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ABSTRACT

Hydrophytes such as Spirodela polyrhiza form dormant turions to withstand cold winters. The turion is an anatomically
distinct structure from which a vegetative frond arises later during germination. The turions sink to the bottom of the
pond when temperatures drop and remain there throughout the winter. In the spring, they float to the surface and germi-
nate into a new frond from the turion primordium. Unlike fronds, turions are known to possess small aerenchyma, starch
grains, and relatively dense cytoplasm. These features allow the turions to survive the cold winter season at the bottom of
the pond.

Soirodela polyrhiza has been investigated previously to a great extent, especially in its physiological, biochemical and
ecological attributes. However, a little is known about the structural features of the frond and turion during turion deve-
lopment. Thus, the aim of the present study was to reveal the structural characteristics of the frond and turion with regard
to tissue differentiation, aerenchyma development, starch distribution, and ultrastructure, with the use of electron micro-
scopy.

A moderate degree of mesophyl| tissue differentiation was found in the frond, whereas the turion did not exhibit such
differentiation. Within the frond tissue, approximately 37~ 45% of the cellular volume was occupied by a large aeren-
chyma, but only 9~ 15% was taken up by the aerenchyma in the turion. The turion cells, especially those of the turion
primordium, were derived from frond cells, and contained cytoplasm. Their cytoplasm was densely packed with plastids,
mitochondria, endoplasmic reticulum, Golgi bodies, and microtubules. Plasmodesmata were also well developed within
these cells.

The most striking feature observed was the distribution of starch grains within the plastids of turion cells. Before the
turion sank to the bottom of the pond, a considerable amount of starch accumulated in the plastid stroma. The starch
grains dissolved when temperatures rose in the spring, and this promptly provided the nutrients which the primordium
needed for turion germination. The turion therefore, was an appropriate dormant structure for free-floating, reduced
hydrophytes like Spirodela polyhriza due to its small aerenchyma and large starch grains that aided in the purpose of
sinking below the surface of the water to survive cold winters. The new fronds that arose from such turions grew rapidly
in the spring, beginning the new life cycle.
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AEA L] 4R == A
(hydrophytes)& %-4F
37] Sl o, e, 7]
Aoz gefsA= fAAdE Ao (Kim & Kim, 2000;
Lee, 2004). =3, A1 8A) WA= 55373 43 2 4
Fol B4AQl T4 o] dofi} Ag) W] 44
Age welo|A &, dule] ol=rl7bd AEA A B
7124 (aerenchyma) o] 2 ko] Y ELIXH A4 H ]
B7)&2A2 <A g AlZ7 2H (intercellular spaces)
of Werstel AEA Wz ALY slamP P $qe)
715 w87l flE AEE SestE 3oz (Lee
2004), A& Foll wet AlEA WellA AAE= A - e] o
oFslt 7oz oz glt}(Sculthorpe, 1967; Lemon & Pos-
luzny, 1997; J & Kim, 2002).

Nge 7lgo] Welrbe & Al dulstel A2Ae
e ARG 543 F2E5 A5k FHAAHE
FAT DA A Fae) Pz AL Y ohd
A Ame AAANE 98 BAzA o e 5o 7=
ol BEshe] ke Agzzle] ZFold WA
A S $AE T Ay SR £ 9
Zo] A9l Zo}(turion)e} 72 ZEIJ Fx=
WAl fAs AR Ui 2ANE F
7k w2 A s AR G713l o AhAE
Z2A)7)= oo 2] (vegetative reproduction)e] ¥l o g
932 JfAS 23 (Landolt, 1986; Ley et al., 1997;
Appenroth, 2003). o] 59] E4Fl AL ALl Fole
FABte] FH7] o] F vtz A AN 4 gle] AEA
A& (lifecycle) 51 Aol v To3F AaE 3t (Sba
saki & Oda, 1979; Kim & Kim, 2000; Reimann et a., 2007).

Tt o] 24 8 Azel: Qubdoz whd, A
A, 'p3hE 5o ooFEAe] A E o] ol A B’ o
of-o = ALg-3teh(Fahn, 1990). Zobes] W= okEd
o] AAE o] glom o]F B A7 wEt Z o]
Z welt(Smart & Trewavas, 1983).

AFee] ghobe 7leshd A FudHE fAses
she pANES) FRTE P4 9 w2 48
g mEAsgloz A oA gl (Smart, 1996). 53], &
W) kA 2 weke fEshe 22 2hoht A
A B4l N3 DTS AR Aoks ol g3ke] A%
Ho= o]Folx1 gjc} (Newton et al., 1978; Smart & Tre-
wavas, 1983; Chaloupkova & Smart, 1994; Ley et a., 1997;
Appenroth, 2003). F17] o] Fol = 7| eAlso 2 Holr} 4
7] (primordium) 2 58] e}sle] 3/43A| (frond)7} 71413kt
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o} - (Smart & Trewavas, 1983) == EX] m}lAle]] o]3t
3} o7 (Appenroth & Bergfeld, 1993) Sol|A] Zrole)]
5 Fx2A dgo] iEH ez By v glonvt
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Aol AHE-E 7l 72w (Spirodela polyrhiza)>- 74
Z3ARA] FEA ol AT HFEA] F TSGR FA

5 AlEst st el MAse AlE= 20074
10494 A] 2008y 5%l A 6 x}# sampling® ¢t} =
A e} Aol FAE T e AT AEA F A
Al Aoz FEH Feks AFH st thedt Ze] A
of] AF8-3}dct.

FAAE A o2 A7d AT QA 2 et
o] A& Aof|A] 3% glutaraldehyde g} o2 3417+ A
A (prefixation)st 3 0.1 M sodium phosphate buffer (pH
6.8) &l oz 158K 33] A|H3tH(Kim & Kim, 2000).
A X g A8 2% aqueous OSO, 2 4°Col|A] 2~24X|7F %
ol = 31A] (postfixation)ale] E< bufferz 1524 33] A
A=k A E A5 10% acetones Al=toz 10% A
& s gdeaA4s ARG o|F o]F A2 liquid
CO,ell 23 AA 7% (critical point drying, EMITECH
K850)2 7A °F 20nme] 4= (Pt coating) & 31 F
sty et Qa7 9 FAME] 24 Hitachi S-4200
SEMe 2 20 kVelA] A= . o] 5 Fall Zed¥l image
datax= PCI programel 1235l 3 image processing= 73
vl A= Ao

FHAzER ez AFd A5 SEM W &
J3t 1A 2 e4AS 71x acetones} low-viscosity resin
| A ¥z EFE o= Z7 WA A9
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rotator Abel|A] %] 31 37, 100% Spurr resin £ o 7 2 E4]
71 % 2ol = et 2o gl A8 65°C 7127] WellA] 484
7+ Zot =373} (polymerization)¥ % resin block o2 A
ztE)ode). A1 2H5 resin block-2 Reichert Ultracut-S ultrami-
crotomee 2 05~1.0um FupPg¥H (thick section)& 9=
% 0.1% Toluidine Blue £ o = <9I Msle] Zeiss 343t3ln]
738 B3l 2bdH oz ARSE 2AE AT Ak
fine trimming 3 diamond knifez. 60~ 90 nm =14 3 (ult-
rathin section)g A|ztste A2tel =uPd -2 100-mesh
copper grid2 271 & 2% uranyl acetate?} lead citrateol] A
747} 453 53t o5 (double staining) = $iwt. o]# 3k 3}
e AR 2R F77) 249 LATY B TAIE ]
Hitachi H-7100 TEM-& o]-8-8}o] 75kVell A ¢l 7= <le}

QA S} ot o )220 wepge wmshy] 913}
o] 9]¢] resinblocke2 0.5~1.0um FupdHA-E A|z2}ks}s]
o} A zkgl 3ubd e 0.1% Toluidine Blue 9902 30%
SAAsle] Carl Zeiss Jenalumar F3tsin]7 o=z g F
A5zA o B712Ae 2Aseh A % Aol
wba Lebol= Algh A) 742t 1004 2 Lelol= djol
10~ 157} e]iFe] AHEo] =3HH 7 sF3dc}. Jenadumardn)
73& =3 &= & photomicroscopy”} A A% image data=
image processing2 7 A v]w AF= gk

z 3

d Z717F wEske Ao ez AR ey
2 10~15mm W] 9] vj$- FaH A EAZ o] £} (Fig.
1). o] & Al2AE 25 709 X2 WAEe A I3
=53, B el $1x3 w2 (meristem) 2] A=
el 2l Frelrt FAEH (Fig. 1) o] Eo] Fe|=e] A=
+ AEAE PAse odopuAe] Woz HAFAE 8
Ak A 7)ol "WoR|7] AlFtsle Rrbee] =W
AAfe] e A1 ALE F F e 553 F ] A
obZ Al Frol= AN EEHAY =il et
A E&om A7Fstdvt(Fig. 2). 71 sh7shd =miat
A W Edzzozre A% zbo}l7] (turion primordi-
um)7} A stE o] AAFsl7] Al=tsled vt (Figs. 3-4).
Lol AAFl ZAA el oln] 2709 Frelsd
717} A =] glom UdRE mARA] el AAET =
319let (Fig. 5). G&x2lo] 79 E3=A| o2 otz
ol A= 2ol 2k 21350] A5 F FrizAe=
Heol 3822 AHe] o 9~15% x}A| st (Fig. 6) A%
A MM = Br|ZA] o] 2 bdsle] A xe] oF 37~45%
£ AP M EZ7FFo] FAE G (Fig. 7). AAzA o=
23lg Abv|e}l Br|zAle] 2 whdy slu|2 o] Foixl A
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AZAR) A9 e AASE A xe] Wz A
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= ghold7] ) AZele AZAe] wg ADa 22l
Ak (Fig. 9). Aober)e wozr)us Axde 94
Alstah (Fig. 10) A4A) 714e] A48 o2 %2e 543
ek 444 Folrl Auy Jopeiz wUe A4}
A5} 7o) AT Aekar Welw Hoe] F439)
o ZQAAl A Belsle] el Hulshs Fobd) Eel
AaAlel Bepel wde FHsE Folzde] 4L 5
PR BERAZ N A2ANE S 2 wTE 343}
A3 (Fig. 10) 24 AAle] Beke] o] F5slo] Fopol
AN A% Fx= wIedc

B15E pasks 9ISt 99 Aol ARTE

7 trobe AholxA] AA A Wk &=
2 MEzEdo] AP, 24 el Ed5Ed F2 Al
xE5o] &3] AAF A (Fig. 12). #3kz27]9] Fop £ )
A= FAA, 2ZA, A2A, vA LT 5o A"E HEs
7|FER o] Foix MEY HEE 2 AHE FAFAT
(Fig. 13). Fropr| 0] = & 5oz S Ee] 230
2RE vle] Y B30 V5o ehlS FH= A 2
o] ZrolHZ o= whde] Hafo \
Adg e 25 PAste] vhdA 2 - 14).

7o) s el HW zFelxzl W JAHA 47]
(frond primordium) 7} wj-$- w2 &£x=2 Y28 s A3} o)
etz iE FAE AL dSAHAZ W =2zt S
Z areralglet. gk, 2k Alzd B2 o] wWEly|
AlFFeiA Al zde Az F92 Heu dert delx]
3 QA B SR ER3kdo(Fig. 19).
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2005). 13} et A2 BRRsdA A E (free
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ofol] 23t ghilst oo o= A7} -2 ¥ v} (Sibasaki
& Oda, 1979; Lee, 1996; Appenroth, 2003). €& 2]o}, %
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dela polyrhiza), E<=*|wn] (Myriophyllum verticillatum), £}t

we FANES FARY ohlet )
A=Y
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(Utricularia vulgaris), 2% (Potamogeton crispusem) S-¢i] 4|
B 3Ee] gl (Sculthorpe, 1967; Appenroth, 2003; Harada
& Ishizawa, 2003; Jian et al., 2003; Lee et al., 2005; Weber &
Noodén, 2005).

kel P4 R dolabg e LY Fol w9
A& YeldT} (Sculthorpe, 1967; Tobiessen & Snow, 1984;
Leeet a., 2005; Weber & Noodén, 2005). % 2] &A H&
of QA pelz FYR AT A5, olEe) 94
A el TC ostz Welkd A4S & 4 gl 94
A W Fold7|2RE Fels IR F A7t
gt} (Sculthorpe, 1967). A7}%l 7H—,—aﬂl_@] Zrol= Ho|
A%e] & SN dF A2 AL & Fo
W EdzAellA 7]dshe A %717} A& A8
(Smart & Trewavas, 1983; Appenroth & Bergfeld, 1993). 1t
w, Potamogeton F3 22 A3 ohE SR A9
12 ol mAEAzRE Fold e Fholr} g
Wshy 7 el ohes] Bl AHA delsl A o
Zrol whetz}A]-S 3o} (Tobiessen & Snow, 1984; Lee et
al., 2005; Weber & Noodén, 2005). 181} #role] Al o
olsba o] ol met Aolsteleke g SRS F
oh= IRkl 448 olgsu &4 BAue feY
SFB7N ABAL) AN 2 T S
o2 o= Sl (Leeetd., 2005). o] 3 EA oz o}
Feclelv 27le] ZhFoAH Uik oz eAY3l

geie A3 Qe Aoz &

-11:
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o (T
LA >i r

PR FANES NEA =78 ARgle] o
RE FrlzAo] Paow B wdso] ng)ew 33
H A5 B ST S dEs FrHoz pang
(Sculthorpe, 1967; Raven, 1984; Lemon & Posluszny, 1997,
J & Kim, 2002). | Z7+52 4229 AA 7} f‘%vﬂ 571
2oz ey 2A4E Q2o B Py A
Sl Be BAEAE o)Rn Bl Adehe W Ee o
W oz SAAE AHe] 30~60%e o]27]7kA] ot
(Kim & Kim, 2000; J & Kim, 2002; Lee, 2004). Smart & Tre-
wavasell o3 433l abscisic acid frxoll 2|3 FholA]
A7l AT QAN F7) 20 A A
o} 28%, Ao} v AMe] o 12%% AN} wwHo]
olet. e, 2 AFelME d4Ael 43 Figs 6~ 7ol A
9} zro] Br)zAo] Ag2A] AA | 37~45%, FrolzA ]
9~ 15%= x}A|5l= 7oz FAFE o] E7)x2%] A2 nH]Lo]
Smart & Trewavas®] A9} F# 3 2}o]= Jehfz ¢lo
o]e g ol Smart & Trewavas 7ol AHgEl 7} 72
w2 BA 222 abscisic acidel] Q)3 A3 ow f=
9 Fr)zdelnz Aoz WA oz ¥ 4
glek. i, = AolA ALgE ATet AEAES Ad

NAA A AR AFeR AzolmR 2 ApelAe] o

A 8 Aotz v B7)2Ae] Al | AT 4 9
A2 Az,

Qo 2olol Wale $AAE el AT 7B
7124, A4 9 SRz Fol WEat (Lee, 2004). )
TR QAL A9 AP EA 71 Fel B o
%

)

=
g2 Az Az “‘Eﬂ A4 ;Lo} F57)5el 4
A Fze Wehe W, G E Welle LA, FA
A, vlEzEe)o}, x| Fe) Hli_Jl%l 2} ks o]
AzA Aeg ¥/ she] o) F Aol Ape Tz WY
ek 53], golel = Fig. 11649} o] 27 A A2eA] 7]
Ao wi-g- Z o] AAE ] AxEET} B A Ho
A7 el foldt 2= E3teo.

A B FAEA s oJFEA ] AAE Sle]
FTAPE HelsiA] S AEAZ @ d7bA] o AlE
Aol Fekis FFE 4 A=t (Limeta., 1992). FxH5 3
A g 2 qTEE I Fots
A ste] FrotzA] el FE-& AAsla, Frol= WoprfA]
A% Fhol el FAtelz e G4A A7)l §] HEe]

FiEs TES] ol F ALd AR Ao T
AREAL F2 weIHE, A, AW 5 olaL, o %E
42 71R-0] Al Bl A whl AR, 22 A, A o] e
=7 o} (Fahn, 1990; Lim et a., 1992; Lee, 2004). Jx =
Al M ko] ZAxFHe] 50~80%E A}A5h (Mause-
th, 1988) A A& FrofzAel| oiege] H@54 w3k By
=3 9lo}h(Smart & Trewavas, 1983; Weber & Noodén, 2005;
Reimann et a., 2007).

FotzA] Yol = dubsog o] e} glort of
E BLS ANl e 2 el melt(Smat &
Trewavas, 1983; Harada & Ishizawa, 2003; Jian et a., 2003;
Lee et al., 2005; Weber & Noodén, 2005). 7§21t Zo}e]
Bl Foll7)ol e Aad) W we] =7)7) o}
ARAR A5 S99 w2 ws A YAH oz
Aol ojckEA o] o] Pejz A gl A
A, A 72 g AAEARG o]5o] E © {7
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ga9 4 Q) Wgeleh gobra] ) GorEAe ALl
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= E92 ¥2E 4 A =k (Landolt, 1986; Appenroth,
2003; Reimann et al., 2007).
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o) vk ZAse] glek AuA, A, Az Ao BN = 47 Bl Alehekel FUAHE 4AT S A How &
A 543 e oz steldch s 2ol doke B el oleh SHE A F5E Y Y WY 24E e o
AzAe] nEe 0, Azde] Fo UE, w0l vt 4 5 AAW AT ARA) Foke ol T4 SHoz g4
o2 9] UES ol ol ALE RSl FASA T o) P 289 S G} ALY ) 4T Farh A
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Aoz o] WA S ATLEE 24
Aol Wos B % 0E Astsie] 24 Aee] b ke otk
HA7E g e geladl $4 248 Jl) T A

FIGURE LEGENDS

Fig. 1. Plants of Spirodela polyrhiza consisting of a mother frond (MF) and a daughter frond (DF). Arrow indicates a frond initiating turion
formation.

Fig. 2. Some turions(arrows) separated from the fronds, and some still attached to them (arrowheads). Bar=5.0 mm.

Fig. 3. SEM image of the mature plant exhibiting a mother frond (MF), daughter frond (DF) and turion (T).

Fig. 4. A turion submerged at the bottom of a pond. U, upper epidermis.

Fig. 5. Two turion primordia(TP) within afrond. A, aerenchyma. Bar=50um.

Fig. 6. Small aerenchyma(arrows) within turion tissue. Bar=25pum.

Fig. 7. Expanded aerenchyma(A) within the mature frond. Bar=25um.

Fig. 8. Turion primordium (TP) within the mother frond (MF). Bar =5.0um.

Fig. 9. A glancing section showing part of the mother frond cell (MF) and turion primordium cells(TP). Bar=8.0um.

Fig. 10. Numerous plastids (P) in the turion cell during early development. Bar=2.8um.

Fig. 11. Abundant starch grains(S) accumulated in the plastids. Bar=3.5um.

Fig. 12. Numerous, uneven cell divisions(arrows) observed between turion cells. N, nucleus. Bar=2.0um.

Fig. 13. Part of two turion cells exhibiting dense cytoplasm. Arrows indicate numerous plasmodesmata (arrows) between the cells. G, Golgi
bodies; N, nucleus; P, plastid. Bar=666 nm.

Fig. 14. A centra vacuole filled with tanninferous substances forming the tannin cell (TC) in the turion. Bar=3.5um.

Fig. 15. A daughter frond showing well-developed aerenchyma (A) and a large central vacuole (V) within a mesophyll cell. E, epidermis.
Bar=3.3um.
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