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Secondary aerenchyma formation and its relation to flooding tolerance of plants : Satoshi SHIMAMURA
(Department of Field Crop Research, National Institute of Crop Science) and Toshihiro MOCHIZUKI
(Faculty of Agriculture, Kyushu University)

Abstract: The two types of aerenchyma are classified according to the formation mechanism, that is,
primary aerenchyma formed in fundamental tissues and secondary aerenchyma differentiated from
phellogen (secondary meristem). The term "aerenchyma" was originally given to secondary
aerenchyma, and its morphogenesis has been researched from the beginning of the 19th century.
Secondary aerenchyma is homologous with cork tissue and consists of white spongy tissue structured
by living cells with non-suberized walls. It is continuously formed in the stem, hypocotyls, tap root,
adventitious roots and nodulies in plants with flooding tolerance under flooded conditions. It plays a
role in lenticels entering atmospheric Oz into the plant at the stem base and transports Oz to
underground tissues. In the flooding-tolerant legume plants, O2 for respiration and N2 for nitrogen
fixation are transported to nodules through aerenchyma at the same time. Although the research of
the formation mechanism of secondary aerenchyma and its function in aeration is at the fundamental
level, it is expected that further progress in the research will lead to a better understanding of how to
improve flooding tolerance of crops.
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FNEBICOEA 53R ELTLEY. @
FOBEWI, BXHEBOREIIL>THATS

ZEMRTX B B/, 1975) . BAEEDOES
MBS HENREEL, hE2@ U THARK

WL o THEUBRBEORIT OBRIENHEAT O
H TS S D T, IRITERBEER A
75 ZEMTED. —F5, PARYITRSHRE
DREFEREN/DENTZDE, HARTORIGEER
MR AREETHSD. 1T, BKHEBITHEAK =

LT3 (Smirnoff and Crawford, 1983; Justin and
Armstrong, 1987; Crawford and Braendle, 1996) .
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PIUCAE C B AE MR OIS 7 e 777 I
Rt (programmed cell death) IZ KA HDTH B
TEBHLMNIENRTWA., —F, TREAM
MBI L TIdAE - ARFERFRII RV b D

D, 19 AR RBELE & T LIS T bR,

WHETIXSY A Rg O~ ABRHEDIC bk G
TTCERINDZEBHLNMZIR TS (B
B 5, 2000; E#&t&, 2001; Pires et al., 2002) .
—WRIBERAEREICEE L CIXS RO IEER MR
BARINTWVWEDT, AT ZRERER
BT AMEIZONTRANTS. od, K&
S HAHE % floating tissue, aerenchymatous phellem,
spongy tissue , lacunate phellem, secondary
air-tissue 78 K E AT A Z LB H BN, AR T
I TWRBRMEEE (secondary aerenchyma) (ZHE—
L.

2. ZREBESHEBOREICIOVT
IE& MR (Asrenchym/ aerenchyma) | &\
I HFEIESH & B & Schenck (1889) 23R L 7=
LDOT, aAIEREIOHMLL, BRFREL
TO®RENZR-3/HE&, T2bb T kESHER
ZH LTV, & Z A% Haberlandt (1914) 23,
MBS & W) AERAFORIGE LY
HAEREFHI W LRI FRR SIS0 D iim T 5
DHPZHTHDHEERLIZZ 0D, BEAHE
WIZFERR S, BRRDHEE %2 B s HER
(—RBSHEE oW THLBRSHEB RSN
% X 91272 -7~ (Smirnoff and Crawford, 1983) .
Z 2T Arber (1920) i, BAFHIREBEWRELEF
TR BeDIan s B b ZIRBNIIERK S
nor@ETMEEEY [ —EKHB (secondary
aerenchyma) | & M52 & & L, Fraser (1931) ,
Williams and Barber (1961) , HP§ (1975) , &
9 5 (1990) 33 & OX Jackson and Armstrong (1999)
HLIOMNHEREL WS, B LEXMER
DOHBIZOVWTHER L TWAEREELLD &,
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F1R SXAADFVUIDEICHETI_RBSME

B (BHFER).
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3. VH#HLIZHE TS AREROBRREN
1) ZRESHEGORINOHE

I AFCEY Y (Neptunia oleracea) 13~ A F
2B T ARIEEOKEM T, TOT, T7Y
ABLOHR - BT AU HOBEHHIZHAm L
TV % (Windler, 1966; #3F, 2002) . Z D
DEIITFERRBEDOAEAR Y VI (F
LX) BHEETSZENEDLE 200 FATICH
HEhTWwW5 (Humboldt and Bonpland, 1808) .
Humboldt & D #E T, Z OO ERRIC
DOWVWTHBALNIZIR TV RWNR, %I
Rosanoff (1871) 5 X UY Metcalfe (1931) 725, #i
OB R Z1ER L Car 7 BB LK
ENBZEERE L DD, BETHE KR
BREBE RS TwW3 (Arber, 1920; Kuo,
1993; Sculthorpe, 1967) . fit->C, Humboldt &
OHEP RO _RKBIHBOBEEFTH S
EBRbhD. Uk, ZREKMBBROERNZ <
DY) CHREGR SN TN D.

2) ZRBREBOESE

Schenck (1889) % 33 DN F-IEHEM =D
T, FRFNCER S D ZRES O
GRFE2BRL, ToBRICE-oT2BEIIYE
LTWa. —2, B FraicET 5L,
fLAE 2 FLG PR ICEL Y BT e IR RMERR D 2
HofEa»OER IS, MEBED RKER

F2R

A Ludwigia peruviana®d . 8 B4&E (Schenck, 1889
FYWE).

B, Sesbania aculeataiB : EHMKEE —BESHE
BEBET2MBICEENEIM, £HBTHS
Z&EERLTLA (Scott and Wager, 1888k& Yk
).
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HMETHD E2KA . bIHI—DF EDWE
FRRRICEREI L ZRBRMETHD (B 2
K B) . MW LI BERE IR £
HOoN—FDO_RBKABOPER END Z &
b, ZTOBRITECHICRESNRTWDERED
NnB. Lo, Epiobium hirsutum X 51T, 2
EHEO _RKBESHEP BRI bOLHD
(Batten, 1918) .

4. ZHRBESHEBE LI EEEDRBER
1) ZRBEXESE L8R

3V TR I IR S T Cld =L 7 4R
%, HAKEHT T kaRABRE R T 5.
P> T, ZIRIBRMEM & =L 2 Mk L TR
R D0, mHHEOMER X UBRITRKEL
RpoTWA. a7 fBIZFEMRL D O S
v, MEBNICHERBRITERD 5T, EoOHi
BEIZAANY AT 5 (F, 1994) . ZhiZxtL
T, AR ITAEME DR S, Ml
FRICEZ, TOMBRICERZEDEDIZAR
ZELTEY, ZOMBEEEIA~NY AL
(Scott and Wager, 1888; Schenck, 1889; Schrenk,
1889; Batten, 1918; Arber, 1920; Metcalfe, 1931;
Sifton, 1945; A PY, 1953; Arikado, 1954; Shiba
and Daimon, 2003; Little and Stockey, 2003;
Graham, 1964; /A, 1920; /NE&, 1962) . Z O
7o, TIRETARRR AR T DRI K
QR ENRD 53 (Scott and Wager, 1888;
Angels, 1992) , INVI USERE RV (B,
1954) . ¥£7z, RERSLKBOREIZL>TIR
BRI ESEAK L ET L LITRED, 20
RENITRVBEKER S H 729, HEAFERANIZ
KPRET D Lide<, @RFRLE LTOME
PR SN T3 (Batten, 1918) . I Y XF
MMOZEIZIE, MBERKR GE2HA) OZRER
BRSNS A, POEEZERY BLEHE
IR, HARY —BTHEY T AMENTE

T B L NER I TS (Lempe et al., 2001) .

DX AN I EEBIIRERMGEICE TR
RHMBE LT BN, WED L Z A4k
RRETHEBREN, BEFOBBIIHAGHZ
ENTOR. 2B, “RBERHEEII-KRER
WX TIERENIMETH D720, HASRMEF
T THo THREERD & 9 2B VHRRIZITR
BV,

2) ALY RBOST

BARTIX, 2/v7 ERUE O R EE I 1Tk e
DR, FORANCEHT L7 BN 5
L, PMADOE WG OIFNEREY ) ORI L
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T ZeRmbhTnd (&, 1994) . =L
7 ERBNS —IREREEE 2T AEEIC LR
BOBHENRZEH LN, EADY L~ A (Arikado,
1954) & A X (5 3K; BAT 5, 2003) , AKX
@ Viminaria juncea (Fraser, 1931) {ZIXZ i@
LRI EBHNC 1 25 2 D 2L 7 TRk E
NEERINDIZEVRDHD. ZORBIZITHDHREX
72, BWNEO 2T ERRE DN R E
AL TW5 (Arikado, 1954; A F4, 1975) . £ 7=,
ZDRBDORIFBEBBPABIOIEE LTV DLk
RIBLER L TV ALERSDZ &b, Fl—
JED )Ny RN —FICEBZFLTHH0
TRV EBRDLNRSE (B3XN) .

EZAT, anI RN DITRERRE L
TOaNT BT i, KBz
TikEEERR %2 L7 IR HMAZ (complementary
cel) 253t %. F D12 Z OEAL TR
AR HEEL, AEEWTIEIZ ZhHKREHF
DODBMENERYVIAFE N TWS (Eames and
MacDaniels, 1947; /&, 1962) . Z O¥FRF AR
i, MR O —RERHAE A ER T B M L
e, FtER X UWEREIZ I W TR THERIL
TW 3% (Sifton, 1945; Eames and MacDaniels,
1947) .

5. ZRESME L EhOmEE

Armstrong et al. (1994) %, HREEEAER
L LUTHRET A, ERALHTRETT
ERELTWDZEDREETHDELTWVS. £
7=, Jackson (1985) 1%, HURRIPROFALIZED4
DRFFUIZ NN, T b ORI FEIEN D72
WZEEERL VD, “RBSHET k@

FIR FEROZREZMERMDIZHAE LoD
MHE (%5, 2003k YHE).
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SRR B2, RBORKEEAE L THED
BHENTICENT A0, 8t s RS ICBE
THZENTED (F4E) (Walker et al, 1983;
A, 1979; A, 1996) . I b2, “KBERM
BRI IR M ISR S T VW2 &,
HAKGHTRORBRERG T TRASMMBEZND
ZeRENn, THEM & OBEMESERD TEW
LRbhs. EHB (2000) I2XhiE, £F
o< ABHEHORNBMHREL, #AKEHTT
RENZ TR S5 ZIRBRMABROTREE - F
BEREOMEBGENAD D E WS, F, RS
SIS RE LA OEREL, ¥4 XD
HhC 20%LL E (Shimamura et al., 2003) , =/
I YNX (Lythrum salicaria) OZET 48%LL 1
(Stevens et al., 1997) , Viminaria juncea DEE
L OUBTENF N 32%5 L T 33% (Walker et al.,

BKELUTH Y LMBRET AL XD EE
WTHELUVLENEICRIFTEE
(Shimamura et al., 2003k YoR%E).

EESYEME (g plant)
i & AR 280
113 a 042 a 155 a
110 a 043 a 153 a
101 a 025b 1.26 b
078 b 0.08 ¢ 086 ¢

E AR

nER
KR
BAKDEIVE
KR
HEATEIVE
BR—DF7ILI7 7Ry kR DN-EDMIZITI1%KET
HEZEDRWIEETT (TukeyDBEREIZL D).
Bz MEERRA%2ER B O 10BEDOFEYIE.
SBRET7VFAHI T, NEERRMARCEKLEL
BRIz E#IZ T JNEBEFiTo 1=,

FA4R HANERKEBRMEOHEDIZESITS
BREZREBEKABOHZE (Shimamura et
al., 2003k YHE).

AR : FEH, RN: 4R%I, SA: Z/EKRHEE

* DER I HEERARYAENS.
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1983) 72 ¥, i TEHWEHINHE STV 5,

TRBERMBIIE BBV TERORY Ah O
DO&EEEZL FEAK) , THOMBETIZTEDZE
KR TH~MG T 2 BXRROEE 2T 55
ZbnTW5A (AM, 1953; A5, 1990) .

Shimamura et al. (2003) %, %2 7 &Y T
B LT RIBKHE L SR L 2R LR A,
HASEMH T CIIAESR, BITROEEFENEFIZH
HENDZEEREL TS (EL1R). T,

HIK S TICBWNT, Lythrum salicaria 235D —.
RIBTMEE 2 BIRFEES 5 &, BoMEsT o
RBENFEIZETTB &9 (Stevens et al.,
2002) . ZOX DI ZKBRAAREILH O 2T HE
THERERR IR T T 2 REIZ R L TRY,
MHEMEDFT EIZEBR L TV 5. X T, Schrenk
(1889) ¥, IRiBSMERRITHEMIKR & KiEZ
PRABENRHDHEHREL TS, F1RKICH
Lk oiE, S XAV ok loiEtike
WM TH 5.

6. ZHRESARE T AREYMOBRN S DOBER
— RIS A ADOBRIREIZITEEADOK B BE
22515 (Bergersen and Goodchild, 1973) . Z
FUTR BEALIC RS AEE A ZL, |BHEL
TWADHT, ZOFAZE U TR LSRR (L
B) LOHTAZBEBRITORTWAEEZLNRT
V% (Pankhurst and Sprent, 1975) . # A XM
IO THO ARHEMICB VTS, #HAKER
IEBRRERF TORKERAEICITRENEEL,
OB TREBLOEBPBHE L T ZRESUER
DARBIEEEES L5125 (5 K) (Walker
et al., 1983; Loureiro et al., 1994; Parsons and Day,
1990; Shimamura et al., 2002) . MHEEDIRL <
AR T, EAFRET CHRBLITIAEFELT
BY, TOEE@EIL I ~NES 0 DEES
RTEVIREZ2L, TEFLUVBERECES

ZRBETAER

F5H BKEHTTHAXOBERIZHET IR
B 4A& (Shimamura et al., 20024 Y2
%),

E, BuRE.
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THRERWEERERINTWA Z EBHALDIC
XN TW3B (Walker et al., 1983; Loureiro et al.,
1994; James and Crawford, 1998; James and Sprent,
1999) . —RXIZ, ARBIOFERGEEIIRICH B L
TH72 Y &< (Bond, 1941; #£4, 1994) , &4
ATITAEE 1g U720 ORROBENREDL, F
CEEDRD 5~6 FIZETHZ LBMLNT
WA (RT - {25, 1983) . f€- T, #Hk&HF
T CRALEES T HEF SN D 72D, BAL
BRI Sh, BEREERS+2IZiTbh5
WMEHNSH D, Shimamura et al. (2002) 1%, Bk
FET TR LIS A XEHOREE V&Y
CTHBL, “REKER~DOBREORY AH
ZENLEEE, TEFLUVBRBICLZTF
VVDERBIUVEOHRICEENSERILE
MESF LIz T LA FEICLY, BRerEtsE
BEREETTDZLE2BELTVWAEE2R).
FRFZ, BMPEREEELTHITIREFOZE
RPBALICHAG SN D LEN H DD, Viminaria
juncea (Walker et al., 1983) R° Sesbania rostrata
(Saraswati et al., 1992) TiX, RKRAFDOEFRMN
“RBERARREE U URMICHG S h, ERE
EFICFIAESR TR Z &3, BEEREAVWEE
BRCHEFHINRTWS., 20X 5 IC#ARETIZ
BT ARHEY T ZRKESAEBRIIBERICR
LTEROBRLICHE L TV 3.

7. BbYIC
WERBRI{LIZE S RERROEINCROR
RIESBEINTRY, BREX bR iltE%2E
A ETHII LRI NETCULCEERTRE
MELEZOLND. MEBHELEERREA ML
ATHED—2THY, 41X, a3 LF, hUER
Ay oA XBREEEHTIE, BOEBICKE

¥B2% BRELIUDvY U ABHESL A XOBETE
IZRIFTESE (Shimamura et al., 2002

& YHE).
— IFLORER @moU
auEwn [ CET) E 11T ETER(S o
(gplant™) (pmolplant™ h™)  (umolg’ h™) (96)
087a 61032 7181 7009 a
073a 6083 a 8354 a 67.74a
057 ab 3738b 6544 a TA34a
028 b 010 ¢ 067b 144 b

f 3 19

AKE
ARTEUVE
b % 3-8

Ak
AKTLVE

B—DFLI77Ry ROV {EOMIZIX19% KA
THEZOLVW I E%5RT (Tukey-Kramer ) % B
EIZE D).

BiETOERRMESAME O6~TEBEDTEHME.
@RBEIT7VTAHYC, DEXERMBIEKLES
T, TO®RIBMBICERICTEY L ABE{To1-
*HATOLERRIZHHIBHYLA FEZERD

.
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RENIWEBTEROAER - £RBEMHFEN
EATHS. FIxE, FEEAFET CROERE
CHEEBESEBSER SN RV Y ERa T L,
WRENDA —RF W~ F R (Tripsacum
dadtyloides) ¥7-13F A4 2 + (Zea luxurians)
LOREIC LB Fl #&IX, EREAFETTY
BAEBSMBEETTERTDZ EBRALTENT
#BY (Ray et al,, 1999) , TOZ LN bA XF
WYEM ~DOTHBIET &5 O AR R X TV
5.
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