoinged
ununwihidmaglumsvasgunni lassansaudsansmzninvasinieandude
9 f9Teazduasia b (Brix and Schierup, 1989; Brix, 1997; Cronk and Fennessy, 2001;
Greenway, 2007; Dhote and Dixit, 2009)

1. fansaInumenn  Anhaaninaeanuiienuahilwadhgsoy deld
A ' © ¥ o au¥a X < ¥ o
fFUFUMIANAzNaURINUIRa 88NN LY AT et MsaaanuSwesnszuaingsiing
o o A k4 . . L a o ° oA A P
szozimfegluszuuvasin (retention time) windudneday liNsdnawuwaina:

[ U v n:? = a €n:l' vA g’ I
gadusramndnldld uananit ludedsz@usnlddvaasih 15w unu (Lemna spp.) N3
Unaguiuiinhvesis azluaatSinaussngasasldin ildamieddodadudiniies
WUFIRALSTUN MR IAI LT UNY

2. WnanuENITalwnITNiIwYest  Iuszuufedss@uiuuy Sub-Surface
Horizontal ~ Water  Flow — Tayinvszniveunadunisiaqlanteirfianuimanydans

A A A & & = A eda A o v va .
wRaunwsaduiusesi  luszuuisledvgninmsvanlovasnnisuazsraulaauazains
o a a o o \ P @ | o v & v & oA & a
IWaynmaduSusdinuadwmaiy 9 lidanuuiu  Mliihduduldiduedned unsia
Uidninmnigamaamnslasnnfisuszfilnafdansnyuwiousgamnisdns 9 lasd
wriitfnegsey 9 Mauazdiduldaunudin lasnald luszundlefsglulszmaunuylnl
T 9N BORIATBUAZIAUNNSA AT Phragmites australis luszuuiida dnddinns

A A & A 4 Aa A ! -5 -6 A A
wwRannvastinludunainde JA1521n319 10°- 107 LaTAaIWN
A da o o a a ¢ ! o W A by A R

3. Aundanz@mIugannid fauvassdunazlufaniivasfislnanuinda

v A aAd. o A A . o o A a . o & . Aale
unasNagNE A asuunfiise (bacteria) wazlUsaga (protozoa) Niaspynaanduwunuiay

a
P . oA

o v A ! o v A 19 ua A ® A d A=
v 9 nRsuaguuidunialy  duddunegldfuniannidudnaiunieniduundsnag
0dBvaadunIdludu YRuridiinfevagiuaiudnt 9 vasimwiiduliununianyda
a ' S a o
mangwdsungamnid 9 lasawzlulanauuazesveianindumgamisndainis
faaaanaINiEe
4. Wnaandnlinnssuy snAmhIalwunasniafmaandanidmanyliuniunas
& a a : a a a Ada Y a Ada A o \ A
uazdu fnademuaigiivlavesflifialuundsihuazflfiananduagsey 9 nnite
Aad da ' = a o o : A &
lagawzuuafiFsnfivnundenmadfsugamanaiiluipinieiasde 9 luirassiuas
Wrluawwin sandlandinlug AN lasudnunanmsunsannussemeadinatnlunse

Suasslangesemeanisluly dréu WAZRIFIIN (3ﬂﬁ 2.4) ﬁauﬁa:gnﬂa’aﬂaaﬂmﬂﬁn
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g: & a g: { [ 1 s a a
AnATIndke a9nn luNolszuunnuanuuwiasninwLis andUsuimeandiausay 9 30
a A ! a AN A A A L A A A Ada a A ea o '
TuSunangandwTnunlidsinfis Ui 2.5) SilinaddedaiiTianinadunidnenduay
g; v vV A 1 =) QI J 1 = ~
sou 9 nuw lasazldnszduliiianisdesaaoasBunidiialuuazasiainnisiaiyves
nitrifying bacteria  #1nSUNTINYATITI0aaUSI I maSuaulasan loaniinainnns
witlarasfunidunciinsdesaasasBuniduaziiudiunnfsaandiaulduniuna i
e &€ A YR & A o oA 2 Ao o o & A Ada ' o
aanu Az nduizanfennisninlglunstidaiidender Bob higsnniin
i g PR = A fo A < A a A« A .
uanand szuunvasisinluszuuisdssfugdelinmasasdudnmdunadun
szuu 1gu luiTana Schoenoplectus fimswasansuoud luleda (antibiotics) aananee @4
ua laadSumuuafiisandasnismanaanainiiie ldun Coliform bacteria , Salmonella
Wae Enterococci \Iu@1h  LAZHINUINIINVEIATHIEINITORAIRITOUNTEAS 9 LT
aslulaiase Uudn SeaiduundsemisidanyvesuuafiFanineideslunszuawns
denitrification Faidunszuaunisndndudeniaadianaluasalasmadasuguluasald
Humalulasiauszinsaanainszuuiisies

100 pm 200 pm . : ha

100 pm

317 2.4 lassssnmolusauan srdu wazluveadlsulunzua (Savinia natans) waas
Fasisdnsunninuannansuitimsthnlunazdsesaanniesn (a, air space; bs, bundle
sheath; ¢, cortex; en, endodermis; st, stoma; tr, trichome; xy, xylem) (nw: a3lmtin $11

naJ)
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gﬂﬁ' 2.5 aaﬂ%wuﬁgﬂﬂdaﬂaaﬂmmmﬁmﬂ%ﬂwww (Salvinia natans) angULdun1s
maaaﬁﬂﬁwmﬂufuﬁ@u Na,S,0, @uilussivinldesndiaunualluszd methylene
blue LTw indicator (Armstrong and Armstrong, 1987) danarwly 1 dalus Aodelesy
aaﬂs?jl,ﬁmmﬂmimﬂ’lmmzﬁ’lLﬁﬂomzjﬂnimmhuma"ﬁaammﬂaaﬂé?jl,ﬁ]uﬁ):gnﬂﬁiaﬂaanmn
Mngiulasvay Tugnazfifloandiau methylene blue °?'iNawagjislu"g”m:l,ﬂﬁﬂumnvlaiﬁ%m

. A a A a A An A A o @ A A a o o A
dudihidu luuenuTmdunlddnnis Judsaslifiimlawdy (w: aglawis $1dnes)

P o v A o A Ay a PN o o A

5. aadaansems sadunihinanvesisitisaedSanmasemsiduannuinge
loslawizWaanaianidunaamddynlddusiunmauaiydulazasswisuszialdiia
mMzRaNlnTuraIunasineuan wanand AmhdsaunsaaasTanmlslasawladuadng
Ad v a & o o A A a o & o A a a ¥
danean Wesnnilunaemsiayifslslunsedyidule amu msaadantiafizin
unltluszuuialszdngifionfonlddsnidannmaaiyidvlanginazinsuninuga
057 13U ANauTn 20nyny 980 wia win Ludu adnalsfion danmiaassennisn
dunnuihislufisiudazaiiaszuandranuld amnmsdnsnsmanfslunguizaesin
atn48a3z (free-floating macrophytes) inddasnaaigidulauazdasnisanlulasiauigs

1 A

ATNT AN I mu"ﬁagaluna;uﬁmamﬁwﬂ'oﬁmsﬁﬂmﬁ'uﬁaﬂmn NTUIWBNINNNNTHINN

=3 £ 04 =3 d' A Rt o Y o + a A YV & 1 =
TIUAAUITNIURITIIRITA mamsmummwmmmmsnmvl,ﬂlﬂjmqﬂaumsﬂmﬂuamo@
a v A A a \ .. o ° o & o ¢
anaae maluw%mwmmmaﬂmﬂg (Salvinia molesta) S3g1u3nsn Ui duainisaes
LT ‘L%Lﬁmgms \ha99 WU NTENa Salvinia mmsng}ﬂvluimmuaﬁuw%sﬂ@ma,ww:

~ + v & ' P o A o ' o = a I a &
wanluilon (NH, ) laiduadned iJudu Aoasnainasanniuiiginaiilasianitases
ssananudnsaezdludnduuaclisdulutfunmngs (Leterme, 2009) WA INURT

¥ a4 A o o o & A = a ed ' & A A y Ao A ;A
WITUADW ) Y]u’]ll’]ﬂ']ll@uﬁlLﬁﬂluizﬂﬂu@ﬂsz@HﬁﬂWUquuLuﬂLUQTQGWTL%QW%NﬂUﬂSqu
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s dl J dll = o v d' a a [} J 2’ a
‘V\IﬂﬁwaiﬁLLﬂvauI@]‘JL"ﬂu‘YlE‘Jix‘]&l"lﬂ“llul,&laL‘YI&ITIJﬂTIJ@I‘H)‘YIL'ﬁ]‘iﬂ.luL@]UI@]@%II%LL%@G%’TE‘J‘J&J“H'W] (91379
f 2.4) (Greenway, 2007)

M15199 2.4 USanauweawasa (P) uaz tulasiau (N) (mg /g dry wt) luiitaidalunsaden
A A o o o & A =< A € A R a
vasnignianhdaiudsluszuuinlizisg (reatment) uazfinuluunsasissinma

(control) (MeanxSD)

Species Type Treatment Control
P N P N

Phragmites australis E 2.0+0.6 20.4+8.0 1.410.6 12.0£7.3
Typha domingensis E 2.3x1.0 15.816.0 1.51£0.9 9.2+6.2
Baumea articulata E 3.7¢1.9 13.1£4.2 2.4+0.7 12.6£2.4
Schoenoplectus E 2.6x£1.2 14.615.0 0.8+0.5 10.5£5.0
validus

Eleocharis sphacelata E 2.7+1.1 15.814.0 1.3£0.6 11.3£5.6
Ludwigia peploides FF 5.4+1.8 36.9+10.2 3.1£1.0 27.0+£10.2
Persicaria orientalis E 44+1.3 33.2+10.1 1.410.6 13.5£3.3
Nymphoides indica FL 6.612.0 25.8+11.0 2.54+0.6 22.1+3.6
Nymphaea gigantea FL 4.2+2.0 28.0+£10.0 2.2+0.5 22.0+£8.0
Paspalum distichum FF 2.8+1.2 12.5+£3.0 0.9+0.4 11.0£2.6
Marsilea mutica FL 8.0+1.6 28.8+3.0 2.2+0.5 14.7£3.4

HNELKA: E, Emergent macrophytes; FF, Free-floating macrophytes; FL, Floating-leaves
macrophytes

(‘ﬁIm: Greenway, 2007)

a &) A ed \ A R
6. awIns33nyd Julizfugnliludszinaunaudu temperate) Anluanusiraaiiu

A Ao o Yo o o a A A o 4 A, v A 9 ea A A o v 9 wa
Arnfiouhnlsidaiifoiasnisaindnfisdunsnegldauuazinilodu srduldau
A 1 A:? o A ] R U ) L2 A a d' v 1 p.ll o A
pasiTmaniaanIndnTiseg latwihddunileduazfsiudsldlugrsngnunaning
mmﬂ‘m‘m’;LﬁuLLazgﬂﬂﬂﬂqu"Lﬂ@Ta AR ARG NI WIZHZIANLNIWI PHTIIIRIAINETD
' o o A a A A o A a A ° v A A & @ =
susasddwnilefuiiiouisazUnaguivududaziwihieliowduawiuiuanuibn
v |d?/ a o 9/4%/ a =1 a & [ o £Z va K R o Aa 1 o
TN AL m‘lﬂ@lwmuaﬂﬂwqmwgﬂuleu'qm mmusl,@mmammmiammag"l@ﬂ@ﬂmm
A ' ' o o A o P v v ad
mmmmulmya:auaglugﬂmaaLLﬂaLLawﬂuamﬁmimﬂwmaa %umwgqgiﬂuwaﬂ

a AI &/ a o v va AI Aa &, [ & tv
qm%gumwu LLE\]&‘V\N$N$@’]UVM E‘]']@Iul(ﬂ@]u’ﬂzﬁullﬂﬁlﬂiillNWﬂ‘lluvLﬂJ’)']’ﬂzLﬂ%a@T]ﬂ’lTﬁ’]81'%

D.

a

. J 1 a 1 o v a { QI v
MANTw nMsuangaadan uazissaiiusiuvasdsraumiladuniinisuananly AraziSuasne
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T laanasiuaziiuszay [iNadulaan wanans ArgsinmsnniAvatnielinnelusen
andLia431niiTa991981M4 (air space) anaaIMdL W ATmE oI EnaTan 113
{ 1 1 Q > J Qs [~ Qs v 1 ¥ =Y 1 Q
ALRNUAILABTINNTNTIIRAWLALN L DN NBNIND WL T URUIUNUAIINS UL AN WA WD NLTUN
aeun Lidnndrgngnuniiiuianiaeggionianu awiusrumaniiannmuouves
A 1 a = a Y o " Y =) AD %
LMY T8N EENINDeITeAng L1 le ildlidasFansluniTonaunazaing
s:uulmiv;n'ﬂ
v cidl. A :’ ~< Aa 6 A o @ d' nl' Y [
7. unumninaw 9 Arihluszuuielszfsg wanmilaanyiminineatesnuns
0o o & A @ ' o o o v = A AL A Adaa A a o ' = '
TUANNRIAINANIT A ULEL ST UTzVURIANLD oA 0 FINTINDUINAIY LT LT ULAR
a o A Ao o o ¢ A . I o o L= ° A A
2117 Nagandy mnelindavsssaiwiwadiarsn wn udn Uaq1in laimsintannen
v [} . < Aa 6 A v & 1 ™ ] 1
Iaansr9uLTw Iis pseudacorus M liluilstlsz@ugaroiialiiduunaswneoungdanla
6 1 s 6K a Qs 1 A U
VOIN 1] amﬂuﬂs:mﬂ"lmwaamnmqmsmaum Uszina ng laTuanusINdan19an
mmiauaznuandszinalawinin antisRamuaziaasszuudilfuginetdaiige
ﬂmmngwuﬁiﬁ%’uNam:‘n‘umﬂm@;mifﬁﬁmmﬁuﬁ ﬁuﬁ"gmuﬁmw;@m IRIANIIN
%Qmw:ﬁﬁ 9W1anIzd waznaunariadinaag WAIANLAN ﬁmmﬁaﬂlﬁﬁvgm%'ﬂmua:ﬁﬁu
o A & A Aa A o o a o v &
e SadunTnieanFausladuLazgIrnannanlsuimwaanasanaz luwlasianleidu
1 a a = a v I 1 d' UV & 1 % 1 1
0798 lagdimysanuuuislsfugldlansaiiusiundoniivaliduundsnndoundanla

maaqmalu@muﬁfnﬁm (Brix et al. 2007; Konnerup et al., 2009; Konnerup and Brix, 2010)

Tulastanlnunasin
Tulasaunwuluundshaulngduefiunidlulasiau (inorganic nitrogen) wuluz
- + ] g’ Aa 3’ o I3 ] {
284 11930 (NO3) uazuanluiion (NH, ) luwnasihsssvmndihdusaiduunasnuivasiv
W@IaNFIA L wanand ﬁ'anmﬁaﬁwwﬁﬁauﬁvlmmgjma'aﬁ’wi”'aﬂ gawanluiiouini
unsyFAIIIINTINATTINSa NI Inunaksziiloglunnasinni 9 uazgsaadu
LRRINNIT09 T ATABNNIIR I ﬁqﬁu‘%nmﬁfuﬁaaaQluama:ﬁﬁaaﬂ%mu (oxic
condition) a&19l3Aan YSunaeandiauvadunadtinluiuaien SniivSunmdinae (imiting
2’ n' 2: 2{’ I3 ' g: 1 Al 6 x=l'n :’ 1 s
factor) lagawizluszuuinds nelidunasnanmsneTwukulsunne § RN uHuE
é’amm%'@Lﬂuaaﬁ@ﬁummwimaaﬁwaan%t&mmnmsmnmao@mdaﬁw%aﬂn@ﬁé’ms’mws
A o . v -4 ' A = [ ' A I & . A€
WWIndaguad (107 i) Watigununsunsvasaandianlwainianaly wdrwupnias
é’ona’nmmmgﬂﬁﬁmsJ"Lﬂ"LéT@mmﬁ’wammaﬁﬁaﬁwﬁu 9 n3amIaRauivasinlasuse
nzunndu 9 wananfawnniingafevaneaniduasunasinaaiondslinariala
ANEINITDINIREAIUBINNToaNT LAl wLnaIiNta s RIE "?ial,ﬂum@;dal,a%ﬂﬁﬁ@
e . 8 g i - = R
ATTUIWANT denitrification Taidunszurwmsidfonluasa (NO5) Wululase (NO,) was

felwlasiaw (Ny) ﬂﬁuﬁugusimmﬂiuﬁq@ (Horne and Goldman,1994)
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a £ ° =2 o A ol 7 A o 2
mandusasdwudszmnsauionniuil dawaldlinsneastiudauiuaniu

& o X 4. A v o . . . .
UMM IANNUN AU RNIZAWNLNBATNTIN  MIANTUYDITIWIBATITOUAINGT?

'Y a ' ~ ~ ' ' , 7 a Aa v o '

a’auuwa@aﬂiwwmvluIWSLauwﬂaaygl,mmm Tagiawizuauluiaunianududwlugig 1-5
A2 v o A A ~ o . a S a g A A
mM  aduanududungadiofisuivdianannoluuwndsinsswmad wenani ludud
mummmﬁﬁmﬂ"ﬁﬂle,uimt,auluﬂ%mmga gafludnunasnibantaas lulasianna luase
=1 a 1 1 :/ = £ s g; o A dy d'
wazuawluflondTinaunasgunasingndis mylasululasiauanniaiiFeuuazivun
m‘]_«rmmmoﬁ'ondnmmmﬁﬂﬁl,ma'aﬁ']u,@iazﬁﬁ"l,uiml,aml,@ﬂ@mﬁ'uﬁagﬂLLmJLm:mm
\utw Jsuuanadanmaasuidvulawazninszanevadfoiin  (Jackson et al, 2001;

Jampeetong and Brix 2009a; Jampeetong and Brix 2009b)

M3kt lwlaslansasnsii
Tulastaudumqaimsiidgdudy 4 Afoldlunsadyiaule TasAmiezga
lulasauluundvinluldluzlvesansazarslossu 2 sfladeluinsalaaau (NO;) uaz

wanlaiiualaaau (NH,') (Taiz and Zeiger, 2002)

AdA A - o \ v ¢ o A = o
lunsdinfimdanldluiasa (NOy) nasanmsvuas luasaidrgioaduas Araziuld

1w vacuole :nsiu Araziddounluiasa (NO;) lhillululasa (NO,) lasanduianlas nitrate

& - { + o
reductase  1nuululasa (NO,) azpnideuwliiduuenluiiion (NH,) lavenduiawlasd
. ° v A A a o ~ + LA [ \

nitite  reductase  @nSuNTMRenltuanluifion (NH, ) azldfinszuiunsasnain
wanlusnazmunindignizuiunmsaiteniaeziilulasianiz glutamine Waz asparagines

warastaemdulysaudald (nw 2.6)
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o MESOPHYLLCELL
il s EHH“'\
,./ / “CHI LOROPLAST ~ i
- i ~ SO ATPS 22ATPE
EpE A/ SIATE  SaAT AN
7 e / GS/ Asp-
NiR AS \
NOz/E,ir N03/\ NO '| NO.; NHif,Cf‘ATGluta HGluta AT ~255 Aspar- —<—» Aspara-
H* \ ¥ [NADH dreg ' ZATPE ? s e [\‘ gine
\ <17 SATP: j/
4 - . _
e Proteins, «— Other amino «
\“x nucleic acids acids

PLART PHYSRILOGEY . Thind Ecblicn, Figure 1219 5 2002 Snauer Asscaales no

A 2.6 TuaeumTtlfounlnesa (NOy) Wusanluifion (NH, ) kaznsaaaei

nsnazdluuazlus@uinuneluaasne (Aan: Taiz and Zeiger, 2002)

' & A + - 1 ' o [ 4 ' '
luﬂﬂsmuadvlaaaumaawu@ (NH,; , NO3) Lm-aaﬂmumanmma WUIT NMITVBR

Y

NH, mgmaaﬂﬂuvlﬂvlﬁdwsm'mi'ial,ﬂ%slmﬁﬂuﬁ'u NO, 19il Litosanneluwaddainang
Gaeniuauiie asue -50 B9 -140 mv L8z819g989 -200 mV 1ef (Hirsch, 1998; Palmgren,
2001; Szczerba, 2006) G3564 "laaauﬁﬁﬂixﬁ;mﬂashaLLauTuLﬁﬂuﬁammsnLﬂﬁauﬁﬂmﬁﬂﬂ
IeageligaFandanm asiuiwiunsusgsluasadhgeoad Sedasandundaan lu

' & ' A a ~ . v o &
NNIVEI b LATLA% TINMITIADMNIAN ¢ mglugﬂmaﬂaaau 21N INNLANEAN1INY A9

1. Passive transport iJun1saudilesauiuibeRuaaslonlidasldnasnu lay

A o v  Ada ) v o 2 A AadA
vLaﬂauﬁ]zLﬂﬂauﬂ']U"ﬂqﬂ@']uﬂu electropotential @j\?vlﬂﬂd@n o34 2 1508

Phospholipid
bilayer

Hydrphobic regions Hydrophilic
of protein regions of protein

HAC 2208 P s b el A 3 e G

NN 2.7 Lipid bilayer ‘Y]Lﬂ%Iﬂix‘lﬁT]x‘lﬂ’]ﬂﬂJ‘llﬂx‘iLUﬂ‘ﬁ&lL‘ﬁiﬂﬂ
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(Aan: Campbell et al., 2008)
1.1 Simple diffusion Jun1sunizasAIgnazaIBNIL lipid bilayer maaﬁaﬁmmﬁ
Tagaziadonanusimiill electropotential qavl,ﬂﬂ'a@‘iﬂ
1.2 Facilitated diffusion LJwn1sunsvaslaaaunin protein “?iLmiﬂa%ﬂu%uﬂlad lipid

bilayer %@ﬁagj 2 9@ lelLA channel protein Waz carrier protein

EI)_%'%ACELLULAR ) @) O ®

O
gL }gllﬁq‘i{miﬁlz}-zf m
B I

Bt

II’-‘} ||If
N

el

Ll

Channel protein Solute
QO QG CYTOPLASM

(a) A channel protein

O e o %@

O O) o ©O
i i
i e R
e | E-HW;ﬁ%;
Carrier protein @) @) o Solute

(b) A carrier protein

Lepymigt 4 2000 Heerscn Lucation 0z publisting e | esson enjatin Cummrgs

NN 2.8 lassanduaznIaugdleaaulas channel protein (a) Waz carrier protein (b)

(an: Campbell et al., 2008)

Un@ protein Nwuluibaduimad (plasma membrane) azviwidAIALIALNT
iih-sanvaslesau, luanaflifidszy  (uncharged  molecules)  dauthaunInHU
hydrophilic region protein }é protein NvwiNALAEITaINUANTIEN-20NUS 12D ULAZRITAN

1 d‘ud a A
9 waiil 3 vhafe

1. Channel protein 1Ju protein NfiTasinssznialuanaveslisdiu iwihnh

A a A 6 A o & . .
Vl,aaaumamsaumymuway}mLemmmu down electropotential gradient ("W 2.8 a)

2. Carrier protein (I protein Aihntihfilesauniadignazansffumaianidng

> > Qs ' dl o @ é v o 1 et d' o A v d
LIRA LASNNTILNWALTEWING losaunniduriana s lUsesdenntidndnunis (A

2.8 b)
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3. ATPase i carrier protein naadutanlod ﬁﬁ%ﬁfﬁﬁﬂizﬁu hydrolysis ATP 1)
v @ % { ' ° Y] { % + (Y
ldwasauaanin (176 keal) wasnuiidaaddasaaninazgnildlfiafends H 9ndu
A A o v a @ = A A o Aa + o o o Aa +
wikwadbaguiras lWdidndunie oo aziafeunandunil H deadadund H wn
a Y + o ¥ Aa % A o ' a ' A v
maefeunde H ez ldAenssnuinsansai ldldlunmsuaslosandu o ALY

LIRS LY against electropotential gradients (active transport)

2. Active transport \Jumyvusslosausitu carrier protein lwBaduimaduuyuliwasou

log'losauazinfentnoanuiund electropotential @‘i’lvl,ﬂ‘la’lgd (against electropotential)

T AN aIINWBUIN [FANNITZLIUNNTL NN L RDY

Passive transport Active transport

e
—
e

Diffusion

a b

Crpwghl 4 3038 Sroman Srurchan, b, piblhing 0s feamon denami Curmings

AN 2.9 M3uwad baaauiuy lilEwasanu (passive transport) (a) wazhuuUlEWaI9U (active

transport) (b) (ﬁm: Campbell et al., 2008)

TunsRaTaninleaauazUURILLL passive %38 active transport FARANTIUAN

X o,
Nernst equation lagazIunuen electrochemical gradient (A],l)

Ap = ARTInC)+ AzF'Y)

AY = 2.3 RT log Ci
zF Co
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Lfla Al,l = total chemical-potential difference (electrochemical gradient) (38 Iu§'1)
AY = electropotential charge difference (I’Jaﬁ)

R = gas constant (8.314 8 Tus " wadn’)

T = absolute temperature (LA83%)

Z= ﬁ’lmuﬂizﬁgmaﬂaaau

F = Faraday’s constant (96,4003 Taavi 1w )

Ci = m’mLﬁuﬁmaa"[aaauﬁmlmﬁaﬁmémﬁ
Co = mmL°iT3J°3Twnaa"[aaauﬁ’muamﬁaﬁmsﬁaﬁ

2.3 = dasndnIuidfew natural log (In) L4 logy,

i Ap < 0 usasinlessudnwbeuiaadlasdaszlan passive transport

A > 0 usavidaslsnasnulunisilasauwimbeiuisadlan active transport

- . a X o . . &
mMsnATazauadlosanlasitlanuluny electropotential gradient Uadlaaauiuis 9
oA ' . . . & (% A [ € v v
wAa A1 total chemical-potential difference 289 }020UNY 2 ATUVBILLDNULTRN DNATWUAN
A [ &a ' [% A v ' A v .
maawavgmmaaﬂaaaumﬂmﬁmulu "Laaam:maaumﬂmuwanmsﬁaﬂ@s_l passive
transport LL@iﬂnammLﬁuﬁmaﬂaaaumaam@;mﬁﬁ@ha 9 meludnaziasninlwoadng

é’afmmsmaauﬁwﬂaaamiﬁg&maﬁﬁﬁaﬁaamﬁ'ﬂwéﬁmu 108137 active transport

[ 4 1 a 6 1
flhapfiinadanmsanlossululasnwetuniduazsinainises 9
mMIga loaausaimgaInIee 9 va3fe Jahfianududaunaaunis udluissiie
a Y A va o A . v & oA A & Ao A [
Weanues Waldsudedpfiuandnuismalifssiouniidnnnisgavelosaunidaniu
aanlddie mytadinigalassulasdiulngaziadannisgalessuun (v) fsuiuen
v U g; { AI l&/
AN NTuY a9 lasawikluasaza o ARLUH (MW 2.10)
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190 —

Ul R WAL

5.0}

0 10.05 0.10 115 ':'J_:!-'fl
A Trum ey Ciad Tuais
AN 2.10 rmwu,ammmé’uﬁuf‘smdwaé’mwmigﬂaaauﬁumwmﬁuﬁmad

A a X A )
fIazan laaauii L (Nan: U3u1§991n Epstein et al. 1963)

NN 2.10 Li‘flumwwLLamé'uﬁuﬁszwjnmmL°1T3J°ﬁ’mlaamsa:mﬂmﬂuan%oag
14119 0.0020.02 mM K~ (e3uulay KCI #ia KSO,) uazdannisgaliuasidoulassn
v5iad lugrsanududusasasszaofien ﬁmzﬁﬁm’lmsg@ﬁlﬂuﬁuaf_hasam‘%a wazile
anuEITuIa I TATALINT 5mﬁms<g]@°uaaﬁmﬁ]zfﬂaaﬁmm:ﬁ"amﬁ awﬁﬂﬂ"l,@ﬁwﬁoﬁg@
Suduaz protein carrier Vlﬂé’ﬁumsuﬁwﬁuﬁa @hé’@ﬁnﬁgmﬁg@ﬁwﬁaﬁ azfaTndudrng
AAFIFA (Vmax) YaIRTTRa tlwan1zn it g \ilatfasuniaanzuiageudiowly dn
Vmax awﬁmnﬂ’é‘lmuﬂaﬂﬁ Wi lunsAnsved Jampeetong and Brix (2009b) W11
Salvinia natans ﬁgﬂLgmaﬁamLLaquLﬁﬂwﬁﬁmmﬁwﬁu@inﬁu (0.25, 1, 5 uaz 10 mM) 1w

AN 2 9AS RWNTDRINALA Salvinia natans Ren Vmax dn9n tdudu (nw 2.11)

1200

=
4 0,25 mhd
= 100 e —_————
It J—
§ 7
. i e 1 mM
. SO0 Y I — -m
+ - ,/ - -
= £
z end S S M
= i [
5 fo— 10 mM
2 4w - — ]
3 / e
5 S
v
5 e
=% I
= 0 i
i 20 a0 6t 80 100 120

WHy concentralion {uM)

N 2.11 é’m’mﬁg@LLaquLﬁUmaaﬁ‘*ﬁﬁLﬁmﬁ’sslLLaﬂmﬁwmﬂmﬁmimmﬁ'u
(0.25, 1, 5 sz 10 mM)
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! . A A ! . o A L = P v o
fuA1 Km  #38138n31 d1asaifieninuazaln Jaiudtsvananudinduaas
A a o oo A 2] ' ! =
§138za1Y o 90MAAEATINNI00 loaaulrnuATInGIvaddT Vmax 1 km Hazlidszlomilu
W UL NANNFNN BT AIDANNIANIZLANLIIVB baBAUAL carrier protein lagand1 Km
o ' = v o o i . . .. VY !
@1 waadinleaausiauFNNUSIY carrier protein §9 (high affinity) weidhen Km g9 uaasdn

losaulanusNNUSAY carrier protein @1 (low affinity)

Anigalaaauazanniaias %ua%iﬁ'uﬂﬁwm 9 wam;ﬂ"lﬁé’af: (Marschner, 1995)
1. fla9an19nn8AIN (physical factors) laln

1.1 Banaminluasn miﬁwﬁwaom@gmmiﬁ]zlsﬁﬁvlﬂ‘l,ugﬂmaﬂaaauﬁa:mﬂagluﬁﬂ
5o ludwies ﬁm%iaNaiﬁﬂ'%mm"laaauﬁazmﬂﬁﬂﬁafJaoLLazLﬁmwua\i"Laaau;j
TINNARIAL

2 o v o o < A Ad g AN A
1.2 muﬁ@“ﬂa\‘]vl,aaau sﬁduﬂﬁlzﬁuwuﬁﬂllﬂ’]ﬂ‘jz’i} wea ﬂsmﬂLﬂuINLaqa‘ﬂvLNNﬂizq]

)

(unchanged molecules) 17w fIazaunglaaniaglasa udu wzliswafidnninleasunid
- . ; o . AR
Uszq LLa:LﬁaLﬂ%ﬂmﬁnmzwmvlaaauﬁﬁﬂizﬁg vl,aaam:ﬁmmmwmumumﬂi:fgﬁLwmm,

Q dq'
[9INAPY
Unchanged < Cat,An < Cat’ An® < cat’, An”

. o . o a £ Aad & a A A [
13 mudituszniilesan  dnifadulunsdinlesaunulidszaiindeunuuaz
losaunizasriiaiinnuiamzianzasny carrier protein WasiiudIndviL laaauginaz
\ Y { Y i X & . - - + o+ o o
WAILENNWNBLTNATALATAY carrier protein Wis § L% NO5/Cl %38 NH, /K 1Tuaw
1 [~ a a A L3 A v 6 1 o a A
atvlafiann lesauvzfiafinnafeudniiaduaadaugluivlessusiindu
1 1 a ;3’ { ] < o [} o 1 [ ' + -
lasdulnganiadulunsdinlasauiidzgdiiriuudiidiuiudszaniniugu H/ NO,
FonansmenARawi loaauuwuuiiin symport #38 co-transport 1umdmoﬁwﬁmﬂizqma
A A ) o A o a £ AAd & a o \ + + A
riaarvaziafeniaauninuduinaziielulunsdinidudszgrudoriugw H/ K Gon

anwIeNIARa i laaauuuuitin antiport %38 counter transport (MW 2.12)
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L@l Cylosol -~ ' Crutside ]I
i i |
e = A
-7 jﬂ-# 21
. ”H’,"' - Influx step
LA " ATP -+
-'- Ir.. s . \\.\:D_EH"
. ADP + P, f"’r: :
I.L -\. . 4
| .q_ - ATF‘ — +
‘~ e O e
M‘-,_ ,.-//— +
~.  ADP +P, I Effiux step
e J |
- ¥
-
(B} Cytosol ~ 4 Curside
| — &
) __.,__O___.- o }]nflu: step
R -+
| *
| aTE - -
B L
- _-"-F-F ,"’f/x_ + i
S : I‘-\._\.ADP -+ Pl' — + 1> Ettiux EtE"r.“ i
T T -+
- - .
N -
= i A
- +
TRENIIT ax Plard Sinaigee |

M 2.12 lueauaasnsidn-aanzaslesaunfivszgay, A (a) uazlasaudszauan,

c’ (b) (‘ﬁ'm: Britto and Kronzucker, 2006)
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1.4 @nuduTuaadlanat ANNTUTI 10 0 aUNIAI LA UWANLTAR NN
auﬂuﬁmuadﬁﬁmzﬁmi@@%aauu,uu passive 38 active transport L& ANULTUTUVEY
losauluansazasludndilinadannuianizianzasvadlaaauny carrer protein NG hi
A ad v o o ' A a o o A a '
fa lagiUndnanudutuaadlaaandinit 1 mM Asaziniuudg lasaueiaszuuNSenIn
high affinity transport system (HATS) Taidunisuusslosauiuun lasauininugunusny

. . A ' { o (% [ ' v { A & [%
carrier protein g4 46 Vmax A ALY UNUAIAN VLT UT WL AN N AR LRAIB A NAILNTIN
1 U U dld v U g: 1 J 1 [l
saturated curve &auaNNLTNTUBloaaunlaNuTITRAIA 1 MM Fulddiulngnig
YusdloaanarltIruuNSunin low affinity transport system (LATS) @9laaauaziiaiu
LANIZLANZINY carrier protein 1
I 1 a + - '

1.5 anudunsa-ad (pH) MILANAWEY H anznIansa OH luan1izendg
o ' v A ' f VY ' + o {
muﬁwa@lami@@"laaaumgwaﬁﬁm TagAansuaneIunasiunwyznine H nuloaaund

. @ ' + + + + { = ' - ' ' VR VY
Useq +1 Lunwaw H/ K %30 H/ NH, aulunsdinidluens OH azunaune I sununy
lonauniitszy -1 13U OH/ NO; (Hudu
o A ' A A & o = '

16 Ua900% 9 LT LEI gounnd aanTiau Ludu TINNANTLNUABNITZUIN

RILATIZHURILAZNIZUIBN TR e Ta s N T ‘Lumi@jwvlaaawnaoﬁmauslmyazmé'ﬂwéhmu
. A o & @ v { . N v

(active transport) TIX1NNTZUIBAELD AINU TNTAITLNFINANTZNUADNTRILATIZALR

A ANRINANIIEDNFONITNEAWRIIY LIHBIINFITAIGUVDINTZUINNNIWI A UNI191NNNT

FIATZALIUREN ﬁauqmwgﬁﬁwa@iamsﬁwmﬂnaaLauvl,sﬁﬂsl,um:mummLmuaﬁs?imm 9

a A A o [ A A =i o LA
Lazaandanla1wNgITaInuNITzuIwNIrIele tainTdaswilastasifadairaniitay

dawaofiamsgm"l,aaaumaaﬁm

2. 11298N19§33IN81VDING (physiological factors) JuIauNNLITINLAINTLE
Qs 1 ) { QI Qs QI l:g/

pnenatTuey AT LiaNTTuIanNWEe §01N1I9a la8auYeIT1aIMNTILANIUA
A a { { o o

agamniivszuznisiTuasiuazanvnaasluisiuinnn nIeanudainiisquasdung

(shoot demand) azfuWusAuaIUzTBITIgeMITIRNIAURE RN s ludy Wudu
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av A A Y
ITHILNLNYVDI
= a a A 2’ dl [l 1 =) 3’ a v a a dl
nnsAnsInaesgLaulevasfiminniinen wodrdsindaannisaiaidulan
wanedai uazianudainimgamislulianaiuandenudie lunguivraesin (free-
floating plants) LT% WNANY (Salvinia cucullata) wnwdalan (Lemna perpusilla) W uaiw
wohddanmusiyidulangawszmuningangaimsluuwndsin ldldludanngasuiu
(Cedergreen and Madsen, 2002; Jampeetong and Brix 2009a) Tua AN slnanitai
(emergent plants) ﬁuﬁgﬂiﬁﬂﬂiLﬂ%mL@UI@]LLazﬂ’]ﬂfﬁ’l@lE]’]W]i‘ﬁ@‘i’m’j’] (Brix and Schierup,
1989; Tylova-Munzarova et al.,2005) ﬁ]’]ﬂﬁﬂ‘lﬂﬂ&:ﬂ’]iﬁﬁ@L@‘UI@LLazmmmmmlumﬂ"ﬁ’
A Ry A ' \ oA ' o g oA s o A o
mgamsnwuluunasihvasisudaznguiuandenui dldRomadgniandan iwald
savTmmaIamInidiinaanniiuldluumasilasiawzindonnaiiGeuniasumu
& ¥ a 4 ' & A ) \ & A& A & A
MunshEsngnldageanunnWwINEaINTINGN 9 EwnTuRsInyrIatalRIlad
finmydwlengvasuanluifioy (93aduaswinds, 2545 78wy, 2549) dalddnduns

meqmmwmaaﬁﬂﬂ BT DU HITIURAAN LTI B I8N

AT NI R TN TaiLFY flﬁ]fgﬁ'mfluﬁLLwiﬂmﬂuﬂizmmmuw%ﬂg}IiﬂJLLaz
a3 laslanzNraasin (freefloating  plants) ldanianldluszuuislezfing
(constructed wetlands)ifhadsraiiaanataiaidulanasuazsunnaatSanmaiunig
lulasiau anaaausslansninfivwdoninaini NalssnuaaawnIsugu Lemna uaz
Azolla (Vermaat and Hanif,1998; Nahlik and Mitsch, 2006), NNALTIN (Eichornia crassipes)
(Brix and Schierup, 1989; Costa et al., 2000; Maine, 2006) La<38nN (Pistia atratiotes) (Aoi
and Hayashi, 1996; Nahlik and Mitsch, 2006) wanainiiNsluainilatin (emergent plants)
‘LLE]ﬂﬁ]’]ﬂﬁ]xgﬂﬁ’]&ﬂ?ﬁﬂﬂ’m’liw%@L@UI@LL&:T]’]S(Z}@&’]?EHW]S F90NIANENDINTURB8AND
aaﬂ%mu@,mdoﬁwLLazszéﬁ‘umnﬂﬁzmu,ﬂawaﬂmaa%amUluﬁﬁmﬂ%’ué’ﬂumazﬁmm

a dl :’ a U & Q dl Q 1 1 =3 [
aandannatanuluwingyld paifivsuarmiifsuulasdananauniasinatinisegian
2pINTuazNILE lasianle (Armstrong, 1991; Brix, 1997) waztilasannanuaInnsalunig
NULAILaTANNRUITRlaanINATRaLIN (free-floating plants) AIRUATINAALDINI TN
d- , e e ¥4 e “ -
naulauazgnihanlfluszuvidaiudoruunludszinaluwnugladmlouszaiain
(Cronk and Fennessy, 2001)

a

Urzinelngaalaindainunainnan waaﬁmﬁﬂga ANNMINTIULGARTRANAAIINNT

v
A v A o

Wigdulafigauazanunsanszaediediniieing Anhninaisiuiinendsluinng
anlfselood wazvvirfandadufiniangia du nizaa waudn niaudud s
Uszaulugdandrs 9 mnauddsfidiuanldiinsldlddszaugduandu annszane

(Synnema trifiorum) anlEaiuguamniwinludeiissladsiiveafonduuanluiiong
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v . » y .
(T8N, 2549) n3an13lEUIR MY (Cabomba caroliniana)  Tysunsnwyldluund s
a Y o C 3’ 1 d‘v A a s a 6 1 A ] a‘f
sy ltihdasihnniaifeslaezfiow @indU uae 8adTa), 2547) wuin Wowanh
a ?,’ v 1 =3 U A o a :/ =} L s 1 & d'
mmmwwmqmmwmaam"lm ama%nmwmﬂmwmmmmLaﬂluﬂ%ﬁguumvlmﬂuﬂ
u,wi‘vxmyﬁ'umﬂﬁfﬂLLa:zTammmLmauﬁagaﬁlﬁmﬁ'wnﬁmaavl,ﬁﬁﬂﬁﬁmmmmmlums
[ g’ =} v & g’ =} £ =} = A A A g’ o
wwm@;mmwmLaﬂiuLﬂuuwavlﬂaQanmn TaganiznIIdn 1B nenaInTin ladinas
Wuanwaeiigonisatuidule Madundnadaniaaiyidule trvanunudailadodny g
ARDAIUNINDLEBBINIDNMIUFAIENIADssN lBadamaaiaidula lunsfnwnaiad
v A e v A = Y A d' & A d' o L% 6 (% >3 =3
unidlddananslungheussifas Saluisisuisoildldys:lomidaldnasnsiiu
a P s o ' P’ o & o v ¢ o A o Av oA )
LAEn Luaamﬂﬁ‘szmﬂ"lmﬂsmmagiugwmmmmmamu mytintavnauNTgINTaLRe i
A @ PR oA A A A ' ' v A
fanasanninsansll nisintagvadiiatianslay NITUIBANTLHAUFAY LRINA LA
miﬁauﬂé’mmaamimmimdwf{umgi:uuﬁﬂﬂ'@ﬁw’éﬂ 9% NTIANTITRAINILALLAEA e
o A o cv A 2 & o o A Ao o & & A a R EORS v A
nains il rdselamiaiwan 39 dudnilasunienaasdritetadainisin lafvinun e 4

I v e 1 k9 o I v A Y a 4 a v
%aﬂﬁ]'lﬂ'ﬂzLU%ﬂ’]iLLﬂﬂfy%’]@ﬂﬂﬂ']’J LR El\‘iL‘]Juﬂ’]‘ﬂ"ﬁW"ﬁfL‘ﬁ Lﬂ@]ﬂitI&l?ﬁ%g\‘i ij@laﬂ(ﬂ’l ]



nInaaadn 1 wavasztunylulasauefiuniddenianaigidula danimigadululasiau
uwaztSnumaanmluiiailavessaniny (Salvinia cucullata) WNLA (lpomoea aquatica)
nnYIM (Cyperus involucratus) uaz WHN (Vetiveria zizanioides)

A = a A A a & o ) ~

WefnmuazilIsuifivunmaaigidula NansdannsgedululanauuszlFanm

d}l A A & a A Qs a A 6 ] o ~ [ A

mqamnluitaibevesiians 4 siia Waldivlulanauefiuridydunueeiu ivedaidan
A A a a oA  Aa a & ' o
Arnaansasiulalaaluunssnuenlufoudwunaslulasiawnan

1.1 NMSLAILNNTNAADY

TIUIINGWUBINATINILALAN 1auNTUARTRAGDININNURAITITNTIALALIN
ﬁ’@Lﬁaﬂ@i”ua'auﬁauyifﬁmaaﬁmwiawﬁwﬁﬁmmaln&ﬁmﬁ'u AawINriin1Inaaad e
Aoudazaiia 9 az 30 duldtaihmings uaziaanugs duiindaya usnisiaaz 10 du
ﬁw"lﬁauﬁqmmgﬁ 60 ° C IUUAIRDN TIUNRBNLAD a0 T A1 mmanan dw / fw ratio 8%
A A A, o g A
wwmaam”[ﬂmmsmaaﬂ@yﬂgﬂlummxmyLamwm

1.2 msdnwmssadulavasiy

Aufidadanusaudsoanidu 3 ngu 9 az 10 du shlddgnmoluwSawnwzd lasdgnas
1umsazmﬂLgmﬁﬁﬁﬁmmmgmmn Smart & Barko (1985) lagda lansazaioadnaini
uyy
Tulasanafiunsdfiuanaranuie wanlufion (NH,) lwasa (NOy) uaz uanludionln
1038 (NH,NO,) fiszaunnudadusinnu (500 uM) U5y pH 1w 6.7-7.0 e HCI w3a
NaOH ﬁwmsl,ﬂ‘&"slumiazmm‘é?mﬁ"mﬂ 93 7% maamwmmﬁﬂgﬂ

wananUandniduig 45 T AT Iaa N wazatuinanBuen I Uug UL
U5em3ig% Auenn swaly Swuniaduanlng wdw ansudrssnisliazona
fp1innTes Fun RLIT NI BT uEILENFIRETRLAZTINaaNINAH Hawinll
Lﬁﬂ%’ﬂﬂﬁl%ﬁLLﬁLLﬁq aounndl -50 29fN Aowinluvilueragouksdoiaias freezed drier
(3% Alpha 1-4 LD plus) Wedregnsuisgiinuds shandaiininuds ansiawinaasudui
Fale vinanudadnduwiwinuds Taofiausue dw / fw ratio 31nswidsinwinuwuas
NTADUUAZHRITININTNARDINIRIWIIANAT6AN Relative Growth Rate (RGR, g g'1 d'1) ngm

RGR = (In Wp— In W) / t,-t;
o W, W, Aadiinminusinasfioiouuasnasnmanas uas

t, t,  ABLIANNITNAULALLRIIRBNNINGRDS (IM)
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m3IadSu1amaaalsilaa (chlorophyll)

wa9nldmatnuiilasis freeze dry uda luATVRILdAZ treatement Azn¥kNAN
YaUSu1unaalsWas 1a (chlorophyll a) AaalsWas 4 (chlorophyll b) W& total chlorophyll
a+b lagl#33204 Lichtenthaler (1987) lasmsinlufiaandalmiuduidn 9 arnsiwin
faen9tzanmh 8-10 mg l&@lunaaanaaes WaIRNA pigment @28 96 % ethanol USaunas
8 ml LLﬁT’?ﬁqm%QﬁﬁaaLLa:LﬁuvLﬂuﬁﬁmﬂunm 24 47lug wasanininEIaTaNY
pigment ‘ﬁaﬁ'@vlﬁmi'@mms@j@ﬂﬁmmaﬁasl UV-VIS spectrophotometer (8%a Lambda
25 7 Lambda 25 1.23, USA) AiANENINEULES 648.6 UAZ 664.2 nm NTWINEN
msg@ﬂ'ﬁmmomﬁwmmmﬂ%mmﬂaaIﬁ\Iaﬁ 1@ (chlorophyll a) @aalsWad O

(chlorophyll b) uae total chlorophyll a+b laalEgas

Chlorophyll a = (13.36Agg4> — 5.19A6456)*8/ DW Invnadn mg g_1 dw
Chlorophyll b = (27.43A¢486 — 8.12A6645)*8/ DW fnvnendu mg g'1 dw
Chlorophyll a+b = (5.24 Aggs2122.24 Agas ) 8/ DW e mg g_1 dw

e Agge = AIMINANAUURINANULIIATY 648.6 nm
Ages2 = ANMIAANABUEINANENIARY 664.2 nm
DW = thuunuisaadluisiiianana pigment (mg)

a ¢ 1A d‘lv 4' ~
1.4 m‘nLmﬂmﬂsmmﬁmmms‘lumawawai
s 1 v A g: 1 ) v o a 6 a
PNAIBENILAIVBINTNIFINEFU LULAZIIN WIATIEARILUSNN Ca, Mg, K, P
wae total N lassinadlae19uiasnuin 80-100 mg vualiazidoa i lUdesdronsanay
(3513714 conc. H,SO, 1 a3 Uaz K,SO, 100 N3N WAz selenium 1 A3Y) $113% 7 mi 1u
\gasNgmangil 100-330¢c duaatnsannIzndaninansazanslas Neansazanslalw
LEwua2snaUTulSIneslauanelad volumetric flask 100 ml vinansazanulandas el
a 6 a s 1 tg’
';mﬁz%mﬂsmmm@gmmsmma"l,ﬂu
141 Total N I@ﬂg@mia:awﬂaﬁf;iaﬂvlﬁﬁ‘i’]mu 25 ml laasluraaanawbulasian
LALAN NaOH 40% 31%I% 20 ml @24 boric acid-indicator solution
(2%H3B03) $1wu 15 mi laluiagdouy 2w 125 ml iWesasiumInnau
v o 0‘/ U a = g; o dl
16 inmInaunanlaasaranuTUSuasUszunos 100 ml annmwiaIazaun
nawlau lalasnaiuasnzaounaIgs  sulfuric acid 0.05 N uNIZN

A A A & A v A& a
ezl asuwann e laiduaana UhnUIN9IVaIR1IRZANY
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W03 sulfuric  acid  Alglumslaiasaussihaindwimandsunm

vLuImiLﬁ]uﬁa%u@aﬁﬂg@ls

Total N (% ) = (Vs-Vb )x N x 14 x Va x 100
1000 x Vd x w

i Vs = 153103 standard H,S0, fl#lawasnaragng
Vb = 150103 standard H,S0, #illaiasnblank
Vd = Suatasasanasiagnefileiin el
Va
W

USUNATRIIASAN LA ALINIRNAT LN T B e

PRINLAIVDIA D ENINTN LEILATIZR

142 WeaWaiw (P) I@]ﬂ@@miazmﬂmﬁﬁnmiﬂaﬂéﬁaahaﬁ‘*ﬁﬁ‘i’]mu 5 ml lalu
1103UTUNTIWIN 25 ml L&W mixed  reagent 5 ml (ammonium  vanadate
1.25 g sl,mfﬂm‘i"uQu 200 ml LAY HNO; a4l 158.42 ml wwenlfidhnw  +
ammonium molybdate tetrahydrate 25 g 1%‘151@% 300 ml) ’anﬂﬁ?uﬂ%'ﬁ_l
Usuraslwidu 25 ml drosinnawn g ldigrnuedafneld 20 wadt sin
mia:mﬂ"l,ﬂ"i'@mnﬁg@ﬂﬁul,lmﬁaslspectotrophotometer (HITACHI, Model
U-1100Part No. 118-0102, Japan) 7iA21ugNIARULES 470 nm A3

A d' L= £ o a (%
g}@ﬂammm@Vl,ﬂmmmmmﬂsmmmm/\l a38INFAT

Total P (% )= C x Vf x Vd x 100
VaxWx10°

e ¢ = anudutu PludratraiawSoufiouiy standard curve P
(ppm)
Vf = ﬂ‘%mmq@ﬁwﬁﬁwﬁmmzﬁ
Vd = 15nasasmsazangsiasneninuadilannmsses
Va = 5nasssasangsiagnefivhnandiassy

v ' v o ' A A9 ea ¢
W = uqﬁuﬂLLﬂﬂ"Ua\'}@naﬂ']ﬂW"Fﬂl"ﬁ'JLﬂi']:ﬁV\

143 lduamdon (K) lasgasiazaofdesladuamu 1 m ldluwragouy
Fun 25 ml USuvSunastddu 25 m dresinan e lddnnuwasialy

émmmsg@nﬁuuaa Atomic Absoption Spectrometer (PER KIN ELMER
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Model 3100, Germany) NAINNENIARULES 766.5 nm ﬁwhmsg]@ﬂﬁuumﬁ

o leudwminUSu sl e g NAMNFAT

Total K (% )= C x Vf x Vd x 100
Va x W x 10°

e € = anuduty K lusragradawseufisuny standard curve -K
(ppm)
Vf = ﬂ%mmqﬂﬁwﬁﬁmﬁmm:ﬁ
Vd = 153059898 38za U asnsnanaefi ldannistay
Va = dSinasssazansdagnafisnandassy

W = $NAUDULAIUDIA a8 INTN L TILATIZR

144 UABLTEY (Ca) I@Ug}@msazmyﬁﬂaywﬁ‘hmu 1 ml Iaislummgﬂmyj YW
25 ml USu13u1a5# 0% 25 ml ¢me Lanthanum chloride 0.2 % wginl#idn
ﬁ'uuﬁaﬁﬂvl,ﬂdﬂummi@@mﬁuuawﬁal Atomic Absoption Spectrometer (PER
KIN ELMER Model 3100, Germany) AAMULIARULES 422.7 nm AT

A o ° a ~
@@ﬂammmﬂvl,@ﬂﬂmm WU MUANEENINGA T

Total Ca( % )= C x Vf x Vd x 100
Vax W x 10°

1Wa C = eyt Plueiagnaiat/Suuneuny standard curve -K

( ppm)

VFf ﬂ%mmq@ﬁwﬁﬁmﬁmﬁzﬁ
Vd = 1301632098138 801 0 819NIRNAN bleaInnstag
Va = 331038138281 8a0 89NN a R

W = $nNRinuAIta I8 1IN LT a TR

145 uuniklToy (Mg) I@ﬂg@mia:muﬁﬂaavlﬁﬁ‘huau 1 mi lalunazlran vwa
25 ml YsutSanasliidu 25 ml ¢ae lanthanum  chloride 0.2 % Luginlwilan
Auudin lUe1uandae @18 Atomic Absoption Spectrometer (PER  KIN
ELMER Model 3100, Germany) MA218812A8WLES 285.2 nm #1A1M3

A PEYR K o a A A
g}@mauLLﬁ\‘]‘Y}’J@]vl,@]&l’]ﬂ’]u’lm%’]ﬂiu"lmuwﬂuvﬁﬂuﬁ]’mg@i
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Total Ca (% )= C x Vf x Vd x 100
Vax W x 10°

\Wa C = anuutu PlualatnalaIouiisuny standard curve -Mg
(ppm )

Vf = ﬂ'%mmq@ﬁwﬁﬁmﬁmﬁ:ﬁ

vd = 3010328981788 Elﬁ’)ﬂii’]dﬁdﬁll@]ﬁvlﬁ’ﬂ’mﬂ’ﬁﬂaﬁ

Va = 331038138281 8@10 89N 0 e R
W = $AUNUAIT0Ia2 08 INTN L TILATIER

a A o 'Y Y v A | & .
waane USinumaamnsidwinldinngasiedu Snbou % wdlunoau
a o [y ' @ -1
Nam 798 laanmsudasnineliiiu mg g~ dw

1.5 mﬁmﬁzﬁﬁaﬂamaaﬁﬁ

NANNTNARBINIRNAN LA 11 tUAaT AN 9aiae183F oneway analysis of variance

(ANOVA) ﬁﬂ’;’l&lL%ﬂﬁ% 95 %lagldlisunsa Statgraphics Plus ver. 4.1 (manugistics, Inc.,
MD, USA.)
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MINAaaN 2 KavaszauANduduTaswanluiisudanisasudulavasiy mig]@sffu
P a & A a

LLaquLuzlml,azﬂimmm@;mmﬂumamaw'ﬁ
& =< A @ R a AA o A A Py o A
dumsdnwinemszauanududusasnanludisundsosaiydulalad udinis

%:"l@T%’ului:é'ummLﬁuﬁuﬁqdﬂdﬂm:ﬁuﬁWuluﬁﬁu"ma LLa:@Namadizﬁumwﬁuﬁuﬁ

~ \ ~ A a A A oA
q@"ll AN LLQNI&] Luﬂu@aﬂqiﬂﬂLLaNINLuﬂuI@ HIMNNY LLﬂzﬂiﬂJ’]m‘ﬁ’]@qE]']ViTﬁIuLuaLUaW"ﬂ

2.1 MILAIYNNTNARDY
~ ° Y a A A a a v A o a &
nmMIneaadn 1 dldnnusiensisursnesydvleleale lasunealufiou e
unadlulasiannan selunida VNARY UAz KN INNTTRAAINENNTVWIALNSLADINY
m%’aﬁmﬁfﬂml,t,a:i'@mwugq ﬁ'uﬁnia;&a NTIIWIN 10 Ak ﬁwvlﬂauﬁqmﬁgﬁ 60 ° C an
LWFIRTN Tt ualuinlddrwimnien dw / fw ratio  awiNaALwfauilUvinnny

maaﬂ@mﬂﬁﬂlumsazmm'&‘mﬁm

= " " -~
2.2 madnvnsesadulauasiy
0o A ' A A o A A Ao
ifsudazriialdlgnmoluGewnizdr lavdgnasdlussszaoidssfsnaaulaigas
970 Smart & Barko (1985) lagdalianTazansadnanidanuiduduassuanlatiounansnu

@8 0.5, 1, 5, 10 kaz 15 mM I@]f;lﬁﬁmsﬂgﬂLLazﬁuﬁﬂwamimaauﬁmﬁmﬁumiwmaaﬁ 1

2.3 Mmyindanmsaauanlaiiles (NH, uptake rate)
wasandgnimiuig 45 Ju Arluudaznguniimaaes (treatment) $1wrunguaz

v o

5 au %’Iiﬂ“ﬂ@]ﬂa\‘i‘VS’]ﬂ"l5@1§Wﬂ1‘5@@LLaNISJLﬁUN riaumimaaaﬁwﬁﬂﬂLLﬂumiazmmﬁm

A A

Fofiusaannuanludion Wwam 12 9lus answidsdeses i ldlunousui
Aflasazanoiipsimuazuanludion aududs 500 M U31@3 500 mi nn 1 2139 019
frograindwan 1 mi 1dlunasanasas vims dilute lagmsiduinnauasly 4 mi
salicylate / citrate reagent LLaz sodium dichoroisocyanurate reagent 371WIuat198z 0.5 ml
i liudan votex ilalkmIazmedaduwind§Asoduidaainsatnmate shasazans
é%ﬁo"ﬁ% dalus meldanizUnaannuasanniznissazasaowduiidoinionnGu
mnffuﬁwmm:mﬂéﬁﬂa"nuwi'ﬂﬁ'lmig@mﬁmlmﬁaEJ UV-VIS spectrophotometer (B8
Lambda 25 3% Lambda 25 1.23, USA) 71A21agnaaanuLas 690 nm indnisganauussi
FaldlddwnmuTuaesluion laswSoudsuiunmwiaszu  deldl5unm
LLa&JTmﬁwlm{ﬂéfnazmﬁmamnﬂ%'ﬂmmh dunainTnuaasnsanadsvaslIunm
wenlauiioaluudazdalag (depletion curve) annswflashandsunisdnasaivonian
slope §9§@ e slope, USinasmsazansfildlunsmanss, sawinuisvessinan
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ﬁﬁmmmﬂ'ﬁé’@l‘nmsg}@LLaquLﬁﬂﬂ@mﬁyuﬁunmﬂu 1 13 dﬁé'emmigml,aﬂmﬁw

a ' & -1 -1
UnseLlu pmol h - g root dw

2.4 nyalsunmwaaalsias (chlorophyll)

wasanldenadniuiilasis freeze dry uda lufTvasudas treatement aznniiiun
10USuunaalsWaa 1@ (chlorophyll a) aaalsWaa O (chlorophyll b) Wae total chlorophyll
a+b lagl#33u09 Lichtenthaler (1987) wwdgafumInaaasdi 1

2.5 mimﬂ%mmmqmmi‘lmﬁaLﬁaﬁ%
% 1 v =1 g; 1 ) £Z o a 6 a
INABENILAIVDINTNIFIBENABUAZIIN KW aTzAmdSun Ca, Mg, K, P

LAY total N MwLAIALNNE IbN1INARAIN 1

2.6 mﬁmiﬁ:ﬁﬁ’aﬂammﬁa
HaNINaaeInInuanle 15t innadfcao3% oneway analysis of variance
(ANOVA) finnuigadin 95 %lagldlisunsa Statgraphics Plus ver. 4.1 (manugistics, Inc.,
MD, USA.)



uUnn 4

NAN13IY

tdl a A 6 a a o ﬂ/
N1INAADIN 1 Nﬂ‘IJE]\‘IE‘lJLLU‘]JVLuI@lSLﬁmE]uu‘YﬁﬂﬂE]ﬂ’]il,ﬁlimuL@]‘LII@] a@mmi@muvl,uimmu
LLaziJ%mmﬁ’lqa’M’lﬂuLﬁaLﬁaﬁladﬁ)aﬂﬁ%k} (Salvinia cucullata) ﬁﬂﬁ\‘i (lIpomoea aquatica)

NI (Cyperus involucratus) Waz WHN (Vetiveria zizanioides)

1.1 wadanmsiandula
A & A & A Ada A A ea '
nnmadgniiong 4 slialussszanodssianlduuylulasauedunidnuanes
o + - A v o A 4 o
M (NHy . NO3, NH,NO,) uddianmanuiduduiiivinnu (500uM) lasdanaanwnuuas
Andaduiam 30 Tuuazdgnaniimuazudn Wuam 45 Ju wud negduuuvasiulasiaua
funsduazriafaiinalioasinsidula (Relative Growth Rate, RGR) AANNLANA1IN
(MW 4.1, 11319 4.1) damaidvla (RGR) lasaduwudnnigaluaanyny (0.12£0.003
-1 ¢ ' Ve o [ @ ' o @ &
d") BlAwnnIEngs, nnTann wazurn iy 4, 4 uaz 7 i awdeu lasdong 4
A ] + v
sianauauadadauanlautiion (NH, ) uazuaulufionluiase (NH,NOs) lunnssnmuazunn
' A v A < o A o A a £ @ A
wui Walasuuanlufisadunan azloanmadule Wadu (1w 4.1) laglunnTani
™ =) QI J a I { Qs { v - U
aanmudulainiudadu 43 % WaSpufisunuisfidandasluase (NOy) dauudnd

Q/ a nl J { v I Qs
aﬁli’]ﬂ’]iL@UI@LWNT% 82% Lﬁaﬂfﬁﬂ@n ULLﬂﬂJI&JLﬁH&ILﬂ%%ﬂﬂ

10 1

RGR ™)

Salvinia  Ipomoea  Ciperus  Verhveria

o A Y -1 o o

AN 4.1 sanmadulagunns w3e RGR (d) (mean + SE) 183 930n%Wy (Salvinia cucullata), RN
(Ipomoea aquatica), NNIINT  (Cyperus involucratus) Wasiin (Vetiveria zizanioides) Lﬁaﬂgﬂﬁm
Tulasiauafiunidgdunuereriu ( BNH,, [0 NO, A NHNO,) d18n#7 a, b ULAAIANLANG
1 = v = a a Q/ 1 @ o 1 ' a A a
nIanTadud luATTialfeins a1uaonys A, B, C uaasnnuuandslasnuszninesiadslasil

wodAYN1IFna
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1.2 HAGDANHUTHUIIUING
NIANNUENITINLAZINWIBIINA A ULANANIN I@mLﬂuwammﬂmﬁ@ﬁmazgﬁu,mJ
TulasiauaAunIsaneslasy (@19199 4.1, 7w 4.2 a, b) wlniluianianueizesnnun
ﬁq@ Ja98481 leun nn3ann, ﬁ'ﬂﬁa WAIDNRNLY AURIAL (NN 4.2 a) NILNNIIWIURUE
' A ' A A ' o P M o ' A o
TvivaINTLARzTRANANNLANAIIN 10 b3y wuvlulasanlilainasdanisiNds I wInTa
RUDAINE NTNI 4 THAT WU ﬁﬂﬁd waz NNFIN uwRendmMaRvIwIwnialuglds,

NN
40 40 -
(a) (b)
. A B B { A B B B
§ 30 . 30 -
= =
= £
2 5 2 201
jo | St
— (=]
ot [=]
2 10 - 2 10
o~
0 0 -

Veriveria

AN 4.2 ANNEIIN (@) AT INWINIIN (b) (mean + SE) Ua4 0NAAY (Salvinia cucullata),
ﬁﬂ‘i.?ﬂ (Ipomoea aquatica), ANIINI (Cyperus involucratus) Waziln (Vetiveria zizanioides)
Lﬁaﬂgﬂ@hﬂvluiml,waﬁuﬂ%ﬁgﬂmemﬁ'u ( MNH,, CINO;, BANH,NO,) 618017 a, b
LRAIANNUANANITZAIINIALTUS IUATTRAALALIAY FIUA10NET A, B, C UIAIAIY

uanaslaguseninsienslasivsdaynieana
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01319 4.1 UEAIHA two-way ANOVA (F-ratios) 1898anMIAUlaguANS anume§mgIuingIung
dszms YSunmeaalsilad é’miﬁmig@sﬁuuaﬂuLﬁﬂmm:vlmmm uwaztSnmmganmsluluuaz
NNVAIIBNRAY (Salvinia cucullata), ﬁﬂ‘].?\‘i (Inromoea aquatica), ANIINI (Cyperus involucratus)

ez wiln (Vetiveria zizanioides) Lﬁaﬂﬁﬂ@hleuimiLauaﬁuﬂ%ﬁgﬂmehaﬁu

Main effect Interaction
Plant species N-source Plant species x N-source

RGR (d_1) 311.8 *** 0.85 1.42
Root number 14.4 *** 3.22* 2.42*
Root length (cm) 68.0 *** 2.5 3.25**
New shoots 80.6™** 0.5 1.45
NH4+ uptake rate 114.0 *** 2.89* 3.17*
(Lmol h" root DW)
NO, uptake rate 55.8%** 8.92+** 2.43*
(Lmol h" root DW)
Chl a (mg g'1 DW) 27.3 *** 3.10 5.61*
Chl b (mg g'1 DW) 47.2 *** 3.86* 4.04 *
Total Chl a+b (mg g-1 Dw) 34.4 *** 3.43% 5.09%**
Chl a/Chl b ratio 2.53 0.74 5.30***
Total N (mg g DW)

leaves 30.2 *** 0.51 0.62

roots 49.3 *** 1.81 0.36
P(mgg DW)

leaves 207.8 *** 1.05 2.66*

roots 33.8 *** 1.42 1.61
K(mg g DW)

leaves 22.4 *** 0.38 0.83

roots 173.8 *** 6.63** 4.70 **
Ca(mgg DW)

leaves 78.4 *** 1.09 4.05 **

roots 38.0 *** 0.35 1.64
Mg (mg g dw)

leaves 117.8 *** 2.80* 11.57 ***

roots 16.1 *** 1.63 0.49

*, P <0.05; **, P <0.01; ***, p <0.001
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1.3 nacan139asu lulasion (N uptake)
é’m’mﬁ@@sﬁ'uvluimwuﬁmwLmﬂ@mﬁ'ulml,@ia:“ﬁﬁ@ﬁm LLazgﬂLLuu"LuIWSLauﬁwa
danmigadululasiauasnaneis lasmldwod Asddannisgadusenludoanginiilu
1030 a9l EATYN TG (MW 4.3 a, b) luiy 4 sllail enprwduisnddannige
dululasiaunsuaulaiivuuazluasanginirfiosindu 9 adrslivddyn1eaia
3098907 leud @0y nnFan uazudn @Gy (MW 43 a,  b) EwTuniigady
P ' a o A @ o P A
waulailon wudt lweenpnundandinluiniaazlddannigaduuenlufiongigauazd
' ' Ao o @ aa A a P e A A o a A
ANuuand1sadIlinsdAayneaia adTouifisunuAsndgndiouenluiivanie
wanluilonluiase  dswiunmagaduluasanu wohnisiedsuazgluuylulanaudaud
HadadaTnIgaduluasa (@139 4.1) Aans 4 siaazldannisgadulwasangaialan
A s 1 d'd &) a d' =} A v =}
NTAINA1LBRITAZA181AIIND Lt T LT 1 LT ATLAWRAN MU NNTN LA TU AN T Theal

& [ A o o A o
L‘]Juvl,uiml,ﬁmﬂam]zuamﬁm‘s@@eﬁuvlul,m@mmmﬂ

1200 = 250 -
C B AB & 2 o 3 A i 0
1000 b 200 | )
B
goo{ 2 s
_ g 150
600 1 £
w100 1
400 1 0
-
200 - 30 1
e o b a
0 L NG W TN 0 | o Are
Salvinia Ipomoea Cyperus  Vetiveria Salvinia Ipomoea Cyperus  Vefiveria

AN 4.3 é’mwmsgwﬁuuaﬂmﬁw (umol NH, g root DW h”) uazlwasa (umol NO, g
root DW h_1) (mean + SE) U8398NWAY (Salvinia cucullata), ﬁﬂﬁd (Ipromoea aquatica), AN
N1 (Cyperus involucratus) WazWln (Vetiveria zizanioides) Lﬁlaﬂgﬂﬁ:} olulasianafiunsd
JUuULGgINY ( |j\|H4+, NO;,  NH,NO;) @an®7 a, b WEAIANLANA1ITZRINNTG
LU AT TRALR LI NY §IA8NET A, B, C LIAIANNLANGSlasTINszRisrRanslasd

HURAYNIEDG
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1.4 uanolSau1maaalsilad (chlorophyll contents)

Vsinmanalsilas ninaalsilas o analsilad O uazlnnoanaslsilad Sauanens
ﬁ'uI@UﬁuagﬁU%ﬁ@ﬁmLa:gﬂLLuu"LuImLﬁmﬁﬁ‘*ﬁ"L@T%'u (@379 4.1) YSunmasalsWlaawuun
ﬁq@luﬁﬂﬁd wuansasadan ldur Tuaanpny nnTam uazusn audau (@4 4.2) lag
wui sulngfind ldsunenlufouninlulasaundnedinmaselsladganitioiidgn

A28 L1 Te
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100°0> d “sux

onel
wal'€ €0FQL L0FEL TOFLL Y0F9) o HOFLT ,L0FET | T0F6L  LOFLL JOFSL T0F8 ) L0FGL oeb 00T g/e uo v
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o0 @

1, 5, 10, 15 mM) @28N¥T a, b, ¢, d LFAIANULANAITERININTIALTUABENIABBRIATYN

o

sk

2.2 naniaadnsn1saagunanlaitaa (NH, uptake)
v o a a9 o A A @ ) a
anuduturesuenlufionfldUgnisiinadedasnisgadunenlufionsasanyny
o 9 oA o Ao o A a & = v
uwazAndd laslusanununuin Ardiasddannisgaduuenluiioniniu Waldsy
v v J
wanluiflonanuidudugsdu Aa 5, 10 waz 15 mM (MW 4.8a)
[ 2 a v o A ' A A o a =2 A A
avanudunuluings Awudy Aslidasnisgadunanluiiouaaasiis 50 % luisd
Uandrsuauluilsuanududun 5, 10 uaz 15 mM uazlianuuanedsnuadnlidazy

maaﬁal,ﬁam%ﬂmﬁﬂuﬁuﬁ‘*ﬁﬁﬂgﬂﬁaﬂLLamImﬁﬂummLﬁuiu 0.5 ez 1 mM (NN 4.9 a)
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Tuly (paduitadn) wazlusin (AaauiENT) wmol g pant aw) (b) (mean + SE) v8338n1nY

(Salvinia cucullata) \davandrouanluflovanuidutudniriu (0.5, 1, 5, 10, 15 mM)
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2.4 wanaisuiamuanlaianlniitottaiy
nnmavSumuenluitonfazanlutiioiialasisanasiosnion (hot  water
. \ A A £ a a A A A &
extraction) WU 1%&1amg%mzmmsmmwnaaﬂsmmuaﬂumwlmuawawmmlu‘lmmz
A A ) P v o & ' £ a ' A AN v
nuanlasuwanluiitananututuadne 5 mM A lduazdainuianedsaniNen ey
wanluiouanututu 0.5 uaz 1 mM agnailnafmaneata (nw 4.8 b)
z%m%’uluﬁ'ﬂﬁa WU ﬁmﬁﬂ%mmuaﬂuLﬁﬂﬂmﬁmﬁaluLLazﬁﬂ@hq@ Lﬁaﬂgﬂﬁ’m
P R = ' = v el ' Ao o @ PN
wonludlsuauidudn 10 mM uazlianuuanasanyIauaawad9lnefmALNIIaNa
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1WIJELL$1’1W°HVI‘]J§JIHWJﬂLLa&II&JLuﬂNﬂ’J’mL‘MJ‘D% 15 mM % JUSunanlaioyluwiitarta N

liuandrsanfisnugndrouanluiiouanududu 1 uaz 5 mM (1w 4.9 b)
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wan T ByNANUTUT WA 10 WAz 15 mM  IuinwadldaanuiSanoalsinasaniuSuno
A oA o a v o A £ A A A o a
aaadtlaNTlavuLad LuLhaua ULl UL N U % TmmwwﬂuwﬁwwﬁgnmﬂLLauImuw
ANMUTNTUN 10 Uaz 15 mM ARUSN maaadaen i wldsa (91319 4.3)
fmiulsunmaaalsfadludnigs wudt niaaalsilad o waz I aaasatsliodary
a A { U U v g; 1 J { =)
Wﬁdﬁﬂ@]luﬁ%ﬁﬂﬁﬂ@’sEJLLE]&JI?JLﬁEJ&Jﬂ’J’]ﬂJL“MJ‘U%@GLL@ 5 mM awll luamendSurmialsn
A p=i ' o A A o P Aa v o A s =
uaU@umimaUuLLﬁaa"quﬁﬂuﬂluW%wﬁgﬂ@aULLmJTaJLuwmmmwwuﬂgwu wANAINWY
' ' Ao o @ aa A = a o A A Y P v o A
Lmﬂmaamauuﬂmﬂ@maamL&Jal,ﬂszmmﬁunuwwﬂgﬂmmmaﬂmuwmmmmw 0.5

Wae 1 mM
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@139 4.3 PRnuaneliladuazualifiuesduassanyny (Salvinia cucullata) (mean + SE) filandas

U

[ '

wanluLisuanudutudan (0.5, 1, 5, 10, 15 mM) G807 a, b, ¢, d, e LFAIANNVLANGAIITZRININTA

v 6
LNUA

0.5mM 1 mM 5mM 10 mM 15 mM F-ratio

1.Chla(mgg dw) 8.38:1.36° 6.53:0.64° 514+154  379+1.07 3.02:0.56° 34.5**

a

2.Chib(mgg dw) 3.42:06° 2531026  221+0.61° 1.73:041 1.53:0.34° 22.9**

a

3. total Chl a+b 11.8¢41.9°  9.1+0.9° 7.442.1° 56+1.5°  46:05° 313

4. Cal Cb 2.5:0.1° 26:01%  23:02"  22:02°  20£02°  19.4**

5. Carotenoids 1.4£0.3 ° 1.0¢01°  1.0£03°  08:02% 06:01°  12.3"
(mgg" dw)

*** (P<0.001)

A1919 4.4 ﬂ‘%mmaaaiiﬂaﬁuaumisﬁuaU@T*’uaari'ﬂfl_ja (Ipomoea aquatica) (mean * SE) filaneae

wanladlauanadududnan (0.5, 1, 5, 10, 15 mM) G28NHT a, b, ¢, d, e LRAIANNUANAITZTATINTA

wna
NH’, concentrations
0.5mM 1 mM 5mM 10 mM 15 mM F-ratio
1.Chla(mgg  dw) 12642.2° 132+1.9°  11.1+1.7°  97:21% 92420 5.98**
2.Chib(mgg dw) 5.441.1° 54:0.8°  45:06" = 4.0:0.7°  3.940.9° 5.62+
3. total Chl a+b 18.0¢3.3°  185+2.6° 156:2.3" 13.7+2.8" 13.1+2.8" 5.94**
4. Cal Cb 2.4+0.1 2.4+0.1 2.5 +0.1 2402 23102 3.57
5. Carotenoids 1.9+0.3% 21403°  2.0+0.3° 1.6£04°  1.6+0.3" 1.2*
1
(mg g dw)

* (P<0.05), ** (P<0.01)
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=< g & oA 4 o o A o a A= LA
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Abstract

This study assesses the growth and morphological responses, nitrogen uptake and nutrient
allocation in four aquatic macrophytes when supplied with different inorganic nitrogen
treatments 1) NH,", 2) NOs, or 3) both NH," and NO; . Two free-floating species
(Salvinia cucullata Roxb. ex Bory and Ipomoea aquatica Forssk.) and two emergent
species (Cyperus involucratus Rottb. and Vetiveria zizanioides (L.) Nash ex Small) were
grown with the different N treatments in equimolar concentrations (500 pM). Overall, the
plants responded well to NH,". Growth was highest in S. cucullata (0.12+0.003 d™)
followed by I aquatica (0.035+0.002 d), C. involucratus (0.03+0.002 d') and V.
zizanioides (0.02+0.003 d™'). The NH," uptake rate was significantly higher than the NO5"
uptake rate. Free-floating species had a higher nitrogen uptake rate than emergent ones.
Our results show that N-uptake rate depends on plant species and its corresponding
growth rate, most clearly demonstrated in S. cucullata which had the highest growth rate
and also a high uptake rate. All species had a high NO;™ uptake rate when the plants were
supplied with only NOj". It seems that the NOj;™ transporters in the plasma membrane of
the root cell and nitrate reductase activity (NRA) were induced by external NOs'.
Analysis of mineral contents in the plant tissue of each species varied depending on the N
treatment between leaves and roots, and the specific mineral tested. The results of growth
and N-uptake of the four species in this study suggest that S. cucullata and 1. aquatica,
which are free-floating macrophytes, can be used to remove N from domestic or
agricultural wastewater. Additionally, biomass rich in N is generated making it a good

post-harvest fertilizer or animal feed.

Key Words: constructed wetland, Cyperus involucratus, Ipomoea. aquatica, N-uptake,

Salvinia cucullata, Vetiveria zizanioides
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1. Introduction

The capacity of aquatic macrophytes to remove and assimilate excess nutrients in
constructed wetlands (CWs) has resulted in the use of CWs for treating a variety of
wastewater types. Ammonium (NH;") and nitrate (NO3") are major forms of inorganic
nitrogen found in wastewater runoff from households and farmlands that degrade the
water quality. Plants have an important role in CWs for removing nutrients. The ability to
take up nitrogen, a vital nutrient for plant growth, is different among plant species. Free-
floating macrophytes directly obtain nitrogen and other nutrients through their roots from
the water column. Many species of these plants such as Eichornia crassipes, Pistia
stratiotes, Lemna spp., Salvinia spp. etc. have been used in free water surface systems. In
contrast, subsurface flow system and vertical flow system are dominated by emergent
macrophytes, which obtain nutrients from sediment via roots (Brix and Schierup, 1989;

Ran et al., 2004; lamchaturapatr et al., 2007; Kantawanichkul et al., 2009).

Plant selection for water treatment is an equally important component of CW system
design, especially selecting suitable plants for different types of wastewater. Various
nitrogen forms have different effects on growth and nitrogen uptake of plants, but few
studies have been conducted. Several studies have shown that aquatic macrophytes grow
well in the water column or sediment where NHy4' is the main nitrogen source probably
because less energy is needed for NH, uptake and assimilation (Room and Thomas,
1986; Petrucio and Esteves, 2000; Fang et al., 2007; Jampeetong and Brix, 2009a;
Konnerup and Brix, 2010). The ecophysiology of tropical aquatic macrophyte is not well
understood. However, many tropical plants have been used in water treatment (Boonsong

and Chansiri, 2008; Kantawanichkul et al., 2009; Konnerup et al., 2009). The potential of
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the aquatic macrophytes to grow and take up nitrogen in tropical climates has not been
intensively studied, but it is an important criterion used in plant selection for tropical

CWs.

Salvinia cucullata and Ipomoea aquatica are free-floating macrophytes. Many species of
Salvinia have a high growth rate and high dispersal rate and have consequently been
distributed around the world. A study by Jampeetong and Brix (2009a) showed that
Salvinia natans has an increased growth rate when plants are supplied with NH,". This
species grows well in the water column with an NH4" concentration up to 5 mM, which is
approximately the level commonly found in domestic wastewater (Jampeetong and Brix,
2009b). Similarly, /. aquatica can be found in water bodies with high N and P
concentrations. The evidences showed that /. aquatica can remove nutrients and also
some heavy metals in the water treatment systems (Gothberg et al., 2002; Lin et al., 2002;
Li et al. 2007; Weerasinghe et al., 2008). Moreover, this species is an edible plant, so
after harvesting it can be used to feed animals because of its high total N and crude
protein (Somkol, 2009). However, the responses of S. cucullata and 1. aquatica to various
forms of N are unknown. Emergent macrophytes like Cyperus involucratus and Vetiveria
zizanioides have been used in tropical CWs (Kantawanichkul et al., 2009; Xiao et al.,
2009). Cyperus involucratus has been used in tropical CWs because of its ability to grow
in eutrophic conditions. Vetiveria. zizanioides has been used for protecting against soil
erosion and also in water treatment systems in Southeast Asia, because it is tolerant to
various conditions and can be harvested and used for many proposes. However,

information concerning nitrogen uptake and mineral allocation of these species is limited.
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Here, we assess the growth and morphological responses of four selected tropical aquatic
macrophytes to different forms of inorganic nitrogen. We also evaluate nitrogen uptake
and nutrient allocation in the plant tissue when the plants are supplied with NH;", NO;,
and combined NH4NOs; treatment. The results from this study will be useful when

selecting aquatic macrophytes to be used in tropical constructed wetlands.

2. Materials and Methods

2.1 Plant materials and growth conditions

Plants with similar weights and/or height (depending on the species) (Salvinia cucullata
Roxb. ex Bory, Ipomoea aquatica Forssk., Cyperus involucratus Rottb. and Vetiveria
zizanioides (L.) Nash ex Small) were selected and cultivated in hydroponic culture in the
greenhouse at the Department of Biology, Faculty of Science, Chiang Mai University,
Thailand at a temperature range of 32—35 °C during the day and 22-25 °C at night. The
light regime was approximately 80% of full sun and the light:dark cycle was 14:10 h. The
growth medium was a full-strength standard nitrogen-free nutrient solution (Smart and
Barko, 1985) to which a commercial N and P free nutrient solution for aquarium plants
(Tropica Master Grow, Tropica Aquacare, Aarhus, Denmark) was added until the
following concentrations were reached (uM): K™ 21, Mg™" 16.7, S* 32.8, B** 0.4, Cu*"
0.1, Fe? 1.3, Mn?** 0.8, Mo 0.02 and Zn** 0.03. Phosphorus was added in the form of
KH,POy4 (100 uM). The pH of the growth medium was adjusted to 7.0.

Nitrogen was applied as NH,;  and/or NO;™ in equimolar concentrations (500 uM) to
create the following three treatments: (i) 500 uM NH," (ii) 500 uM NOs, and (iii) 250
UM NH4NOs. Ten replicates of I aquatica, C. involucratus and V. zizanioides and five
replicates of S. cucullata were used for each treatment. The initial fresh weights of all

experimental plants were measured and the fresh and dry weights of ten uniform sized
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plants were measured to estimate dry weight and fresh weight ratio. Fronds from Salvinia
stock cultures (approximately 2 g) and 1. aquatica (approximately 10 g and 30 cm tall)
were placed in 5-L containers and C. involucratus (approximately 7 g and 15 cm tall) and
V. zizanioides (approximately 6 g and 20 cm tall) were placed in 1-L containers. All
treatments were arranged in a randomized complete block design in the greenhouse. In

order to avoid depletion of nutrients the growth medium was replaced every two days.

2.2 Growth study

After four weeks for 1. aquatica and S. cucullata and six weeks for C. involucratus and V.
zizanioides, all plants were harvested, cleaned, and their morphological characteristics
recorded. Plants were then separated into shoots and roots, freeze dried and weighed. The
relative growth rate (d) for each treatment was calculated using the formula: RGR =
InW,-InW// (t,-t;), where W, and W;, are the initial and final dry weights (g), and t; and t;

are initial and final time (days).

2.3 N uptake rate

After growth experiment, both the NO;™ and NH, uptake rates were determined. Plants of
uniform size (n=4) from each treatment were pre-incubated for 18 h in a container with a
N-free growth medium for NH,;" and NO;™ under the same conditions as the growth study.
After pre-incubation, /. aquatica, C. involucratus, and V. zizanioides were placed in 240
ml vessels with 500 uM NO;” or NH,', S. cucullata was placed in a 300 ml beaker. NO5~
and NH," uptake was estimated based on N depletion (Konnerup and Brix, 2010). The
NH," concentration in all samples was analysed using a modified salicylate method
(Quikchem Method no. 10-107-06-3-B; Lachat Instruments, Milwaukee, W1, USA). The

NOs;™ concentration was analysed from the absorbance at 202 nm and 250 nm
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(Cedergreen and Madsen, 2003). After the uptake experiment (6 hours), all plants were
separated into shoots and roots, freeze dried and weighed. The N uptake rate was
calculated from a depletion curve with linear regression analyses and related to volume

and root dry weight (DW).

2.4 Chlorophyll content

The contents of Chl a, Chl b and total Chl a+b in the leaves of each plants were analysed
according to Lichtenthaler (1987). Freeze dried leaves from each plant were cut into
small pieces and weighed into 5-10 mg samples. Pigments were extracted with 8§ ml of
96% ethanol in the dark at room temperature. After 24 hours, the absorbance of the
extracts was measured at 648.6 nm and 664.2 nm using a UV-VIS spectrophotometer

(Lambda 25 version 2.85.04, USA).

2.5 Mineral elements

The concentration of total N, phosphorus (P), potassium (K), calcium (Ca) and
magnesium (Mg) in the plant tissue was analysed in subsamples (150—180 mg) of finely
ground freeze dried plant material. The samples were digested by mixing with 7 ml of an
acid solution (concentrate H,SO4 1 L., K;SO4 100 g and selenium 1 g) at a temperature
range of 100-330 °C. Total N was analysed by the Kjeldahl method (Hanlon et al. 1994)
and the concentrations of P, K, Ca and Mg were analyzed according to Chapman and

Pratt (1978).

2.6 Statistics
All statistics were carried out using the software Statgraphics Plus ver. 4.1 (Manugistics,

Inc., MD, USA). Data were tested for normal distribution and homogeneity of variance
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using Cochran’s C-test. If necessary, data were log-transformed to ensure homogeneity of
variance. The data was tested by both one way and two-way analysis of variance
(ANOVA). Differences between treatments were identified by the Tukey HSD’s test at a

5% significance level.

3. Results

3.1 Growth study

The relative growth rate (RGR) of plants varied between species and was affected by N-
source (Fig. la, Table 1). On average, Salvinia cucullata had a relative growth rate
(0.12:0.003 d') that was 4, 4 and 7 times higher than the RGR of Ipomoea aquatica,
Cyperus involucratus and Vetiveria zizanioides, respectively. Increase in RGR when
supplied with NH;" was found in both C. involucratus and V. zizanioides (Fig. 1a). There
were 43% and 82% increases in the RGRs of NH," fed plants compared to NOs™ fed

plants in C. involucratus and V. zizanioides, respectively.

3.2 Morphological characteristics

Both root length and root number was affected by plant species and N source and a
significant interaction was observed (Table 1, Fig. 1b,1¢). The longest roots were found
in V. zizanioides, followed by C. involucratus, I. aquatica and S. cucullata, (Fig.1b). New
shoot production was different among plant species and was independent of N source.
The data show that /. aquatica and C. involucratus produced new shoots faster than V.

zizanioides.

3.3 Chlorophyll content
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Both plant species and N source interactively affected Chl a, Chl b and total Chl a+b
(Table 1). Average chlorophyll content was highest in 1. aquatica, followed by S.
cucullata, C. involucratus and V. zizanioides (Table 2). It was obvious that the
chlorophyll contents of plants fed on NH; was significantly greater than for plants
supplied with NOs’, except 1. aquatica that the chlorophyll contents was high in NH4NO3

treatment.

3.4 N- uptake

Nitrogen uptake differed among plant species. Generally, all species had higher uptake
rates for NH4' than for NO;™ (Fig.1d, 1e). Salvinia cucullata had the highest rates of both
NH;" and NOs™ uptake and significantly differed from other species. The NO;™ uptake
was affected by both plant species and N-source and a significant interaction was
observed (Table 1). For all species, the NO3™ uptake rate was high in plants supplied with

only NOj" either by itself or in the combined NH4NOj3 treatment.

3.5 Mineral elements

Most mineral contents (N, P, Ca, K, Mg) both in leaves and roots differed among the four
investigated species (Fig. 2). The concentration of N and P in leaves and K content in
roots were significantly affected by both plant species and N-source and a significant
interaction was observed (Table 1). The lowest mineral contents was found in V.
zizanioides, both in its leaves and in its roots. The N concentration of each species was
higher in the leaves than in the roots. In S. cucullata’ s leaves the N concentration was
high in both NH,;" and NH4NO; fed plants and it was significantly different from NO5"
fed plants, whereas the N concentration in the roots of S. cucullata was significantly high

only in the NH," treatment. The P concentration in the leaves of S. cucullata were
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significantly lower in NO;” fed plants than in NH," fed plants. The P content in the roots
of C. involucratus was high in NO;™ fed plants and it was significantly different from
other treatments. Other cation minerals were only slightly affected by N sources in all
four species investigated. In C. involucratus fed with NOs;™ we found increased Mg
concentration in its leaves. We also found a high concentration of Ca in the leaves of V.
zizanioides grown on NOs". I. aquatica fed with NH,;" had high concentrations of Ca in
their leaves, which were significantly different from the plants fed with either NOs™ or

NH4NO:;.

4. Discussion

The relative growth rate (RGR) of free-floating plants was higher than emergent plants.
In nature, free-floating plants obtain nutrients from the water column through its roots.
Some species can also absorb nutrients through the underside of their leaves (Cedergreen
and Madsen, 2002; Fang et al., 2007). In S. cucullata, most mature leaves were raised up
above the water surface, so nutrient uptake via leaves of this species is small compared to
root absorption. Generally, Salvinia spp. has both a high growth rate (0.1-0.4 d™") and a
high dispersal rate (double its mats in 2—4 days) compared to other aquatic plants
(McFarland et al., 2004). The present study showed growth of S. cucullata ranged from
0.12-0.13 d”' and RGR was unaffected by the N source, unlike S. natans and S. molesta
which had a higher growth rate when NH,4" was the main N source (Jampeetong and Brix,
2009a; McFarland et al., 2004). Its high growth rate makes Salvinia cucullata good
candidate for treating various types of nitrogen rich wastewaters like other species of
Salvinia (Olguin et al., 2003; Henry-Silva and Camargo, 2006; Eugenia et al., 2007).
Nitrogen preferences of aquatic macrophytes are still not well documented. In this study,

most species tended to respond better to NH;" compared to NOs’, especially C.
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involucratus and V. Zizanioides, which had an increased RGR when grown with NH,".
Similar to the study by Tylova-Munzarova et al. (2005), Glyceria maxima had an
increased growth rate when supplied with NH,'. There are many aquatic species that
prefer NH, " as a main N-source, possibly because of the low energy used for its uptake
and assimilation (Miller and Cramer, 2005; Fang et al., 2007; Jampeetong and Brix,
2009a; Konnerup and Brix, 2010). The study of Sorrell and Orr (1993) showed that C.
involucratus had a high H' exchange rate and a high N-uptake rate when NH; was a
nitrogen source. This result is found in other plants including Carex rostrata, Typha
latifolia and Phragmites australis (Conlin and Crowder, 1989). Vetiveria zizanioides also
responded to NH4" better than NO3". This plant has a deep root system with dense lateral
roots, but a low growth rate and low N-uptake rate compared to other species in this
study. Thus, it is suggested that this species is more suitable for soil stabilization than for

N removal in wastewater treatment systems.

The free-floating macrophytes had a higher N-uptake rate than the rates found in
emergent macrophytes. The N-uptake rate depends on plant species and its growth rate.
Salvinia cucullata had a very high growth rate, so the plant probably increases its demand
for N by increasing the capacity of N-uptake. Salvinia cucullata had the highest uptake
rate for both NH4 ™ and NO;". The average rate was 640.0-161 umol NH," g'1 root DW h™!
and was similar to S. natans, which had an average uptake rate of 679:97 pmol NH;" g™
root DW h™ (Jampeetong and Brix, 2009a). The N uptake capacity of the emergent
macrophytes is low even though the plants have either more roots or greater root length
than free-floating macrophytes. Roots are important for nutrient uptake in emergent
macrophytes, in which the uptake rate can be low or non existent in old roots which have

thick epidermal and hypodermal lignification, and suberization (Sorrell et al., 1993). In
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contrast to Salvinia roots which have less or no lignified epidermis and a hypodermis that
can absorb nutrients directly from the water column through all part of the roots
(Jampeetong and Brix, 2009¢c). Besides plant species and growth rate affecting N uptake,
external N supplies can also influence NOs™ uptake. Most species significantly increased
NOj;™ uptake rate when external NO;™ was present, similar to other studies (Crawford et
al., 1986; Gojon et al., 1994; Cedergreen and Madsen, 2002; Jampeetong and Brix,
2009a; Konnerup and Brix, 2010). Several studies indicated that NOj3™ transporters in the
plasma membrane of the root cells and nitrate reductase were induced by external NOs to
different degrees, depending on plant species. High nitrate reductase activity was found
in roots of most free floating species (Cedergreen and Madsen, 2003). In contrast, the
NRA in emergent macrophytes was higher in the leaves than in the roots (Munzarova et
al., 2006). A study by Konnerup and Brix (2010) showed that Canna indica had high
NRA in the leaves and NOj; uptake was not significantly affected by the type of N-
source. This data suggests that NOs3™ reduction and assimilation occurs in the leaves

because of the energetic advantage of reducing NOs™ in photosynthetic tissue.

Concentration of mineral cations (K, Ca*", Mg2+) were generally low in the plants fed
with NH4" (Tylova- Munzarova et al., 2005; Dan and Brix, 2009). Salvinia natans had
low mineral cation concentrations in plant tissue, especially in the roots when the plants
were grown on a NH4' culture. (Jampeetong and Brix, 2009a). However, the present
study showed that the N- source only slightly affects mineral concentration in the plant
tissue of most plant species. Similar results were found for Canna indica and Sesbania
sesban which have been used in tropical CWs, and had a small changes in mineral
concentration in plant tissue when the plants were supplied with different N-sources (Dan

and Brix, 2009; Konnerup and Brix, 2010). Because of high mineral and protein contents
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as well as a fast growth rate, S. cucullata and 1. aquatica are ideal for use as feed crops

for animals or fertilizers (Leterme et al., 2009; Somlol, 2009)

In conclusion, the growth of four aquatic macrophytes is different among species and
some species are affected by different N-sources. S. cucullata had the highest RGR and
N-uptake. NHy4" is the preferred N-form, all species had a higher NH," uptake rate than
NO;". All species tended to have a high NOs™ uptake rate when plants were supplied with
NOs™ alone. The results of growth and N-uptake of the four species in this study suggest
that S. cucullata and I. aquatica, which are free-floating macrophytes, can be used to
remove N from domestic or agricultural wastewater. Additionally, biomass rich in N is

generated making it a good post-harvest fertilizer or animal feed.
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Legends to figure
Fig. 1 a: Relative growth rate, b: root length, c: root number, d: NH," uptake rate (pmol
NH," g root DW h™') and e: NO5™ uptake rate (umol NO3™ g root DW h™') (mean + SE)

of Salvinia cucullata, Ipomoea aquatica, Cyperus involucratus and Vetiveria zizanioides

supplied with different N sources ( .NH4+, NO3’, NH4NO:s3). Different letters

above the columns indicate significant differences between the treatments within each
species and different capital letters over the horizontal bars indicate significant

differences between the plant species.

Fig. 2 Effects of N-sources on the concentrations of total N (a,f), P (b,g), K (c,h), Ca (d,i)
and Mg (e,j) in leaves and roots (mean + SE) of Salvinia cucullata, Ipomoea aquatica,

Cyperus involucratus and Vetiveria zizanioides grown on diferrent N-sources( .NH4 ,

NOs/, NH4NO3). Different letters above the columns indicate significant

differences between the treatments within each species and different capital letters over

the horizontal bars indicate significant differences between the plant species.



Table 1 Results of a two-way ANOVA (F-ratios) of growth, morphological

characteristics, chlorophyll concentrations, N-uptake rate and mineral concentrations of

Salvinia cucullata, Ipomoea aquatica, Cyperus involucratus and Vetiveria zizanioides

grown with different N-sources (500 uM NHs+, 500 uM NO;™ and 250 uM NH4NO3).

Main effect Interaction
Plant species N-source Plant species x N-source

RGR (d) 311.8 *** 0.85 1.42
Root number 14.4 #** 3.22% 2.42%*
Root length (cm) 68.0 *** 2.5 3.25%*
New shoots 80.6%** 0.5 1.45
NH," uptake rate 114.0 *%*%* 2.89% 3.17*
(umol NH4" ¢! root DW h™)
NOj™ uptake rate 55.8%#* 8.92% 2.43*
(umol NO3™ g root DW h™)
Chl a (mg g"' DW) 27.3 *¥x 3.10 5.61 *
Chl b (mg g' DW) 47.2 *x* 3.86* 4.04 *
Total Chl a+b (mg g”' DW) 34.4 *x* 3.43* 5.09%**
Chl a/Chl b ratio 2.53 0.74 5.30%**
Total N (mg g DW)

leaves 30.2 *** 0.51 0.62

roots 49.3 *** 1.81 0.36
P (mg g' DW)

leaves 207.8 *** 1.05 2.66*

roots 33.8 *** 1.42 1.61
K (mg g"' DW)

leaves 22.4 A 0.38 0.83

roots 173.8 *** 6.63** 4.70 **
Ca (mg g"' DW)

leaves 78.4 *** 1.09 4.05 **

roots 38.0 *** 0.35 1.64
Mg (mg g"' DW)

leaves 117.8 *** 2.80%* 11.57 #**

roots 16.1 #** 1.63 0.49

* P <0.05; ** P <0.01; *** p <0.001



100°0> d ‘s

wxkl'€ 5t 0F8 T 5oLl 0F8T T OFL'T V' O0F91 oq 'OFIT ZLOFET  ,eC0F6'1 qul OFL'T OFST  COF8] 10FS1 o 0FOC  ONRIG/D YD
(ma 3 Su)

x50 9TFSS c0CF8Y L T'TFS9 e L'CF89 q I'CFC8 JTFEVCL EEFS61 W8 EFLCL LLTFOCL ,0°€F80T 5,40 1F8°01 > 9 0FCYI D [e0L "¢
(ma .38 Su)

wxxx[CL o V'OFO'] e LOFTT  ,€0FPC e 9°0FST @ 9°0F9°C oq I'TFOE  ,OTFL9 o ET1F9Y 2 90F6Y 0 1F6°C o SOFV Y > CSFLY q1Id ¢
(ma 8 Su)

#*#x80°6 LT 1F9°C JIFST  G80FLY el TFEY poqe S TFS'S ZCTFEL G VTFELTI pSCFI8  HTIFIL 5 6 1F6'9 poq SOFVO > S'0F0'6 LN

fON'HN FON J"HN fON"HN FON JHN fON'HN fON JHN fON"HN fON JHN
oypA-,] SopIOIUDZIZ D14241)2 [ snpp.aonjoaul sniada) poypnbp | pIpNONd g

‘SJUQIIBAT) UOOM)q SOOUIIIJIP JuedIUSIS 9JBOIPUT SUWN[OO Udam3aq sidurostodns 101307 oy 1, "(FEONYHN AT 0SZ pPue SON IAM 00S “+"HN

AT 00S) S90INO0S-N JUSIIJIP YIM UMOIT (FSFUBIW) SIPI0OIUDZIZ D1I2A1ID 4 PUR SnIDLONnjoaul Sniadd?) ‘voypnbp vaowod] ‘vipjjnond viuiaipg Jo syuajuod [[Aydorory) g dqelL



Fig. 1

Rowd length (em)

200

010

R il A )
01s
- Z
;’ LAT %
. .
.
? . BE
w2 : ? 2 7 ®
r b
S cnentiata L aquatica . imwlicratin V. ZGanivides
v x 1 3
A B i i = 12 A D R i} .
E] l_b i .
C R AR g R A s @
b 200 b
%- 100 1
i-_r_'-‘ e i

& encwllata 4. agralice O

dvelue s

P2 zizaniides

S cncntista Foequatica O invelierates V2 pizanioides



66

roots

leaves

5
4

(h

=T

A9
i

vty i

80

Lt

60
o

wma _..J am)
UL CAPLAINDD N]

(A B Fur)
IHHJENIAIWD |

(AvQ 1-d dun)
HONEINIANND Y

(M 13 Bw)
UONELUXMINY 7))

A?/ﬁ_ | & MEV

WHI BRI B |4

PouC i is I

Y

Soewculam i Gpuatice O

T esipaitivzes O

Lt

i

ST

Fig. 2



67

Effects of ammonium concentration on water spinach
(Ipomoea aquatica Forssk.): responses of growth, morphology,

uptake rate and nutrients allocation

b
Arunothai Jampeetong ** and Niwooti Whangchai

* Department of Biology, Faculty of Science, Chiang Mai University, Meuang, Chiang
Mai 50202, Thailand
® Faculty of Fisheries Technology and Aquatic Resources, Maejo University, Sansai,

Chiang Mai, 50290, Thailand

*Corresponding author. Tel.: +66 53 943346-51; fax: +66 53 892259.

E-mail address: ajampeetong@yahoo.com (A. Jampeetong).



68

Abstract

The effects of external NH;  concentration on growth, morphology, NH;" uptake and
minerals allocation in Ipomoea aquatica were investigated under greenhouse condition.
Similar sized plant were grown on full strength Smart and Barko (1985) growth medium
with different levels of NH;-N (0.5, 1, 5, 10 and 15 mM) for four weeks. Relative
growth rate was high in plants fed with NH," at concentrations of 0.5, 1 and 5 mM, but at
higher concentration the growth of the plants were stunted with few and short roots, old
leaves were lost and growth of new ones was suppressed. Submerged stems and roots
were damaged especially in plants supplied with 15 mM NH,". The NH," uptake rate
tended to decrease with increasing NH,4™ supply. It may be that roots and stems were
damaged due to the influence of nutrient uptake. However, we found only small changes
in mineral concentration in the tissue of both leaves and roots. We suggest that 1.
aquatica can be used for water treatment but the NH, " concentration must be less than 5
mM to prevent root and stem damage that cause mineral released from the plants and

returned to the water treatment system.

Key words: Ipomoea aquatica, NH,;  uptake, NH,  toxicity, water spinach, water

treatment
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1. Introduction

Growing human populations, agricultural activities and industrialization cause
degradation of the environment. Water bodies are the main targets for disposing
pollutants both directly and indirectly. High nutrient loading from inland to lakes and
rivers leads to wide spread eutrophication and water purification technologies that
remove pollutants are costly. Therefore, eco-friendly and cheaper ecological methods are
interesting alternatives for treating water. Many species of aquatic macrophytes have
been used in constructed wetlands (CWs) to remove high amount of nutrients and heavy
metals from wastewater [1-5]. Inorganic nitrogen in polluted water is commonly
discharged from households, agricultural fertilizers and animal waste from farms [6].
Generally, inorganic nitrogen is an important nutrient for enhancing growth of aquatic
macrophytes which mostly are fast-growing. Previous studies have shown that most
aquatic macrophytes prefer NH;" over NO;™ [7-11]. However, excess N can cause water

pollution, particularly in lotic systems.

Recently, use of CW technologies is increasing because they are cheap and energy-
efficient. The performance of CWs is usually based on its design, water retention time,
dimension and substrate used [12,3]. Plant selection for use in constructed wetlands is
equally important, but few plants have been evaluated [13]. Among aquatic macrophyte
growth forms, submerged macrophytes are sensitive to light intensity in the water
column. In the case of high loading of nitrogen and phosphorus, the plants may suffer
from low light intensity caused by algae blooms [14-15]. The wetland species used in the

CWs commonly are emergent macrophytes. Many studies have been carried out on fast
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growing wetland species such as Phragmites spp. in temperate regions [1,9] and thus far,
there have been only a few studies done on tropical free-floating macrophytes.
Furthermore, many previous studies have been done on evaluation of the efficiency of
CW systems [4,16], but there is little published data on the efficiency of macrophytes in

terms of growth, uptake capacity and nutrient allocation in the plant tissue.

The potential to grow and uptake nutrients are important characteristics used in the
selection of aquatic macrophytes for CWs. The growth and uptake capacity depends on
species and their environments. Water Spinach ([pomoea aquatica) is a free-floating
macrophyte often found in a wide variety of environments. This plant has been used in
water treatment system for removal of nutrients and also some heavy metals [17-20].
Moreover, the plant is edible, so after harvesting it can be used to feed animals because of
its high total N and crude protein content [21]. A study by Jampeetong et al.
(unpublished) showed that I. aquatica grew well in growth medium with NH," and the
plants had a high NH;" uptake rate compared to NOs". However, ability of the plants to
grow under high NH," concentrations is unknown. It is evident that wastewater
containing high concentrations of ammonium constitute a problem for plants used in
CWs (unpublished data). Therefore, this study is aimed at assessing the growth and
morphological responses, NH; uptake and nutrient allocation in the plant tissue of
Ipomoea aquatica supplied with different NH," concentrations. The results of this study
will be useful for selecting aquatic macrophytes for use in treatments of high NH,"

strength wastewater in tropical CWs.

2. Materials and Method

2.1 Experimental set up and growth study
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Ipomoea aquatica was collected from natural ponds in Chaing Mai, Thailand. The plants
were cultivated in the greenhouse of the Department of Biology, Faculty of Science,
Chiang Mai University, Thailand at a temperature range of 32-35° C during the day and
22-25° C at night. The light regime was appoximately 80% of full sun and the light:dark
cycle was 14:10 h. The growth medium was a full-strength standard nitrogen-free
nutrient solution [22] to which micronutrients and 100 pmol L™ of KH,PO,4 were added.

The pH of the growth medium was adjusted to 7.0.

For the experiment, similar sized plants (35-40 cm shoot length) from the stock cultures
were placed in 5-L containers (n=8) in the greenhouse. The experimental treatments
consisted of five levels of NH;-N: 0.5 mM, | mM, 5 mM, 10 mM and 15 mM prepared
from (NH4),SO4. The NH," concentration was increased in steps over a period of four
days to the final treatment levels. During the experiment, the growth medium was
changed every second day, and epiphytic algae were removed gently by hand. All
treatments were arranged in a randomized complete block design. After four weeks, the
plants were harvested and cleaned. Then, the plants were freeze-dried to constant dry
weight. The relative growth rate (per day) for each treatment was calculated using the
formula: RGR = InW,-InW// (t;-t;), where W, and W, are the initial and final dry weights

(gram), and t; and t; are initial and final time (days).

2.2 Plant morphology
After four weeks, root number, root length, new shoot number and leaf area of the plants
in each treatment were recorded. Then, the plants were separated into shoots and roots

before being freeze dried.
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2.3 Ammonium uptake

NH4" uptake rates of I. aquatica were determined after four weeks of growth in the
treatments under the same conditions as the growth study. Four replicates of similar sized
plants from each treatment were pre-incubated in a container with a NH4™ free growth
medium for 18 h. After pre-incubation, the plants were placed in 240 mL vessels with
500 uM NH,". Five mililitres of water samples were withdrawn each hour for
measurement of NH; concentrations. The NH;" uptake was estimated based on N
depletion curve. The NH," concentration in all samples was analysed using a modified
salicylate method (Quikchem Method no. 10-107-06-3-B; Lachat Instruments,
Milwaukee, WI, USA). After the experiment (6 hours), all plants were cleaned and
separated into shoots and roots, and then freeze dried. The NH; uptake rate was
calculated from a depletion curve with linear regression analyses and related to volume

and root dry weight (DW).

2.4 Inorganic NHy" in the plant tissue

The freeze-dried leaves and roots were cut into small pieces. Five milligrams of dried
plant material was extracted with 15 mL of distilled water at 98° C in a water bath for
exactly 20 minutes. Then, the NH;" concentration in the extracts was analysed by a
modified salicylate method (Quikchem Method no. 10-107-06-3-B; Lachat Instruments,
Milwaukee, WI, USA). The absorbance of the extracts was measured at 690 nm using a

UV-VIS spectrophotometer (Lambda 25 version 2.85.04, USA).

2.5 Chlorophyll contents
The contents of chl a, chl b, total chl a+b and carotenoids were determined according to

Lichtenthaler method [23]. The freeze-dried leaves were cut into fragments. The plant
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materials (approximately 8 mg) were extracted with 8 mL of 96% ethanol in the dark and
at room temperature. After 24 hours, the absorbance of the extracts was measured at
648.6 and 664.2 nm using a UV-VIS spectrophotometer (Lambda 25 version 2.85.04,

USA).

2.6 Mineral elements

The concentration of total N, phosphorus (P), potassium (K), calcium (Ca) and
magnesium (Mg) in both leaves and roots was analysed in subsamples (150-180 mg) of
finely ground freeze-dried plant material. The samples were digested by mixing with 7
mL acid solution (concentrate H,SO4 1 L., K;,SO4 100 g and selenium 1 g) at a
temperature range of 100-330 °C. Total N was analysed according to Kjeldahl method
[24] and the concentrations of P, K, Ca and Mg were analyzed by Chapman and Pratt

method [25].

2.7 Statistics

All statistics were carried out using the software Statgraphics Plus ver. 4.1 (Manugistics,
Inc., MD, USA). Data was tested for normal distribution and homogeneity of variance
using the Cochran’s C-test. If necessary, data was log-transformed to ensure homogeneity
of variance. The data was tested by one-way analysis of variance (ANOVA). Differences

between treatments were identified by the Tukey HSD’s test at a 5% significance level.

3. Results
3.1 Growth and morphology
The growth of Ipomoea aquatica was affected by external NH,; supply and it was

significantly different between treatments (Figure la). The plants grew well in the
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medium with NH4" concentration of 0.5, 1 and 5 mM, but their growth was suppressed
when they were supplied with 10 and 15 mM NH,". Root length and root number of the
plants grown on 10 and 15 mM NH," decreased (Figure 1b,c), especially at 15 mM NH,",
and some dead plants and rotted roots and stems were encountered. Furthermore, high
NH," concentrations had negative effects on leaves of Ipomoea, producing small leaves
and the loss of some old leaves when they grew on 10 and 15 mM NH," and it was

significantly different from the treatments of 0.5, 1 and 5 mM NH," (Figure 1d).
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Figure 1 The relative growth rate, RGR (a), Root length (b), root number (c) and leaf
area (d) (mean+SE) of Ipomoea aquatica grown at different NH, -N concentrations (0.5,
I, 5, 10, 15 mM). Different letters above columns indicate significant differences

between treatments.
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3.2 Chlorophyll contents

Overall, Chl a, Chl b, total Chl a+b and carotenoids were affected by NH,"
concentrations and significant differences were found between treatments (Table 1). The
Chl a and Chl b were low in the plants grown on NH4" concentration higher than 5 mM.
The carotenoids decreased slightly in plants grown at high NH," concentrations (10, 15
mM) and there was a significant difference from the plants grown on NH;" concentration

of 1 and 5 mM.

Table 1 Contents of chlorophylls and carotenoids of Ipomoea aquatica (mean + SE)
grown at different NH, -N concentrations. Different letters superscripts between columns

indicate significant differences between treatments.

NH', concentrations

0.5 mM 1 mM SmM 10 mM 15 mM F-ratio

1.Chla(mgg'dw)  12.6£2.2° 132+1.9° 11.1£1.7%° 9.74£2.1° 9.2+2.0° 5.98%*

2.Chl b (mg g dw) 54+1.1°  5440.8°  4.5£0.6°  4.0+0.7° 3.9+0.9° 5.62%%*

3. total Chl a+b 18.0+3.3°  18.542.6° 15.6£2.3"™ 13.742.8* 13.1+2.8*  5.94%*

4. Ca/ Cb 2.440.1 24£0.1 25201 2402 2302 3.57
5. Carotenoids 1.940.3"  2.1+03"  2.0£0.3"  1.6£04* 1.6£0.3" 1.2%
(mg g dw)

* (P<0.05), ** (P<0.01)

3.3NH," uptake
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The NHy4" uptake rate of I. aquatica was approximately 50% decreased in plants grown
on NH;" concentration of 5, 10 and 15 mM and it was significantly different from the

plants grown on 0.5 and 1 mM (Figure 2a)

3.4 NH," hot water extractable

The NH," concentration in the plant tissue of both leaves and roots was lowest in the
plants supplied with 10 mM NH; and it was significantly different from other
treatments. At 15 mM NH,', the concentration of NH," increased reaching the same

levels as in the plants grown on NH," at 1 and 5 mM NH," (Figure 2b).
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Figure 2 NH;" uptake rate (umol NH;" g root dw h™") (a) and NH," concentration in
leaves (dark column) and roots (grey column) (umol g™ plant dw) (mean+SE) of Ipomoea
aquatica grown at different NH4"-N concentrations (0.5, 1, 5, 10, 15 mM). Different

letters above columns indicate significant differences between treatments.

3.5 Minerals
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Minerals concentrations were slightly affected by external NH," supply (Figure 3a-j).
Generally, total N concentration in leaves was higher than in roots, and the total N
concentrations in the leaves was significantly increased when the plants were supplied
with a high NH;" concentration especially at 10 and 15 mM. For mineral anion,
concentration of P in both leaves and roots was decreased. The P concentrations in the
roots of the plants supplied with 1 and 5 mM decreased by 18% and 36%, respectively
and were found to be significantly different from the treatment supplied with 0.5 mM
NH4". For other mineral cations (K, Ca, Mg), they were slightly affected by NHy4"

concentrations.
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Figure 3 Concentrations of N (a, f), P (b, g), K (c, h), Ca (d, i) and Mg (e, j) in leaves and

roots (mean+SE) of Ipomoea aquatica grown at different NH,; -N concentrations (0.5, 1,
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5, 10, 15 mM). Different letters above columns indicate significant differences between
treatments. (n.d. not determined)

4. Discussion and Conclusion

Growth of Ipomoea aquatica was affected by external NH4 concentration. As
demonstrated in the present study, /. aquatica grew well in a wide range of NH,"
concentration from 0.5-5 mM which corresponds to levels commonly found in
hypereutrophic water and wastewater from households or agriculture areas [26-27]. At
higher NH," concentration, the growth of the plants was suppressed and negative effects
on its morphology were found including short roots, small leaves and chlorosis.
Furthermore, old roots and stems were damaged particularly in the plants supplied with
NH," concentration at 10 mM and 15 mM. Similar results were found in other
free-floating macrophytes, for example Salvinia natans [28], Lemna spp. [29]. I. aquatica
has been used in water treatments and it has been intensively studied in East and
Southeast Asia because it is edible and people can use it for food and animal feed after
harvest. 1. aquatica has high content of crude protein and vitamin A and C [21]. Hence,
using this species in constructed wetlands under the influence from household and farm
lands could be a good way of reducing inorganic nitrogen and other nutrients from
polluted water. The ability of this species to exist and remove excess N from wastewater
depends on the type of wastewater. At high strength of wastewater from farmlands such
as piggery farms in which NH," concentration may reach 20 mM, NH;" would stress the
efficient N removal by this species even though NH;" was the preferred inorganic N form
for many aquatic macrophytes [8-11,30]. To prevent the plants from the NH4" toxicity
and maintain their high N uptake rate, dilution of wastewater to suitable levels for the

plants are needed.
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The NH," uptake of I aquatica was affected by external NH," concentration. In the
present study show that uptake rates were significantly decreased in the plants supplied
with NH4" at concentration of 5, 10 and 15 mM. Generally, the root is an important part
of plants for nutrient uptake. Under high NH4" concentrations, many species, including /.
aquatica, showed damage of roots [28,31-32]. The plants had short roots and a low
number of roots resulting in a low root surface area for nutrient absorption. Thus, it is
possible that 1. aquatica grown on NH," at very high concentrations may suffer from
nutrient deficiency caused by root damage, not by NH, uptake that also can influence

other mineral uptake [28].

Many free-floating species were NH;' tolerant, with their shoots exposed to light as
advantage. This is in contrast to submerged species in which the plants may suffer from
low light intensity in eutrophic water [33]. However, shoot of /. aquatica was affected by
the high external NH," supply, leaves of the plants decreased in leaf surface area
particularly in the plants grown on 15 mM NH," that also had loss of old leaves and
growth of new leaves was suppressed resulting in very small young leaves. The results
revealed that I aquatica can grow on wastewater with NH;™ as high as 5 mM and the
NH4" toxicity found in this species was small. Therefore we suggest that /. aquatica can
be used in high polluted water treating system in cases where NH, " concentration in the
polluted water is less than 5 mM in order to prevent NH," toxicity that lead to the plant
damage and nutrients returned to water treatment systems via submerged stems and rotted

roots.

Generally, plants fed with NH;~ had low concentrations of mineral cations K', Ca’",

Mg*" in their tissue (28,32). Many studies suggested that minerals deficiency is a cause of
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NH," toxicity symptom in some plants fed solely with NH;" [30,32,34]. In the present
study, we did not determine total N and other minerals concentration in the roots of the
plants fed with 10 mM and 15 mM NH,", but data from the plants fed with 0.5 mM, 1
mM and 5 mM NH," showed that the plants had small mineral concentration viability
both in the leaves and roots. Similar results found in Canna indica and Sesbania sesban
fed with NH, " that the changes in mineral concentrations were small [30,35]. Hence,
mineral deficiency caused NH,™ toxicity symptom in I aquatica was relative mind

compared to growth stunting and changes in shoot and root morphology.

In summary, external NH,;" concentration affect growth and morphology of Ipomoea
aquatica. The plants grew well in NH;  concentration as high as 5 mM which
corresponds to what can be found in wastewater from household or agricultural area. At
higher concentration, the growth of I aquatica was suppressed and some negative
morphological responses in both shoots and roots were observed. The plants had short
roots, decreased shoot and root number, small leaves and some rotted submerged stems
and roots were found especially in the plants grown on 15 mM NH,". Because of root
damage it affected nutrient uptake including that of NH,", resulting to a decreased NH,"
uptake rate but the effects on mineral concentrations in the plant tissue were relatively

small.
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Abstract

Growth, morphology, NH," uptake and minerals allocation in Salvinia cucullata Roxb. ex
Bory grown with different supplies of NH," were investigated. Plants of uniform size
were grown on a medium which is full strength Smart and Barko with different NH,"
concentrations (0.5, 1, 5, 10 and 15 mM) and incubated in a greenhouse for four weeks.
Salvinia cucullata grew well in the medium with 0.5-1 mM NH," with relative growth
rates 0.11-0.12 d” without presenting NH," toxicity symptom. With NH," concentration
above 5 mM, the growth of the plants was suppressed and signs of NH4' toxicity were
observed. NH," toxicity symptoms were obvious in plants supplied with 10 mM and 15
mM NH,". The plants had a low growth rate, short roots, a low number of roots and
showed chlorosis. Rotted roots and stems were also found in the plants fed with 15 mM
NH,". At high NH," concentrations, the plants operate low affinity transport systems
(LATS) for NH," uptake and showed linear responses to external concentrations that is
energetically cost associated with futile ion cycling resulting in declined in plant growth.
Furthermore, the high NH," supply had a negative effect on K uptake resulting in low K
concentration in the plant tissue, especially in its roots. Under NH4" rich water, the
external NH," concentration may stimulate growth of S. cucullata that may cause an
invasion of this species but at high NH4" concentration (> 5 mM) the plants may suffer
from NH," toxicity leading to plant damage and subsequent degradation of freshwater

ecosystems.

Key words: aquatic fern, futile cycling, NHy4 " toxicity, Salvinia cucullata
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Introduction

Since the mid-1800s, the industrial revolution and human’s activities have altered the
global environment. The increasing human population leads to high demand on both
terrestrial and aquatic ecosystems. Around one-third to one-half of the land’s surface has
been cleared for urbanizations, farmlands, which in turn alters the hydrological cycle.
Such activities impact the biogeochemical cycles of carbon, phosphorus and nitrogen. It
has been reported that human caused increase of nitrogen input into terrestrial and aquatic
ecosystem (Lampert and Sommer, 1997). Overall, the global nitrogen production of
agriculture fertilizers increased eight times (from < 10 million metric tonnes of N) during
1950-1990, and it is predicted to exceed 135 million metric tonnes of N by 2030
(Vitousek, 1997). The high N-load in aquatic ecosystem is thus very strongly affected by
humans.

Increasing external N supply and other nutrients to aquatic ecosystem cause
alterations in structure and function of the ecosystem (Smith et al., 1999). The excess of
nutrients can enhance phytoplankton and plant growth. The algae bloom can decline the
light intensity, dissolved oxygen that influenced on submerged species (Prepas and
Charette, 2003), while free-floating plants have growth form that can obtain enough light
and oxygen by hanging the roots near the water surface (Caraco et al., 2006). However,
the high nutrient loading still causes adverse conditions for the existence of these plants
in the ecosystem. Especially high N loads from farmland and water discharged from the

household directly affect plant growth and populations.

Many studies have shown that NH," is a preferred form of inorganic nitrogen for

many aquatic macrophytes, but at high concentration it can be harmful (Miller and
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Cramer, 2005; Cao et al., 2009a; Cao et al., 2009b; Jampeetong and Brix 2009b; Wang et
al., 2010). Plants’ response to various NH, concentrations is different among species.
Sensitive species show NH," toxicity symptoms such as stunting growth, chlorosis, rotted
roots and even dead plants in the water column (Britto and Kronzucker, 2002; Cao et al.,
2007; Cao et al. 2009b). A high NH," concentration is favorable and stimulates growth of
some species. Most invasive species responded well to a wide range of environmental
conditions, including variation in nutrient levels (McFarland et al., 2004; Hellmann et al.,
2004; Hastwell et al., 2008; Hussner et al., 2009; Owens and Smart, 2010). However,
there are only few studies of the effects of NH, concentration on invasive species
compared to the abundant studies on vegetable or crop plants (Schortemeyer et al., 1997;

Britto and Kronzucker, 2002; Roosta and Schjoerring, 2007).

Salvinia cucullata Roxb. Ex Boryis a free floating aquatic fern distributed in water
bodies around the tropics. The plants are fast growing and have a high dispersal rate
(Napompeth, 1989; McFarland et al., 2004). The record of this species is rare but it has
invaded several aquatic ecosystem like other Salvinia spp. Many species of Salvinia, for
example S. molesta, were stimulated by nutrient enrichment resulting of human activity
and that this creates similar problems in many countries. Dense mats of Salvinia spp. can
obstruct transportation, irrigation, hydroelectric production, degrade water quality and
altered species composition and ultimately ecosystem functions (McFarland et al., 2004;
Ensbey, 2009). These plants mainly obtain nutrients from the water column via the
modified third leaf, which resembles roots. S. natans grew well in a medium with NH,'-
N and the plants had a greater ability to take up NH;" from the medium through its roots
than NO;~ (Jampeetong and Brix, 2009a). Further more, this species can tolerate to NH4"

as high as 5 mM which can be found in household wastewater, hence, it was suggested
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that S. natans can be a new candidate for water treatments (Jampeetong and Brix, 2009b).
Knowledge of the increasing of NHy4" levels in the water column on growth and some
physiological characteristics of S. cucullata are still lacking but they are needed in order
to be able to predict impact of excessive NH;" on its population and distribution. The
objective of this study was to determine the effects of NH;" concentration on growth,
morphology, NH;" uptake and minerals allocation in S. cucullata. Results from this study
can be used to predict when and where that the plants become an invader or when it may
suffer loss of its biomass because of NHj  toxicity leading to degradation of the
environment under changing hydrological conditions especially by human activities.
Additionally, this information may help to find a solution or suggestion on weed

management program in the future.

2. Materials and methods

2.1 Experimetal set up and growth study

Salvinia cucullata was collected from natural ponds in Chaing Mai province, Thailand.
The plants were cultivated in the greenhouse at the Department of Biology, Faculty of
Science, Chiang Mai University, at a temperature range of 32-35° C during the day and
22-25° C at night. The light regime was appoximately 80% of full sun and the light:dark
cycle was 14:10 h. The growth medium was a full-strength standard nitrogen-free
nutrient solution (Smart and Barko, 1985) to which micronutrients and 100 pmol 1" of

KH,PO, were added. The pH of the growth medium was adjusted to 7.0.

For the experiment, the plants from the stock cultures (approximately 3 g fw) were placed
in 5 - litre containers (n=5) in the greenhouse. The experimental treatments consisted of

five levels of NH4;-N: 0.5 mM, 1 mM, 5 mM, 10 mM and 15 mM prepared from
prep
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(NH,4);S0,. The NH," concentration was increased in steps over a period of four days to
the final treatment levels. During the experiment the growth medium was changed, and
epiphytic algae were removed gently by hand every second day. All treatments were
arranged in a randomized complete block design to miniminze effects of environmental
gradients in the greenhouse. After four weeks, the plants were harvested and cleaned.
Then, the plants were freeze-dried to constant dry weight. The relative growth rate (d)
for each treatment was calculated using the formula: RGR = InW,-InW// (t,-t;), where W,

and W, are the initial and final dry weights (g), and t; and t, are initial and final time

(days).

2.2 Plant Morphology

After four weeks, the 3™ or 4™ set of leaves counted from the apical shoot were sampled
to record their morphology. Each sample was separated into roots, leaves and horizontal
stems. The root number was counted and root length was measured. Leaves’ surface area
(one side) was measured. Then, all part of the plants was freeze dried and their dry

weight measured.

2.3 NH," uptake

After four weeks, the NH," uptake rates were measured. Four replicates of similar sized
plants from each treatment were pre-incubated for 18 h in a container with a NH," free
growth medium under the same conditions as the growth study. After pre-incubation, the
plants were placed in a 300 ml beaker with 500 pM NH, -N. In each hour, 5 ml of water
samples were withdrawn for measurement NH, . The NH," concentration in all samples
was analysed using a modified salicylate method (Quikchem Method no. 10-107-06-3-B;

Lachat Instruments, Milwaukee, WI, USA). After the experiment (6 hours), all plants
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were freeze dried and the NH, uptake rate was calculated from NH4 ' depletion curve
p p

with linear regression analyses and related to volume and dry weight (DW).

2.4 Chlorophyll contents

The content of chl a, chl b, total chl a+b, and carotenoids in the leaves of Salvinia was
determined according to Lichtenthaler (1987). Freeze-dried leaves were cut into small
pieces. Pigments were extracted from sub-sample (approximately 10 mg) with 8 ml of
96% ethanol in the dark at room temperature. After 24 hours, the absorbance of the
extracts was measured at 648.6 and 664.2 nm using a UV-VIS spectrophotometer

(Lambda 25 version 2.85.04, USA).

2.4 NH, in the plant tissue

The inorganic NHy4" in the plant tissue was determined by hot water extraction. Freeze-
dried plant material was cut into small pieces. Five mg of dried plant material was
extracted with 15 ml of distilled water at 98° C in a water bath for exactly 20 minutes.
Then, the concentration of NH," in the extracts was analysed using a modified salicylate
method (Quikchem Method no. 10-107-06-3-B; Lachat Instruments, Milwaukee, WI,
USA). The absorbance of the extracts was measured at 690 nm using a UV-VIS

spectrophotometer (Lambda 25 version 2.85.04, USA).

2.5 Mineral elements

The concentration of total N, phosphorus (P), potassium (K), calcium (Ca) and
magnesium (Mg) in plant tissue was analysed in subsamples (150-180 mg) of finely
ground freeze dried plant material. The samples were digested by mixing with 7 ml acids

solution (concentrate H,SO4 1 L., K»SO4 100 g and selenium 1 g) at temperature range of
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100-330 °C. Total N was analysed by the Kjeldahl method (Hanlon et al. 1994) and the
concentrations of P, K, Ca and Mg were analyzed according to Chapman and Pratt

(1978).

2.6 Statistics

All results were analyzed using the software Statgraphics Plus ver. 4.1 (Manugistics, Inc.,
MD, USA). Data were tested for normal distribution and variance homogeneity using
Cochran’s C-test. If necessary, data were log-transformed to ensure homogeneity of
variance. The data were tested by one-way analysis of variance (ANOVA). Differences

between treatments were identified by Tukey HSD’s test at the 5% significance level.

3. Results

3.1 Growth and morphology

The growth of Salvinia cucullata was significantly different when supplied with different
NH," concentration (Fig. 1). The relative growth rate (RGR) of the plants grown on NH,"
at concentration of 0.5 mM and 1 mM was not significantly different, but at higher
concentrations of NH,', the RGR of the plants was significantly lower. High NH,"
concentrations affected both root length and root number (Fig. 2a, 2b). The plants grown
on NH4" at concentration of 5 mM, 10 mM and 15 mM had shorter roots and fewer

numbers of roots than the plants grown on 0.5 mM and 1 mM NH," treatments.

3.2NH," uptake rate
The NH," uptake was significantly affected by the external NH," concentration (Fig. 3a).
Interestingly, the NH4" uptake rate was significantly higher in the plants grown on NH,"

at concentration of 5 mM, 10 mM and 15 mM.
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3.3 Chlorophyll and carotenoid contents

The contents of chlorophylls and carotenoids were affected by external NH," supply
(Table 1). Both chlorophyll a and b was significantly different between treatments. The
highest amount of chlorophylls was found in the plants grown on 0.5 mM NH,, and the
chlorophylls were decreased when the external NH," concentration in the growth solution
was increased. Similarly, the carotenoids was significantly higher in the plants grown on
0.5 mM NH," whereas at higher concentration of NH,", it was decreased in the amount of

carotenoids.

3.4 NH;" in the plant tissue
The amount of NH," in both leaves and roots was increased when increasing external

NH," concentrations and it was significantly different between treatments (Fig. 3b).

3.5 Mineral contents

Overall, the mineral contents were affected by external NH," concentration (Fig. 4a-j).
When external NH, supply increased, the total N was significantly reduced in leaves but
increased in roots, particularly in the plants fed with NH,4" at concentration of 10 mM and
15 mM. Similarly, the concentration of K, Ca and Mg in roots was significantly
decreased in the plants fed with 10 mM and 15 mM NHy4" and it was small effects found

in leaves.

4. Discussion
The relative growth rate (RGR) of Salvinia cucullata increased to the highest values

when the plants were supplied with 1 mM NH,", this level of NH;" also stimulate growth
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of some species of aquatic macrophytes (Monselise and Kost, 1993; Jampeetong and
Brix, 2009b). At concentration of NH;" higher than 5 mM, the growth of the plants was
suppressed and at the same time negative effects on root morphology was found. The
plants had short and few roots. Generally, at NH," concentration at which the symptoms
of toxicity appeared most plants showed low growth rates, had short roots and some
plants present cholosis (Britto and Kronzucker, 2002). These symptoms were obviously
found in S. cucullata, especially when the plants were grown on NH," at concentration of
10 mM and 15 mM. Similar results were found in S. natans which tolerated NH4" up to 1
mM but this species can grow in the growth medium with NH," at concentration as high
as 5 mM and the effects of high NH, " concentration that occurred in this species were
relatively mild (Jampeetong and Brix, 2009b). There are only few observations of the
effects of NH4  concentration on aquatic macrophytes, however, the tolerant species
commonly showed NH," toxicity symptom when the external NH," supply reached 1-5
mM (Britto and Kronzucker, 2002; Cao et al., 2007; Cao et al., 2009a; Cao et al., 2009b;
Jampeetong and Brix, 2009b; Wang, 2010). Tolerance has been documented in many free
floating macrophytes for example Azolla (Kitoh et al., 1993), duckweeds (Wolffia,
Lemna, Spirodela) (Caicedo et al., 2000; Monselise and Kost, 1993) and Salvinia
(Jampeetong and Brix, 2009b) but in contrast to submerged species they show damaged
leaves or rotted roots and dead plants when they are exposed to high NH4" concentrations
(Litav and Lehrer, 1978). Under high N loading condition the free floating plants may
have advantages over the submerged species which leads to decrease in submerged
populations and subsequent changes in species composition in such as aquatic
ecosystems. The present study showed that external NH;" concentration especially at 1
mM can stimulate growth of S. cucullata, thus in mildly polluted water (NH; -N < §

. . . + .
mM) this species may become a successful invader. However, NHs enriched water



96

(NH;"-N >5 mM) could be a stressor for this species to survive leading to plant detriment

and cause of environmental degradation.

In tropical lakes and reservoirs the water column is a main N source for root uptake of
free floating macrophytes including Salvinia spp. Generally, there are two transport
systems operating ion influx across the plasma membrane of root cells: high-affinity
transport systems (HATS) that mediate uptake from relatively dilute solution, and low-
affinity transport systems (LATS) that function at higher external concentrations and
show linear responses to external concentrations (Britto and Kronzucker, 2006). In this
study, interestingly, we found that S. cucullata grown on NH," at the level of 10 mM and
15 mM still had a high NH," uptake rate. At high external concentration the high NH,"
influx and concurrent high NH;" efflux can occur and lead to futile cycling. This
phenomenon takes a high energetic cost (40% increased in root respiration) resulting in
declined plant growth (Britto et al., 2001; Kronzucker et al., 2001; Britto and
Kronzucker, 2006). Contrastingly, S. natans had decreased the NH4  uptake rate when
they grown on NH;" concentrations higher than 1 mM. Similar results were found in
tolerant species, for example L. gibba (Korner et al., 2001), rice, Oryza sativa (Britto et
al., 2001) and common reed, Phragmites australis (Tylova et al., 2008). The study by
Wang (1994) showed that rice lowers the membrane polarization with increasing NH,"
provision and thereby decreases the influx of NH4" into the roots. This ability prevents
NH," accumulation in the plant cells resulting from cytosol pH disturbance that is a cause
of NH," toxicity in the sensitive species. However, other physical factors except external
NH," concentration can affect the NH," uptake of S. cucullata. In tropical area the plants
may cope with high temperate and light intensity especially in the summer, the further

study need to determine effects of these two factors on the NH," uptake of this species.
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Increased knowledge of this species may help to predict plant population as well as
indicating where Salvinia may become problematic based on water quality parameters
especially nutrient level.

Salvinia 1s well known throughout tropical and temperate regions of the world as
an invasive species (McFarland et al., 2004; Al-Hamdani and Ghazal, 2009). It has been
reported that both chemical and biological control were used for Salvinia management,
but using pesticide is not ecologically friendly. Reversely, plant application as bio-fillter
and nutrient removal in wastewater treatments are currently another option that is highly
beneficial. Some species of Salvinia have been used in various constructed wetlands for
wastewater treatment (Olguin et al., 2003; Mohah, 2006; Eugenia, 2007). It was
documented that Salvinia spp. had a high N removal, resulting in high N and protein
contents in the plant tissue makes this species ideal for use as a feed animal or fertilizer
after harvested (Leterme et al., 2009). However, under high N loading especially in
anoxic condition, NH," is predominant form of inorganic N the plants may suffer from
mineral deficiency. S. natans grown at 10 mM and 15 mM NH," decreased mineral
cation in the plant tissue and increased concentration of anion leading to cation-anion
imbalance (Jampeetong and Brix, 2009b). Similar results were found in the present study
showing a low K content in the plants grown in the medium with NH," at concentration
as high as 5 mM and it dramatically decreased concentration of K in its roots when the
plants were supplied with NH," at concentration of 10 mM and 15 mM. K deficiency and
other cations imbalance explain NH;" toxicity symptoms in plants supplied with high
NH," concentrations. Thus, high amount of NH," discharge from household and
agriculture area into natural water bodies may cause decaying plant material leading to
degradation of the environment. Management strategies to reduce nutrient input are

needed in association with conservation programes for example using wastewater
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treatment technologies together with wetland protection would help to improve water

quality and reduce the potential for proliferation of this species.

In summary, external NH4" concentration affected growth, morphology, NH4" uptake and
nutrient concentrations of S. cucullata. The plants grew well in the medium with NH,"
concentration of 1 mM, but at higher concentration growth of the plants was suppressed
and they had short and few roots and chlorosis of leaves. At high NH," concentration the
plants operate low affinity transport systems (LATS) and showed linear responses to
external concentrations that is energetically cost associated with futile ion cycling
resulting declined in plant growth. Furthermore, mineral contents in the plants tissue,
particularly K concentration were dramatically decreased in plants grown on NH," at
concentration higher than 5 mM. In natural water bodies with levels of NH," up to 1 mM,
this concentration may stimulate growth and can be an important cause of invasion, but at
higher NH," concentrations the plants may suffer from NH," toxicity leading to plant
decay and degradation of aquatic ecosystems. It was suggested that water quality control
by reduced nutrient input to the water bodies is a strategy can be done to govern the

population of S. cucullata.
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Legends to the figure

Fig.1 The relative growth rate (RGR) of Salvinia cucullata grown at different NH,"
concentration (0.5, 1, 5, 10, 15 mM) Different letters above columns indicate significant

differences between treatments.

Fig. 2 Root length (a) and root number (b) (mean+SE) of Salvinia cucullata grown at
different NH4' concentration (0.5, 1, 5, 10, 15 mM). Different letters above columns

indicate significant differences between treatments.

Fig.3 NH," uptake rate (umol NH;" g™ root dw h™') (a) and NH," concentration in leaves
(dark column) and roots (grey column) (umol g’ plant dw) of Salvinia cucullata
(mean+SE) grown at different NH,4" concentration (0.5, 1, 5, 10, 15 mM). Different

letters above columns indicate significant differences between treatments.

Fig. 4 Concentrations of N (a, f), K (b, g), Ca (c, h), Mg (d, 1) and P (e, j) in leaves and
roots of Salvinia cucullata (mean=SE) grown at different NH;" concentration (0.5, 1, 5,
10, 15 mM). Different letters above columns indicate significant differences between

treatments.
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