# =
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kB A HALK, KK CO RERSIHME] 540~970ppm, K COKE
AR5 RNSBRUBRRULELZI T ERXE. EYEKKE CO, FAXNK
R CoO, REARELHWMER EEERN, BREEKBRIRE, NEERZA.
B, WB. MR BE. 48, £BUREWSKT EHAEKRE CO, Fixt
HY=AEREW. EREFXRKE CO, YA HEHELHAENRD, F
it S MRS BEG N EEWN, 20 THEYEKES Co, kKETAEN
RIB{ERR CO, BT EMMINLIER. MYEHEEERESENMRN
REVIFHFBPOXREATY): R, OB EERFEOZWL, BATELT
YN SRR RUMN R EERIFZ —. Sk, FARKE CO, MMM
ITERMPERLRBRELE. FREFEHATREKRKS CO, WK &44
TR A ARG HRT S SIRTLN YA Y R W R 7 AR 5
B BB RB R .

TEEHR D, BRIIER M YRIBETF(4rabidopsis thaliana)VE R LR KL,
FIFd 370 1 700ppm CO, SR HEATIELE 8 MEAALE, ¥ EHFRMKE CO, *H 1§
— MR AR IR AR B RO W, RS LR &M D B R A AR M TR AR
LM, NI, BERAMEREE L IRR BRI A RIR 2 BRI B W
R, Wb, 7% 700ppm CO; BT, RATMIEEIFH A4, SLUREHK
AT T XTI, AEIRERREELRTT:

Bk, EF—AiP, 5 370ppm CO ML, 700ppm CO, LEEE(R
HTMBEIFE, SEEKAY, MnE. ARRRFSEMO~R, BEH
FNEE, REMHFONWL,. AFTHEUREMEYRE S BEYRKLH
%, MAMFHRE, ARFEHTHREAURARKENLCEEYW. B, &
AxFHFE CO EABEMHT, ARHARZAIMNARSERUEBERR, RREA
ZEMEXMEREDERBHEEEER.

KX, BmKE CO, BERMEHASAERE. SAEK. KLSEURKRB
HEE, ARRE CO,ET, HABARFHRESRE. HEETEMRAEEA,
RN R, AR RSN ENN ERENAREBRNN
BRHNBETRE. HEFRKLEYNTTEREEHE. BRURAEESRERK
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FE CO;, T4r A BEHM 71.9%- 78.7% F 22.3%. b5+, FERKE COLET,
rt A AP 2 BOBOER 0 an 5| Mk Z B8 (indole-3-acetic acid, IAA). 7% % % (gibberellin,
GA). EK EHB:F(zeatin riboside, ZR). —% F K E#%H (dihydrozeatin riboside,
DHZR)F 7 [ 4% £ B ¥ (isopentenyl adenosine, iPA)Y#F B E Huilin, WEER
(abscisicacid, ABAYSEHEHTRE. B, HAPERTYRATESED N,

P. K. CaMIMg S S BERKRE CO. LB THhIEE TR, T C/N tbitin 24.8
%.

PA LS REH:

(1) EF—MEAP, 700ppm CO ABMRIBEFEH AR EMSHAELE
MM, EEMRE CO, SEMNEYBTFIENRNAE S MLLAFHF S E
BEEN, FUESMEHAEERA, BIRE Co, LBNEWEK. £HR
FHYMLER.

(2) ERRE CO, BT, MBHIFHFPHREEULHNZN, FIRIE
R TFH RGN EERANGRA S EEM MR,

() ERMRECOLET, dTFHUBEITHANEREARIBREMKOBES
BEEMM, AU FakEKRFERMR_ETEENER.

@) BEFERKERRBECOZXHT, KM+ ERT RTESE (WN. P,
K. CafiMg) HEERK, ARHFEHTER, F—dFHAPRAUEYEE
HEZEMANTHRTERERREER: E_hTEBERTR, 5IEF K
TG H MR AR B 2805 i1z 40 Bt b #8430 & BARRL LD

KB BBT: MKECOx FHAM: HABEMEH, FUEF: HYEN
th: HYBEK: RBER



Abstract

Abstract

Atmospheric CO; concentration is expected to rise from current levels of about
370ppm to between 540 and 970ppm by the end of this century and the effects of
rising atmospheric CO; concentrations on the global climate have attracted
considerable attention. Because CO; is one of raw materials of plant photosynthesis,
thus plant growth responds both physiologically and anatomically to elevated CO,.
So far, a great number of studies have investigated plant responses to elevated CO; at
different scales ranging from ecosystem, community, population, plant, organ, tissue,
physiological, biochemical to molecular levels, nevertheless few studies have focused
on the effects of elevated CO, on plant reproductive characteristics and nearly no
studies have reported the effects of long-term CO; on plant reproductive
characteristics. It has been accepted that plant reproductive characteristics are key
traits for predicting the response of communities and ecosystems to global change and
are also closely related to its ecological fitness and production of crops. Furthermore,
investigation on the long-term response of plant to elevated CO; under a completely
man-controlled environment can increase our capacity to predict the properties of
populations adapted to rising atmospheric CO; in the near future. Therefore, it is
essential to carry out CO; selection experiments to investigate effects of long-term
CO; on plant reproduction and adaptation of plant reproduction to elevated CO;.

In the present study, Arabidopsis thaliana, a model plant widely used in molecular,
genetic, and developmental biology, was continously grown under both elevated
(700ppm) and ambient (370ppm) CO; for eight generations. The changes in various
reproductive characteristics of an individual generation were determined and their
overall changes in eight generations were further invstigated. In addition, the changes
in physiological, biochemical, and cytological traits of leaves of Arabidopsis grown
udner both elevated and ambient CO, condition were compared. The main results and
conclusions in this paper are listed as follows:

Within an individual generation, elevated CO; advanced the flowering time of
Arabidopsis through increasing relative growth rate and accelerating developmental
process, and resulted in more flowers, more fruits, more seeds, more mass allocated
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to reprouction as well as an increase in seed C/N ratio, whereas the treatment had no
significant effects on silique length, seed nubmer per silique, seed germination rate.
When all the generations were compared, there were no significant differences in
their reproductive responses to elevated CO; among different generations of
Arabidopsis grown under the same CO; concentration.

Elevated CO, reduced stomatal density and index of leaves, accompanied with
reductions in stomatal conductance and transpiration rate. Elevated CO, increased
average chloroplast number per mesophyll cell, chloroplast width and profile area,
starch grain size and number, cell wall and leaf thickness, but decreased the number
of grana thylakoid membranes. Under elevated CO,, the concentrations of
carbohydrates including soluble sugars, starch and cellulose in leaves significantly
increased by 71.9%, 78.7% and 22.3%, respectively. In addition, there was a
significant increase in the levels of indole-3-acetic acid (IAA), gibberellins A3 (GA3),
zeatin riboside (ZR), dihydrozeatin riboside (DHZR) and isopentenyl adenosine (iPA)
and a remarkable decrease in abscisic acid (ABA) concentration in the leaves of
plants grown at elevated CO;. It was further found that N, P, K, Ca and Mg levels in
leaves were reduced by elevated CO,, while C/N ratio significantly increased by
24.8% under CO; enrichment.

The results suggested that (1) elevated CO; had a positive effect on sexual
reproduction of Arabidopsis in each generation, but sexual reprocution of Arabidopsis
failed to evolve specific adaption to elevated CO, treatment; (2) the increased starch
accumulation in chloroplasts in leaves grown in elevated CO, may be responsible for
the changes in chloroplast ultrastructure; (3) the significant increase in plant hormone
levels in leaves grown in elevated CO; could be an important factor in the accelerated
growth and development of Arabidopsis; (4) the reductions in mineral nutrition in
leaves grown in elevated CO, were mainly attributable to the dilution of
carbohydrates and the decrease in leaf stomatal conductance and transpiration rate.

Key words: Arabidopsis thaliana; elevated CO,; leaf ultrastructure; mineral
nutrition; plant adaptation; plant hormones; sexual reproduction; transpiration rate.
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1.1 ENAEEEN S RE CO, BERYTF R R

B 18 L TV E Ay PSR, BEE A PR FERAS b7 38 hn DA R AR A SRR i
El, 23K CO,#EM %4 280umol - mol™ (ppm)I¥ inZ B #U#I 370 ppm &
A, FEEEUSE 1.5 ppm KEREHY, FitBIAHLR, KA COREHE
¥ n3) 540~970 ppm (IPCC 2001). H 20 4 70 FEARLLK, FHX K COHE
MERHLEREN, —HAILHFXENARIEZ—GEFENE 1997; THE=
2000). E+HER, XFKR CO,REFAFBNEVIELW, BRI EEYNS
T 4. BE. U BEEZEYESEARAERS MM T XROFR I,
RRNFRARXECRYTRZE, EXEXED, FEPR CO, REFARIHE
YAEETREBE. HFRESTR. BEFRBRESHEKSHENEH. SASES
EE. KFFMARE, £YRE5FR. HYKERFIURTERAZ SRS Y
mEEw, EEYEHREAXN CO, REARWNMHNMANRO(FEEES
2006). RMEBABNR, HYWEHEREHARENE, URSRIEYFR
FROXRBRAEY. W, HYFHERBEAZN, B FRED
ERSETUHN M EERIFZ —(Ziska and Caulfield 2000; Jablonski et al.
2002). Alt, XXBLEFRIETEER, HBXAS COREFABNHDEN
HHERNERERSMRE, UHAEREESDEFREHOARIER
%,

1.1.1 HNEWFEHENER

BHEAEMKE CO, 44T, KEFHYFALLSRITBKE 2 AFR%E(Garbutt
and Bazzaz 1984; Murray 1997). —&£EEREDWMIFE. KB, KESERK
FE CO, %14 F, tLxdFRIR A7 ¥R FFTE(Miglietta et al. 1998; Uprety et al. 2003;
Johannessen et al. 2005). Wagner Z(2001)Bf R A, KHEBE Q=M (Trifolium
repens)E 600ppm CO: IREFMT, FIertiatbIEHBIRAT 10 K, 1E&HAAT
RAETHEFSEMARERALIRTRBTESHNERYR, ERELEMR,
MTOFFFERT BI3RAT. #ARIIT(Arabidopsis thaliana)#E 1000ppm CO, IREELE T,
32 REtHhE, M7E 360 ppm CO, RE T 37 KN AHE: EHES/FEMN 3 AA,
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ERMBAFHEEKEFTRXBIE, EXF CO, MEA B RNE HBU®H, £
KSR, 3 FLUUEHAANEKERDTH EZW(Gibeaut et al. 2001). #H
ki, HEHEYFFEREXNEGRE CO, LBRNAHE, HEQHER. MBX
B (Lolium perenne)FF LR [A) 2 IR CO, AbFE (9 W(Wagner et al. 2001); T
%516 (Dendranthema grandiflora)bi¥F CO, ¥E KM IMNEE K T F1ERT B (Reekie
etal. 1994). B LRI, XS COREAREHT, EFHEYPIFIERNEIHE
EHEER, XREYMAXAREHEEDEX. HKAREYNMERE.
RENFERINREHZIERE CO, MMM E: WEAEYNESEF
BRUBEHER, NEREFRE KK E(Reekie et al. 1994; Ellis et al. 1995;
Rusterholz and Erhardt 1998; LaDeau and Clark 2001; Wagner et al. 2001; Lewis et
al. 2003). Reekie FA(1994) % RET CO, WEMB 2%, KFEE
(Kalanchoe blossfeldiana). M 24 (Pharbitis nilyf1% E-(Xanthium pensylvanicum)
FAaPEHREEY, UR 4 BKBREYKE R Uchillea millefolium). 7R
(Trachelium caeruleum). F&XFIR ¥ E (Campanula isophylla)F13 %5(Callistephus
chinensis))FF LRt RN, SRER, KARHEYDHANIRE 5~14 RFEAFF
&M, MEKHREYHL, SHREYNER 1~4 XFE. EFBHE,
Mortensen(1985)ik %, BI{ERI—FHY, X CO, REMMMEBAEAAFARNY. &
n4g H Y — S 4L(Euphorbia pulcherrima), 25 CO, ¥ F+ % Z] 1000 ppm B,
 ATRAT 4.6 RKFFTE: WMRFEMERL EF¥M 40 umolm?sT MIXANTER
(photosynthetic photon flux), WJFF1EiE AT AT 6.6 K.

HYERENERE, RREFEPHXBSE, FERMERSRER Rk
K/NB R BT 4 7% S 0938 & B (fitness)(Wesselingh et al. 1997). &#, #EHAH
REMKRUTTEIHAMIGRER: B-REEDAEEHFENFATRD
EAXPMRFEARERT, BdREHEDHEANEKER, UNRMERE, #
BB [ A A B H AT | AR M(Reekie et al. 1994; Ladeau
and Clark 2001; Wagner et al. 2001); = REBT SR FF LR IR KK AX
/MReekie et al. 1994; He and Bazzaz 2003). i k% ¥HARE NN, HYFAN
KPREVED A RO EERR, WHDITEAM EEHERXREA K (Reekie
et al. 1994; Ladeau and Clark 2001; Wagner et al. 2001; He and Bazzaz 2003). #
WE CO, B id 4% % = #i Bt (Phytolacca americana)fixt 4 & FE K MM K
B, ERZHEYRIT—RAIFE, BRURERHERFHENBEEXMERZ
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B FIKBE CO, 1 W (He and Bazzaz 2003). 1000 ppm CO, BRARF B IR TFRAT
5 R#E, B EKEER/NS4EKTE 360 ppm CO, K F &4 T HBEH B
BRPEEBRER: RKRE CO, HAXWBBEIF LMK AERD, MEE
3 T 55 1 A 440 A R A A R (R 4 ML R T FF4E(Gibeaut et al. 2001). H4h,
Reekie %(1991)ifliL %} Guara brachycarpa. K A\%i(Gailardia pulchella). A RE
(Oenothera laciniata)f¥) 3 G (Lupinus texensis)% 4 FrHEAYKITR R L RiEsL, 7
CO, MMM FGT, EYEKNFREABETEZEZW, BPEYFET
e TARER, MLREEEEORXPRERDOER—B . Hih, —kf
Wh, HYERKE CO, EKAMH TR, THRBTERKTENEE
KMREARKERT, REEEHMERENEKER MR, MEMET
R, REEHEERPTFEKKR/NCAREZE, NTRFE, XRT
&) 4% .(Ladeau and Clark, 2001; Wagner et al. 2001; He and Bazzaz 2003). {H
BEH-LZEWING, TREFESHFEBFRRENRE, BEEKERNMR
TEHEEKR, LHRIBE. XAMESHELX—BE, CO, REHTEEY
—F H #:1% S0 B F(Reekie and Bazzaz 1991).

1.1.2 . RESHFFROEME

BE, EYERKNRETCOMKERILKIWNAR L BB, WERCONKE L
HTF, KEEHYIKTTIEL R Jablonski et al. 2002). Thurig%(2003)id it %t
IFHEYERKRECO, FHAEEHIAR R, XEHMERGKEL, H1E
B B 1R #24% o4« Jablonski®(2002)%f R RM1S9R 3L, B R7MMY
A BERLE 1T B 4 4 HT(meta-analysis) 5 R 8, 7E500~800 ppm COKE T,
FiEHYAFRERTIMMIY%. EERENERBEBMREEYREE
HYREXHEE, $HNRREEY LSR8 M5 RN a8 &4,
WAKBECOKEABMERT, HoBMFELRIYE EEMM(Costa et al.,
2003). FHM—LEEHYKR, LRETHRENERESE, FRTHNE
ZHYRLFER, MAETRE—SEAEYREBRAERRK, MK
BENLDE %S, NmCllk Rk Kk B W E K (Fragaria ananassa)(Chen et al.
1997) « ¥ E (Phaseolus wulgaris)Prasad 2002) « T 4 #i (Lycopersicon
esculentum)(Reinert et al 1997) %[ ZHY), HALHEREFHE MM, FetB1E
ME R FERENRYBIEK, REXRLFRUMANGBBREEYM. T
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XEKTERKRECOLM TR —LMEEY, WEHSELilium dauricum)(BRMEHRFE
2001). %14 = (PhalaenopsisEndo and Ikushima 1997)LL X & & i (Gladiolus
hybridus) (T T 1995)%, BKFECOA NG NEtE =R, HEHBEK
TUERER Far, #MRRA TUHNSFNE. EREEGNIRE, T
S5HAARP— B EYRAMME X, MERKECO£4THAH I
R, TAERUREERSBREREM, XEYREBRBEHYSRERT
D%, FRERERMEE S RERYFIORE KB ENFaEREAS 2001).

XTF COREF BXHEMBHEETRIOEN, £LTXHREVEHRR
H. ZEEERT, CO, KEAREERETHMREY R LI FHEKR
iR, WXt K/MDEMAK(Ainsworth et al. 2002; Jablonski et al. 2002).
Kimball(1983)% 430 RAXRIEVHRARRERT T HHERR, RIEVTEH
PRI K 34%, TR FX/MILFEEZN. Ainsworth Z(2002)K %
ot i, % 1980 €3 2000 £/ 20 @], FEEFHITI_ LR 111 Bid3C
PEX CO,REABNREEKEWET 2ES, SRXYH, KEHTF-E
M 24%, FERGRH B FHIMM 19%FE, MRS FHFHERN
X EEFT. BT, Jablonski H(2002)th KM, EHKE COLETF, AR, X
. PEUREREREYRE. FHTFHER. UERFBFIIHHMMT 18%. 16
%M 25%, MENBFFHERIUBMA 4% . BRIEYLUS, HA=H%—
BEENE, € CO.REARELMNT, HAFHEHM 18%LL L, BRFTH
EHKZF) CO, 5 ¥i(Wagner et al. 2001). 1T CO, IRE WX R THERNY
WEEKXFHFRNR? BEIY, AYTFROBEESERBANRBERAE
EHX, BRFMTFERESHEAMNTHERTR, BAEYRAZRHERENRE
BRERM, BAHFRDEHRZE FEEREX R (rade-off)(Smith and
Fretwell 1974; Lloyd 1987). £ i/ Smith—Fretwell BRI AR Ih R B T A fpF
KPMEERFEEME, ZEBEAY, EYTFRIMNEEEMRSHBRRNT
K/Moptimal seed size)E V)R E—NFEA, KA FESEMREEZER
FUHEWEDN, BH, BTFAPRTERESE. MR ZHBRADFHFES
WEEHEN, BTFHTFEESERERUAK, EARTFRIBALERK, BHi,
FFHEE L8 IN(Smith and Fretwell 1974; 7K K% 2004). CO, IREF+#iE ¥
SRAENEN LR, BTERRHFRI—BZIAERME(RIE CORER
)EmBh, UM FRERRSHMEM.
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Hik, &R/ COREFMHT, BHASTHHEYNEELNE, W, REL
ERTHEFGSEERM, WHTFHRDEEMBRENENBD. s,
—ERF AR EUR AR R B TR LR

1.1.3 ¥FEABEMBFHERNENE

BRBIRE COReRmEMAREYRNR, BdHTEHHEY (RE
MEHLEEY, SREY. G5 G EY, EREVMETEREYS) FERY
LHER, ZREAREE”BMRWIBESEHBHRL. —BND, RIEY
7= B 38 I B B B T B A # Y)(Evans 1993; Hall and Ziska 2000). Jablonski
% (2002)iE T XY 159 RXEHEITE A TR, HIKE CO, MRIEVEHEEY
KBEYRREBELHEER, BAK 31%. B RLAHFRHEYRRE,
REEYIEHHEM 28% M 21%, MELEEVRE 4% AR EEEND, HTE
CO, IEMMEFHT, REYIRIFHEENBRHFELFARRESERN,
BEHYEHRZGTARIFTHEANRREDNTET 14%. HAREYE
CO, REABMBRT, HEHEYBRMMBEEET TR TEHEEY? —L2E
Wh, REVELETHEFEATEERFEHROBERSEF, ENHRE
BRHFEREFBEERERE LHEIBHRE. BRAEKXS CO, REA WY
mF, ENSRSFA COMITHEEM, HFEBRZHBREATEHREK, A
MAKMRETEH"R. R —LFERYRE, aFENRELKHA
REFNER, HYRBRESREREK. £H. £FURNBETATESR
WX R: R EMEEFMEEEKFEE LU REVRAFERHTEE.
B2, BTHEHEYEREDHEKRTE S, HHAEFERTFERURMNE
¥ EBHLSXEYHE COREARFHTREEMTEN, RIEXBIRE
RAFEFREK. £FURBBAESE, TAXTRIKESHRER FHER
4 {(Hall and Ziska 2000; Jablonski et al. 2002; Toshihiko et al 2003).

BH, COREAR/BRAT, SRHEY BB INEE® TIEIHHN G HEY,
Ml Cy BYIFL 7= B 18 hnie % B /M(Poorter 1993; Wand et al. 1999).Jablonski £(2002)
BEEHARI, SRHEYHTFEFI=REENMM 37%, ESHN C HYMM
15% %A, T COHYUEHERL. UKE. MERMEKIG, E®mKRE CO,
4T, FHEEMFFIMMA 20%, 15%F 5%. WARRAENENOEEE
FHX COMBEA MAMN R KL : SRHEY>EEH CGHYI>CHY? ARERE,
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REAGHEVAFERRS, WPEE CO,REARBERT, EASHhTHN
REMEREKZIRG: EXNHEESREDRE, SENESRERZNH,
HAKE—ERE NS 23RN, EE-RYNMEZEGLIREYE. 5
b, C EYIATHREGERERE CO, MBERBEIFE — BHRUR L/ IS (ribulose
bisphosphate carboxylase, Rubisco), Cs EYP N HMEM AN FHBRRILE
(phosphoenolpyruvate carboxylase)f! Rubisco I FHEE3, C, YIZEXFEFRENITH
FEATHAZAYP CO.NRENEZRT CHEY. MM T C,HYkRR, BT
ZSH ) CO, T A REAE Cs #4) Rubisco B§ 18 LAMLAN, 24 CO R HiRY,
Cs MY E1E R IR B R RINFIEE IR T C, Y, B CHEYRE
VRUREHEY B MBI AN KT Cy HYI(Poorter 1993; Wand et al.
1999; Ward and Kelly, 2004: 4HEM% R 2003). {HEBHF—EEHH, W
C: VKB BIEM 42%, X-BMBEXTEREDH 37%, HEET
EERV EFERA®RE. ¥BA. XEEHHREB R R KER(sink
strength)IKRE & Fe, R KR NKAEKER KRN HEFFEL &4 TH X(Horie e
al., 2000; Jablonski et al. 2002).

KIBED X COMRBE RN BRI B, BH 74 HE & H Y (determinate
plants)FI A~ € B H Yl (indeterminate plants)Pj K ¥ (Lawlor and Keys 1993; Morison
and Lawlor 1999; He and Bazzaz 2003). EXHEYIRIEEMWER £P, HRE
TR, EKRXIEHEKKD. BEXEBAERRNFSEBERUAKNHEY,
Bk ¥ 2 B- (Xanthium strumarium). B3 B (Lolium perenne ) 1 A %3 B (Trifolium
repens)®% (Wagner et al. 2001; Lewis et al. 2003); TIZEA € R MK EE £ P,
LREMSHOZTUE K, WEY M(Raphanus raphanistrum)5$ 557+ % (Curtis
et al. 1994; Ward and Strain 1997). & ZMHFRER, COREA RN, ERH
Yot R L AFF 3 BT K (Navas et al. 1997; Huxman et al. 1999; Wagner et al.
2001), MAERHEYBRLMFTH B 4 EEHM(Curtis et al. 1994; Ward and
Strain 1997; Edwards et al. 2001). Eitt, A% REYIAH ¥ AN COMBEFH
MmN EECENEY®. AXER, THREEYHEAVERENIASHRENR
2, MTOASE R A T 7= B COL 3R BE Tt i L 72 B ¢ /)N i &t (Morison and Lawlor
1999).
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1.1.4 HERSHE-RSRBROEWE

F RV O K E (Ambrosia artemisiifolia) & —FhHE =4 K BRIEM Y, H
B RIIRBAK“TEH (hay feve) I EEREZ —. BHXWE, Bir “TH
PRERRZFEMSZSF BB EMEMAE R, MEnEERAEMEX
A CO, IRE K F R % % 455 (Bagarozzi et al. 1998; Ziska and Caulfield 2000).
$itn Ziska A Caulfield (2000) L4 T ZE 600 1 370ppm FFFAR[FE CO, K FHKE
Rk, SRRM, 7 600ppm A KEMHT, KELK=RE N 370ppm £
2.5 fi. BL5h, Aloni %(2001)EERF R ER S CO, 3K BEXT 4 f#l(Capsicum annuum)
ERENEMERR, HEEDEREILENES, MEHKE CO, NS HE
MNEREHNEHE. XYZIRALEOMEEK, KERPHRREZHBLAER
BRE=1%; 7€ 800ppm COKBEK KM THHM, LS TFTRARELES, ®
EBHHRESHRYLARER. BdH—PORARRR, EHHRENRR
5108 & 5B BB (fructokinase) Fl U A8 (hexokinase) KIS tE L E X, B TFIX
FMBARRHREEPHYRABE T XRBEMER, BILEfriEeEREE
HHESBUER T R EREE. R B 800ppm CO. M E £ 4 TR EFAAR
BAEE, KERPHERBAHBERFARZINEELY, SRENHRESL
FRAEFHERL, AR, WKE CO, TREETRSHENERNEARE
HRPHEXEEENEW, MTRRF T 68 895 5 (Kami and Aloni 2002).

Osborne %(1997)1i8, ZEBKAE CO, T4 K% T (Vicia faba), BIRHIE
ExREEERML, BHTEREEM 25%, RNENHFHNEL 17%, BiEK
HEFRORAREMT . BE&HE (Tropaeolum majus) K& 1E CO, A 750ppm
MEHT, RERSBEANEEAZMR, TETPERNEERSEIER
43 IR B H) ok R 4 B % %1t (Lake and Hughes 1999).

1.1.5 HHFERTRBNEW

BHEWND, ECOREABBELT, HTPHCNLFA®N. MR, B
FERMEHEERSREE. BFAS TR, FREMMURERENE RN
3% % (Jablonski 2002; Barbara et al. 2003; Stiling et al. 2004; He et al. 2005). Kimball
F(2001)HFARH, ERRHKACOMEMMFZHT, MR LHPITHEANE
ERBARRHRE, BABYTHEERSBASREME39%, MERAKLEYE R
MR, NISEAVERNMENTR. R2Z, MRTREIFLBERE, ¥

7



BT A AR M R KR CO, MR BE AL B moI

2BV RBZBIMEWERD, BO S BB RMEES%AE . B, Barbara®:(2003)
MN—EEMENOTRER, ECOREABERT, FLEVHTHRTFHER
BEREN, HTHRNRESAE ERFHIRREEMRE. EF - L%¥5E
AXERBM2IBRAXRIMAIFITRY, HTERSETFHRKI4%, HPET
MGHYMFRIRSBREEI%EA, MEREDHFHESEEHESRK. &
HEHR, THRESHAVYRBAFEREHMREE, ENRNEZRPEER
SERHK, BETEHBEARHEYIERCOMRE T P A4 K %4 BUAL I TR (Cotrufo et al
1998; Allen and Boote 2000; Jablonski et al. 2002). H4b, KIE#A(Pinus taeda)
HECOMKEFABMERT, R FHRRREFME, WRH A HRASK, $1EHE
KB MR KR, XRE/ENEREPRE ERHMFES S (Hussain et
al. 2001). BHERAERN, HTFEREMIYHH R PHEEAEWH, KEH
ATRER B TR BB RRRIEH TR FERIMNHE AL H MR E(Steinger and
Gall 2000).

KA COKREAEC00~900ppm& T, EHRLFHERNTYR SRS
pritm, HPERBRERRS, . RUECEGANEM, ANTRLHHEGET
B .2 (Chen et al. 1997). 8 PEF (Datura stramonium)i) 5 3 7] bt F CO, 3K BE i
Fte, EREEMM, REREANRERENHRIKESFHEM: R RELA
FHREUSYNSEEMEZEM. ERIME U, HYTaER b IMRE N B
KRB —FrsRns, BEEMEROEEKENR, REFRDERENAHTFHRERN
J& 1855 (Garbutt and Bazzaz 1984).

PME, KBEREVEKERKECO£HT, BARFTRBEIRS, B
HPREFRRSHNERTR, RPEERSREE. ONEEA. ASHREA
FREERAIBAESE, LEXBEAFSEUBRCESEYYUETR
(Manderscheid et al. 1995; Seneweera and Conroy 1997; Ziska et al. 2004).
Seneweerafl Conroy(1997)ZE B 3% B K BE COL 0 K FEFFRL SR R L Wit R BL, A (UFF
REASERMEE, WMAAAFENFAEMNBRTRSRLEETR.
Manderscheid %% (1995)1 18 T £ KERRECO A4 THH M ENERNEKXES
M, EREHA, ERNMEYKITFEESS BEKI%~30%, TTHFRPHN |
Ca. MgB KB THERHHIRMK30%. 13%M28%; Mo, MBTESHER
BEHRRE, HAERE—L2ESEARMER. Eit, A% RCOREH
B RED=ROEEE, RAERHRGU=RAMREDIRE, ENYLER
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BYHEERRRENBRFH TS 1997; Blumenthal et al. 1996; Rogers et al.
1998).

BZ, EXR CO,REARBMEHT, HYRELEHFHNTRBEXSHNE
m, #FiRE SR P S FriE i (Hussain et al. 2001; Ainsworth et al. 2002;
Jablonski et al. 2002; Barbara et al. 2003). HEBAEKE, BRIREDHFHTF
BASh, HAWEVIMRHFEFRBESHSEREE, FEXRIN ON AR, EA
FAEhEER. URGNFEHETENE RNV R TR (Manderscheid et al.
1995; Seneweera and Conroy 1997; Kimball et al. 2001; Ziska et al. 2004).

1.1.6 MEPHEARNOES

FAEBERENE, BAANCOMERARE, HTHYEREREFERE
T, HUEBRIR—RIIRIENER. B LEDTFEBRAIEZRS,
¥ 2 H Y ) BT A3 (reproductive success)Z R M, MNTISET —&HEWE
BHENAR. HPRARNE TR, —ShEREDLTKBRENERE
#iE, ENHRAAHERENBERE—ENBREITRENER, LHEBXE
HYTRERNZHEER. WRLYKS CO, REARG, W3 RILEHEYIN
Frieef A R AUEHER, ATIEBEYIFIRAIRR, BLLHHAARKE LT
BHRHAR, RECTUHBRCHETET, XEREBILEDRHE PR E
BBRIVLEXAFLD, EENTR. MRETREEE, B ABLRE,
B2 ] B 3 BOX E Y F ¥ K 45(Garbutt and Bazzaz 1984; Rusterholz and Erhardt
1998). S5, ER—NMEVBEANEKNTFHEDFREZE, HTF KK COHK
EFwE, EAKY—SRHENEREM, TH—SRFEOLRENED, XF
WERATRRSIEL BICRREAR, KILUE, TERHEXNED KBRS
JLEHA R TR, FE R, XREFENE K I FE L (competitive hierarchies)
& 4 B ) 238 (Reekie and Bazzaz 1991; Reekie et al. 1994).

HY#MFREEENRL, SHEYHENRLEARAOEE. KK
COREF G, FRAALRYHYNFHF=REM, HFEREX, HTHH
REMFRPWMEE ZHNTFTREACHYBEFPAFTERNESN, BAF
AEER A RAFRE. MA—LEDHE, BTHRAF-RAERELAIK, F
REEVBHEPRESF HHENRTE, NMITRBABHFHE, HBAERNKE
f)18 #% (Baskin and Baskin 1998; Gutterman 2000; Stiling ct al. 2004). Stiling’%

9
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(2004)7E X — MR BEE P =Fp B H Y0 (Quercus myrtifolia. Q. chapmanii F1Q.
geminata)FR R R, ZECOREART, WHENHFREENMM, MEHE
HFERARUAKR: BRAEMYAHTFRIEHREDAREVERK, BE
EETIIA K, COMER M XRBRANMHEP=AYFEH=BALLEH, K
Q. geminatat)FpF 7= BARXS RE(K, T0R—AEE%E - BIQ. myrtifolia F1Q.
chapmaniiR 2 SWEL M RBAZME, FHTARER: RANEHTENHF
FRRKRE, FTHREMHRANEM, HEEKIE, HWEeiEis
HPETHREGRFTREBARAEFE. HRH, BTQ. geminatalf)EK %
BRZ[E)ZBRE), BEBHIK(Edwards et al. 2001; Hussain et al. 2001).

o, BERKHEVAEKRE, X CO.REARMMMBFEERAER.
tn Wang H Curtis (2001)7EHF 5 M1 7 Bk B (Populus tremuloides) K R EH
Bf, RIUEE COMER MK T, BIREHRICE 1EF 3355 In ity B2 oy T RE#%
HHTFHERSHERA SR TEE, TOPRERBRBEAMETERE, MHEREHN
YR EER T K. 2003 F, XEEEFTIINERRENXBIRTE (Siene
latifolia) WIRFIRHE—F R, ERKE CO, %4 T, BUENMEEYEREEY
m, RPEHBEEYBRAMNBEEZRTERSTEYE,; THEKEERT
A Y R A3% IR R WIBA BAE TRk, M ItHER, ZERRKS CO, HntER
T, ATHENMEKEKEETRZIAGEEAR, EAATEFREKNER
AEKBESRLBIRETNK, NTHTRIRER ML, BLBIFH
HYEHE. s RURBAZEWEHZ(Wang and Curtis 2001; Wang and
Griffin 2003),

Eit, EREAXKCOREARBERT, FEAVNFHERNCOARER
DL IEERN, AT EM A EY B LB B, ML COT BRI
AE L IR R A BB, HBRARTRERK, BE—LSRAYREY
& 4 9 B #93(Garbutt and Bazzaz 1984; Baskin and Baskin 1998; Rusterholz
and Erhardt 1998; Gutterman 2000; Stiling et al. 2004).

1.1.7 Sit5RE

BZ, EYFEEREENOZARTRBEYN SRURR AWM K EER
L~ RAEHEREGEXN K NCOMBARIIWN EBERIL: BYIHEMNEK
EEMR, FFERA: . REEHTFEEHEYRY M. RIEFHEDF T,

10
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HEEYHTREFRRSSAARARENRE. FLESEENR, ELUE
KRR P MEE— SRR Z . flWm, FLEHATRRIESHRIMFES 1%
t, ¥KAEVEEAEYRD R, XRE T REEMEI TR E X COMKE
AERMNRHEAFENSG L. KEHROREUTEDRE. BTTBEFH
fatx, MME—LEFPROEEESSEREUSHNRUENANS. BE, X
HYASEEENEPNOTRE RSB IERNNRESER, BU-2MEKE
CEERNZURA LM, BRTHEVKPERCORETRENRRIEA,
BL R COKRE AL YT REPUL I R

1.2 XREREFEESHREX

FREAPEHARBEESE LT B “HYAHEREN KKCOMRETILE
W7 (90211005) RFHIBFA TR —ER S

XTFERKRECO AL T, HYLT BN HHARKLE, ARNEERE
WY, E45WARARE, RREBEZE (Nawre) ¥ ERRETHXCOK
B Ft 5 %% 3 5 4- B (Chlamydomonas reinhardii) M1 & F BB K W F R CE
(Collins and Bell 2004; Klironomos et al. 2005). Rif# {# F ¥ B 11050ppm CO.%F
KEFHEELF1000/0(LI250R)L G, MEFEERELERHERSHELBRN
BURE: FENEARKRECO M HEELLEAR(KAE)UE, HREE
FEMIRGEEREE. £FLRARRBXEPYELLELHTNEBHREHE
Friatr, BR R BKECON K R FEMEF 4 BEIMLIER, BIRKRECO,
MNE-RAEENERRBAEH T —R. mEXHERXEBTFANRBXHE
HFE, BEHTERAXTRKRECOUABEYZNMFHMASE, HHEHER
WM ARIE, BAREEYRTSHERRENMAL RALL. Ak, i
BRARBECOXMEY#ITENFUHHANEPEERAFTEENLREN,
HERENREALE, HYSAENERTEXREHED.

B4 AL, IAERANGRAEERRKE CO, MHMMITEANFH
HALEBHHRAMRER? ARETERFIEREHS: B— BYRHEAEH
YAEKFMRK, WA EIEREEBANZEDOWERENR; £,
HYRABEERK, EXRPEEERZIVAKERE, wRBITHXNERR
WEE KN E R, HAMERARIERR. ¢35 LEBHERRGEF,

1
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RMNEXLRFARARAEDUBETEN LRV, SEDEKALE, —
15 AEARES LR — AR, TABFERFEXATE2/MA,
BB E RN AN TAE MEREK: RRBEFEARDS, REEKE
H# 30~40cm, FrZE/Dd, ETFEATAGERPHERRERME. 5,
HFERE, SRTSEHTERNN, AXUBTRE. £VERUEAKTRE
FHm, SEBAERAFANRE. BHit, ETHENEENFERATERR
BEEKLRAH.

FHAEANTEHIRE P UREKEDUB TR, UAFRE Co 33
RITEEZNMAHHARNLE, HRE LR, RHFHRE CO;
SRR A ES AR, UENAR. SN RE LR-EY
FHARNSRBAMENER, URFEEBIENBEHEEF, AHHB
FH—-PHNTERETREAABAN IR EHETSXMESTRES .
NERE, REEFREBEHNEWS RIRIEM.

12
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EZE FEKRE CO, M ETTHZ A
BAHEEZ WO R

2131 8§

B 18 TN EA IR, BEEAPREHEFE R A E7 38 b DL R AR A SR 4
B, £BRKS CO, B M L8t #) 280ppm 3 N2 B 77 370ppm £ 4, H AEL
B4 1.5ppm MIEFERM, FHBIAMLOKR, KR CO, MEHLMMI] 540~
970ppm (IPCC 2001). COfEAHYINAERENZ —, HIREFA BB EYINE
EEAFEEBRKNEW, FhtalfksREEER. 4. G, FHEREM
F I EF—RIINZML, RETRIBREVEANESERS, NHHE
JLB¥7% 4 I (Garbutt and Bazzaz 1984; Bazzaz et al. 1995; Gibeaut et al. 2001). i&
Ahik, BRIMREEERBALEHRETALABKS CO, RE, #ifiH
BLERRK CO BN, UBMREYN KSR COREA MM EHMN. AT,
ERMERAREEREPERKE CO, MHEYNEEM. HEENRKLED
FRURSAFEESRESER. AUNENEHE, MYEYEHRERS@E
B4R #1418 /b(Mortensen 1987; Lawlor and Mitchell 1991; Idso and Idso 1994;
Klironomos etal. 2005; A& BT 1993; HHHE 1997; AHEHF 1997;
B &% 2002).

HTFEYEHEESHASENEEDHEX, RXEHREYESHEEKE
MIA A B X R 4 F V) (Ziska and Caulfield 2000; Jablonski et al. 2002). B,
BABRRKS CO, REZRAIMYARERANEW, BREEELEMAFEE
AR 5 LR & X (BEZE % 2006; Klironomos et al. 2005). 4% AHERISTHRIR
i, EHAEKE CO, MEPAHEREHALRP, XEHHEYKXHILEK.
JLAZNA B LR, SH—AFHEtRS— AR MEREN;
H5h, BEOE—EABENLERAR, B5F KA E AR LR EUHR
FAEXHEY), AFRLEDROEMAPEREETERE ETELZ A(dso and
Idso 1994; Bazzaz et al. 1995; Potvin and Tousignant 1997; Ward et al. 2000; Andalo

etal. 2001; Collins and Bell 2004). Jit, ZEXSBKE CO,KI%MHT, Y
HATEANEHEARRNTR, BAER. KERKE COo, ABMEAMEAN T

13
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FENEY, RERXBLHKAHEHRRERLER, €45 N ENTERMAR
i#(Collins and Bell 2004; Klironomos et al. 2005; B¥<EZE 4 2006). Hit, KA
WE CO, MHEMBITER S MRLE, UHR Co, METAIWLER,
URENREX COF=HERNYE, BAFTAEENEX.

HEl, ERENELD, HF CO HH#TEMMALEKMAR, WXE
EE 21 MR, TIXEERE 1000 MR, BEHBREMNH—EEEER. Z
UMK ERNRLBITX2SHALBIERRER R, —REMANEDHR
KEREEMWEE 3~4 X, FEEEHARESIHTSMEAREZR, Z2MED,
ERPHZE AT USITRARBARTER, SHELRREETHE, TR
R th B (Collins and Bell 2004; Klironomos et al. 2005). TG X} 4k % A% H
VREFAEZFHMA, Alm—EREEYRNAMEKR, TEAFAK,
Fltf, WEEAHYNEFAPEEERE—FLL, HURTKITEEEH
P F I R BE CO, ST EATIREAT £ AN i A A 4L 2 (Collins and Bell 2004; Klironomos
etal. 2005; BEEFESF 2006). Ubsh, EAR CO,MHEYAHEREWMTRESP,
BLRERE—EHEMEE, TUEYAMER, WRERKNERER, L
RRAbBRE. £TERER, AXHRAEIEDIUBEITFEIARTZ,
AT EEME D, BBRMENELA- 30~40 EXK; £HAME, —& 15
A, MAHFERHFEERT 60 RELRE: HF-8&RE, SKITLHTIES
HERA. ANEXUETORE. EV¥HHREERASHE, S29F
BARMPOBIE. ik, BRITAKD, BBIFENELE SRR AT
REBRHEBH LR .

AL BRI E A 370f1700ppm CO2, ZEA TAURIEF A R URIF AT
EEZNMFHURALE, UFRHERRKSCOMREARELGT, AVAHKE
B, UREMRERNRE, ATREHRECOMNMBFERFHEERY
ZHE: FNESAER. A8NNMERE, #— PR EVAHERN2
REAMENRA. FEERIRAOMNHE, ATUEBTEARNTEWES
REAFABRURMEGEHEF, URMERRAZHNE. HERERRESR
ghetnEmsERREM.

14



B W AR CO, MHAIMTF B M AR v A R0 RT3
2.2 HB5H%

2.2.1 LBHE

$1853F (4rabidopsis thaliana), }1EF 4R Columbia 4 & A (Wild-type Col-0),
HYERZEREYHAREMEAR AT, AHFELRT 8 MEARIAET R,
HpT 1 MERKIERRE £ 1 MERRIFF.

2.2.2 MRWE S EYE

PR FERHUET 4°C ERASREFETAE 2 X, BREFREE
F+EEAGERIEFHIREDH RFREL T )R 1: 1 LHAREFE 121°C
M T RS 20 25k, HAEFREABN 200 cm® BEENFREZCERIER
EAT). BRELHEREHRLR, HEFERNELABE—NBEEER, R
EREREHREK EREEIEHERARK, RTLURNEENEEE
FRMATBAERGK. SHEAPOERTEKBRAEBIBMLLE, T
BERREHEFHTLAR 2 ROFHFHETFRT S/ MOHMBHIERRE, V)
BHERFES, EAUETFHTHRTRELR. SRABH S~ HHT, B
SHERERRE, LYEMEKHKRE, EEATEFEE—HE. EEAMRIKYH
MEKRIHEN, BERX@DH#ITRAL, REA 1/ 2MS EFBHITHERE
~ (Murashige and Skoog 1962), HEm RINAAKBMKHTRK, LT “ATAHE,
—RZE” KEN.

¥EBRENEZEELR —RBBIATREFAEPRTER ATSRE
FFHR S H HPG-280H, M EM/RIRFBKETHEARFRARAF. RIKEFF
5, B9 AR HIRAABKOLRE R SR, RS BE TR E S HxY
B, ERESES Co WE. Fit, RIMNEFLRIREPAEZEHERAETR
AT ITRMMATRBRERT T ELHE, ERALSRBERY BB E
R CO, . ATBRASEEEREEFEABMA—NT LR B R
CO, KREf) CO, Ky R{% 38(eSENSE-D, Sense Air, Sweden), Z%{X22 K FIKERE K
+5%. HESMBE-ANLER, CORBIBFTRRIEN CO, B LIHEB S
ke 2%, RSB MEBEZ I CORELRINPULREN CO KRB HITHE,
WMREZH CORERFRINBUERTEN CO WM, MAgkHRRLXMA CO,
M EREE, AT IEXEREAG CO A%, RZMITH CO, S LA

15
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BEEFAG CoO Ak, Et, BFHFH CO, ARRKRE—HERMNBIERE
HELED. ALRPEAK COKREHN 99.999% MAF A, MILFRILES
ARERARME. B 2-1 & CO, ATARA. HXBFUEBRUARBEITHEEKEA
ITRFEABEKMER.

AR 38 M X SCHR (Leishman et al. 1999; Gibeaut et al. 2001)A B ¥4 LR RA %
HEMER, BOLRPEH 2 MEEHALSEE, —MBEAEAPH CO,
W28 370umol mol ™, 3% 3748 P SR {E 4 37030 umol mol ! T5 FH 92
. B—AMEREFE COKRE B EME N 700umol mol?, I LFLEN
70050 umol mol ™ TEFE A 33N . HRILR 16 /T, 3% 400 umol m?s™ PAR,
JERAEBE N 23°C. HXHBEN 75%, REIHEEN 19 K, HHEEXT 90%.
HEEFEEP, BRIOMBLRMBERMEFAIERATBER K, RpEHN
BEMBEEFETNAE, BORITEOEFRBEURMENHEEKKNE
.

2.2.3 #IAFEKEENOME

BTFHETERE KR T RIEYRRAD, HRAELUEHIAE, BRI
W AKX MR (Gibeaut e al., 2001), LM B ERRUKRERBHEKREKER. FF
FHEE 1~5 AARKEHE, SAXAKEMANNERETIFRERRR,
EARN, dTEEHFHELESR, BH 5 AEER LT RRERTESARR.
P AR AutoCAD 2000 B4t AT o A ARV, MO aT BB Sem i (XZE® e
kERE P . BABBEEHLRIE 10 £k,

2.2.4 HRFFEEERBABOBE

ERBTFHEESE | FEFRANE, BEKRHE 6.00 BB (Boyes et al.
2001), SEBHIRIEAFE, HEFARTFHRIFEATENR G, LB EE
HEFREKMER, MNB 1 FHFBBIBRE 1 S5 R PFTF R IETHEE N
HEEEEKWE, HREFERAPIEFEKNEREKNRZAN. EHER
B 1 XERARBFRBE, CREREERM, HHENSEHEREKAE
BfEl. ZEfE 1 AMEARD, B4 CoMBAEPHICREBELRY 35~42 Bk,

16



%% ARRE CO,MIURIF ST AR WA
2.2.5 #l@EFE. RENHFHRHNA

ERRFEGIFELEFGERERE | EHRFENKE, FHENIERA
RYH: FAENARFERFEES | MARP R B~2 5k, ARKE. A
RPHTFHBIEWTE: F 1 AMERBREYUR 10 Mk, &/ MEk EREHLUE
0NMAR. BEAMTER. AT TRES MBI 10 Mk, BHEKES
HFHE, RAASKATERERUTHENRBERASHTHE.

2.3.6 HAEFEDRERSELHINZKIT

HBE 1| FENARPRHTRRSE, SHEERITER, WEED EHIH
EM, AKRRAEREHLIHR REGER, BERHMEE 80 °C £4TH
48 PNEHE, BEVTHEHREKNEYBRLIEFRBTEYR, RHFERHG
ARRTHE, RALHASTEYER, HEKBRBAERBRETNEHBEEY
BZA, RANTTUEESMEEEEEYRE S SEVEROLH. § 1 M
R RY 35~42 .

2.3.7 Hl@EFHFRIRRROEN

FRER B N 10 BRHGLRREVIERR 50mg FF, R/5 AT H 50mg BT
SHTHE, #UAHEATTHE. #TC N TRMESER “3.2.8 MK
PEMTEIRRE” , BEHHE CNEH, BFRINAAE 1~6 MMHEAF
FHC. NGE, FURMELRFREH 6 MEANLREE. FFHRRT
Hihik: MTHAEFHTREERBNENEK, XHTHERSEN K,
HRIER 1 MERBFRIGIRE, LRHMEHFHRE, RETERES 1
AP 10 MEBKF IR T, BAMEERIX 300 BLF T, HETRSEAAK
B, B4 °C FHTLE 48 Mo, HEMRILFHFRF—B, REHFHT
BUEE 16 DARDER, 8 /MR BRERXMT, 2L 72 /MG, HHFARMTHY,
WHHRE,
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RS IT A YA R BRI A R K CO, IR BEAEAL (K W R

B 2-1 CO, AT RARER RS
A FAR CO, THMM, MM LIEES CO;, WIMMBREM: B.CO, AT URMSHIE,
BAFNMAER CO, MELHRMN, HuBIDHRBBIHFX. C.OO, RERNME, B
R CO REMSMAZAR. D. CO, THMIIAMTHMINIFFXMLRMABAES. E
MR A KR,
Fig. 2-1 Figures of CO, growth chamber.
A. Cylinder containing CO; with 99.999% purity and electromagnetism valve; B. Figures of outer
growth chambers and CO, controller on the top of the chamber; C. CO; detector; D. Magnified
Photo of electromagnetism valve; E. Plants grown in growth chambers.
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oW TREWRA CO, XMIF S MURE AR MR

234 B

23.1 FRKE CO, MUBFEKRENTW

2-1 REMRTFIHRIG 6 N Bk IR B AR E. NEF
AT LLE H 700ppm CO, A BAR MBI EK R H. HPME 2 AZIE 5 At
#IA, 700ppm CO, MRS EKIERENHE. B 22 RAAIBIF NG F
f& 1~5 JA W 370ppm 55 700ppm CO XA EKRENEW; B 2—-3 52
—4 REFHE 6 AR, BMHIRE CO, BIFAR THRTFHERBREKRER
R. MWiXEE AT LiE BHE HRIRE CO, b3 8 E R ITFHBT Mt
FEamEKRE, FAAERTFHRENS AUAREEAENHE.

100
—— 700ppm
90 ~s—370ppm
80
70 |
60 |
50 |

40

30 |

Leaf Area Per Plant (cm2)

20 |

10

° L_' " » 4 2
0 1 2 3 4 5 6
Growth Time (Weeks)

2-1 REWRE CO, MBI AR R H i firt iy BRI FZUHL R
Fig. 2-1 Effects of ambient and elevated CO; on leaf area of
Arabidopsis thaliana during six weeks after germination
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RITFA A AR PR K CO, MR BEARIL I B

B 2-2 REIRE CO, MBMIFHFHRE S AAMKEKRENER
AE: BFIR 1-5 G MK KR, Z4 (700ppm), 44 (370ppm)
Fig. 2-2 Effects of ambient and elevated CO; on growth and development
of Arabidopsis thaliana during five weeks after germination.
A-E: Plants at 1~5 weeks, 700ppm(left) and 370ppm(right) in each figure.



E_R TRRE CO XM MMIFEMERA M ERYRIIBTIR

. T SR AR 5 4 £ T TR P S TGP
\ o LR AT ,

B 4 L w‘ ] b UL z .".’

W " va | . r

B 2-3 ARRE CO MM HTFHRE 6 ARMKEKRTEW
A 370ppm A& A9HME: B: 700ppm T4 MHE

Fig. 2-3 Effects of ambient and elevated CO; on growth and development
of Arabidopsis thaliana at six weeks after germination
A. Plants grown at 370ppm; B. Plants grown at 700ppm.
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BRTF A A BB F R K CO, IR BEZEAL HIWIRY

M 24 ARIRE CO, MUMIFFFHRSE 6 AR EAREKRETNEN
A. 370ppm FAKMMR: B: 700ppm FAKMIR. RR: lcn
Fig. 2-4 Effects of ambient and elevated CO; on root growth and development
of Arabidopsis thaliana at six weeks after germination.
A. Root at 370ppm CO,; B. Root at 700ppm CO,.

2.3.2 FARE CO, MHUMIFFAE. EFMYPNER

A 2-5 Xox 8 MERBAEFERRKRE CO, A BT, B—FF KK E
FARR TR M ARt ] . B ] A tH7E 370ppm CO, T, HIAEIFHRFFIER
BT 38~51 K, B—HKIBME LN ENERY 14 X, K#BHEKE
41~46 RFF#E, K+ 4 RO R FHOFEEKBERS, F19iX3 6.8821.55
. M7 700ppm CO, F, MMFHEHKFER BN T 35~47 K, B—HkIIRE
— TR RBEIE R 13 K, KHAHRE 37~45 KFF1E, H+ 41 X
NR T EAGEERE, FiX3 5.13:1.81 #. SRR, 7 8Mit
&, 700ppm CO, 4B T, HERE—FIEFF M ] FHXAMR I RES: R
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BE TRRE COMMUBIFEMEREHEEEWHTIR

i FFER i EEERER, MAHIEEETE I KRN FFERT~45 K), T
370ppm CO, 6B TF, KENEFE 6 KA A FF1E@1~46 K).

—o—370ppm T r
=& 700ppm

S = N W T O 3 0 ©
T

Number of flowering plants

J.I‘Ll
L35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51

1
(WY

Days to first flower
2-5 R[] CO, AT 8 MACH ¥EFIFFTERT () 3 46

Fig. 2-5 Distribution pattern of flowering Arabidopsis plants of 8 generations grown under
ambient and elevated CO; during different time

EE—Ad, 5xXRMHELE, RKE Co, LB B EREMFFAL
(P<0.0001); B, ZEHF CORELAELM4T 8 M Z EMFFETE], HE
% 8% % %(370ppm: P=0.127; 700ppm: P=0.193). B 2-6 L 8 MEAARF CO,
WP &1 FRIBTFFF LR mIA93R4L, 3 370ppm CO, AT 1~8 M —
MR FHEME B AT 4337~471 K, 8 MR T ISR H
44.10£0.54 X, 8 MEARTFIEF T a8 5% 352.81 K. W 700ppm CO, 43
T, 1~8 MERFE—MHAFEMFHNENF 40.07~41.45 K, 8 MERF
BIFFTERTA] 4 40.81£0.53 K, 8 MEATFFIEAT A M ERA 326.50 K. 5
HLLE, 700ppm CO, BT, ®—MHAFFIERS M) FHWIRAT 3.20 K, 8 M
Friemt [ 3EHRAT 26.31 Ko
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50 r

:

2 45 +

=

2

= 40 +

S

=

® 35+ —&— 370ppm

R —B— 700ppm
30 | | Il 1 ] ! | ]

1 2 3 4 5 6 7 8

Generation

& 2-6 RNFERAEE CO, 3l #a T+ FFE AT B )
Fig. 2-6 Effects of ambient and elevated CO, on flowering time of Arabidopsis thaliana

R, &5 AP, SHRMEER, BKE COo, LBt BEREIAE
THAIE A #A(P<0.0001); BR, ZEHR COWMEABEMT 8 MR RIMETF
A ENERE 8% % R (370ppm: P=0.095; 700ppm: P=0.145). B 2-7 LLE 8 A
HARARE CO B &M THIRIFEF AMMZEI, HP 370ppm CO, LB T 1~
8 MERE—MHREFAYKENT 105.49~106.71 K, 8 MR PHEFA
BiKE R 105.97+049 K, 8 MEARLEFAMATAEERA 847.74 XK. T
700ppm CO, BT, 1~8 MR P HF—MHAREFAMPNTF 99.52~101.36 X,
HMEREFARFHKES 100.3320.59 K, 8 MREFAMKE SN
802.64 K. SxIfRIALLEL, 700ppm CO, ALETF, H—MHALFEAYKEFY
4858 5.65 R, 8 MUEHIL4ENE 45.15 K(E 2-8).
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B 2-7 FEIRBE CO, MUMTIFAEE AR E S
Fig. 2-7 Effects of ambient and elevated CO; on life span of Arabidopsis thaliana

| ODays to first flower
| B Days of reproductive growth
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Days of eight generations

H 2-8 FRIREE CO, b8 T HIMIF LS MM LR
Fig. 2-8 Comparison of life span of Arabidopsis thaliana grownat ambient and elevated CO,

5xf A, 700ppm CO, 4LE T, §—/MERFFIERN B EHIRAT 3.29 K,
AR RAMTEHRE 5.65 X, BBEEEREKEERB=5—&ETHRRe
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AR IF A AR A KR CO, B AL wa Y

8] + A 5A A B 1)) X9 4608 2.36 K. IR, ZEABIE] COWKBEALET, 8 MEAR
A KRR Z A% F B % % (370ppm: P=0.124; 700ppm: P=0.063); Wi/
W CO BT, B—/MERZBEHEEEEZE R (P<0.0001)(HE 2-9).

65 1 —e—370ppm
—8 700ppm

63

61

5 1

57

Reproductive Growth(Days)

Generation

B 2-9 AR CO, MHliIF AR A K E W
Fig. 2-9 Responses of reproductive growth time of Arabidopsis thaliana
to ambient and elevated CO,

2.3.3 FREIRE CO, HHElEFE. RE. HTFHRER

B 2-10 &7 8 MEABBEFERRRE CO, BT, H—MHPHBFE
BB RELES . NEPTTLUEHEMR CORELRET 8 MEAZME
BB R — e S EMHLES), K9 370ppm CO, BT, FAMMHAH
BT ERE 230 ML), EMERZAIBEEFIFELENTF
225.9~241.7 4, 8 MUERHEBKFHFFLEHE KD 23422754, EMERZ A
FHEBREERENER (P=0.158) . F#, 7 700ppm CO,ALHTF, 8 Mt
Rz AP TSR RERENEER (P=0.086) , &FHHAAHETFIGF
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F_F AR CO, xR TF ZAMEARH A H Y MKET

TEHEAE 340 MHHEES), FAMUARZ EEKTEHFERENT 328.8~347.7
A, SAEREBR TSR N 337.2¢32.04 4. BFEFR—/MEf$, 700ppm
CO, &3 F sk P14 B39 B ZE /T 370ppm CO, &b T H Bk R FF LA B
H (P<0.0001) , Fi# 44.124.2%, B PEILIBEE KN 38.1~50.7% .
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B 2-10 RRIRBE CO, MU IF L A A ™
Fig. 2-10 Effects of ambient and elevated CO, on flower number per plant

2-11 &7 8 MERBBIFERFIRE CO. LB T, HF—MHRPHHEE
BaROHBTEY. NBPTLULEHEMR CO, IRELE T EMEARZE
HETHF A R ERBAE— & REMIES), HP 370ppm CO, LET, 84
HAH B R BRE 200 MEES), BMERZEIEKFBFERARN
F 198.7~212.2 4, 8 MERHEBK T F S RN 205£18.1 4, FAMHKZME
HAARNERAAEENER (P=0.077) . RA#, % 700ppm CO, LETF, 8
MERZBEEKFHARKBR LR ERERZR (P=0.087) , EAMHAHEP
B R RE 280 M), 8 MERZABKTFHAREENT 2713~
286.3 4, 8 MEACHBK TR RN 279.6:21.3 4. EHEFHAH, 700ppm
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AR TF A AR AR KR CO, R ZEAL K W Y

CO, &b FHiB 1A R4 HWEE AT 370ppm CO, AL T H K F1/4 RAIH
H (P<0.0001) , ¥/ 36.4+3%, HMHAPEILERERN 31.2~39.6%.
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=
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2-11 RRERAE CO, MR TF A R BB AW
Fig. 2-11 Effects of ambient and elevated CO, on silique number per plant

B 2-12 ®7 8 MEARTIBEIFEARRIKE CO, BT, F—MEARTARMN
ERHFHERELNES. NEPTUEHERR CORELET, TRE 84
A2z | (P=0.099) EREZEMEAT (0.175<P<0.847) , CO, bE X f R #

FHEBBYVADENEW. ARFSHTEHHRE 47 MHEAB3). B9
ARDFHFHEHEN CO, LBEREEMN.
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B 2-12 AR BE CO, MM TF AR PR FHRHA LW
Fig. 2-12 Effects of ambient and elevated CO; on seed number per silique

B 2-13 ®7n 8 MERBBFERFRE CO AR TF, F—MIRPARK
BERFHERANES. RE, ABPTTLUEHERM CO RELET, Xik
7E 8 MR Z 18] (P=0.430) EEE%/‘P’@R* (0.124<P<0.764) , CO, 4bH %t
ARKENREREEEY. ARTIKEE 12.6mm RA4E3). REARKE
50 E#HFHRE—HEH5 CO, AR BB EMN.



U ITA A AR R X KR CO, R B2 W Y

13.0 —— 370ppm

—8~ 700ppm
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2-13 RARE CO, MU I R T RO W

Fig. 2-13 Effects of ambient and elevated CO, on silique length
& 2-14 7 8 MERRBEFERRKRE CO AT, H—/MEAT BT
WHEHFHEZANES . NEFITLEHREMR CO, IRELR T EAMER
2 PR AR T R R E— R RUEMSERE, P 370ppm COLET, 8
MR EFHFHEE 10000 MHHTEs), & MAZ BB
GRHTFHENT 9146~10010 4, 8 MEARHEBTFIIFTEFHFHEND 97131886
A, BEMERZ AEKTFRFEHTRRRARERER (P=0159) . FH,
#£ 700ppm CO, AT, 8 MURZAIEKFHIMEHTHRELRFTEELER
(P=0.767) , 8 MAHKFHFLEFHFHE 13000 MMHEHS), FMERZ
PR FHEA T 12835~13593 4, 8 MHABBKTEHFERHTH
1% 13420£1001 4. BEF—HAH, 700ppm CO, & B T H KB H L F
R B EERT 370ppm CO, A3 T HLkFRI &+ T4 & (P<0.0001) , F

Bi# 37.746.1%, #AMARPZHEER 27.1~48.6% .
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B 2-14 RRERE CO, MM IF KT F R RN S
Fig. 2-14 Effects of ambient and elevated CO, on seed number per plant

2.3.4 FERE CO, HUBFENRERSELLHIREM

& 2-15 R~ 8 MERBBFERFKRE CO, LB T, §—MEFRIH
BB TERLNES . NERTTLUEHEMR Co, ELRETEMAZ
(Bl AN HETFR) B T EAE —EREMEES), HP 370ppm CO, 4ET, 8 Mt
RPN EBFH BT EE 800mg MHLHS), FMERZEIRMMEETFHRTE
NF 771~819mg, 8 MERBENMEKTFHBTFER 797.8+71.9mg, FMERZ
AANMEGFHRTEREEELER (P=0.106) . F#, 7E 700ppm CO, 4t
BT, sMRZAAMEEETELRRFEERESR (P=0.767) , 8 MR
MK BT EE 1000mg HifEs), FMERZRIANMEHEEHETER
996~1058mg, 8 MEAAMELFHAFERD 1029.3£80.8mg. HAEF— i
R, 700ppm CO, AETEMHETEEEST 370ppm CO, LB THEMH
BEHETE (P<0.0001) , FHH 29.322.7%, HMERPTILEREN 26.3~
33.1%.
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2-15 AR CO, MM F sk B MR
Fig. 2-15 Effects of ambient and elevated CO; on total mass weight per plant

2-16 £ 8 MERBEIFERFKE CO AR T, F—MERFHEMH
BEREMBRUREHAMER S BEVREARTNES . NBSTLLE
HZEHR CO R T &ML M B E R EY) BE— € JUEH
P, P 370ppm CO BT, 8 MEARRMEKRTFHEREYRE 350mg
BHEBE, BFMERZEEMEKFHERENERNT 329~358mg, 8 MR
PAEBRTFYEREYRA 3454£28.4mg, EAMERZ EAMEKTFHERE
VERBAFREEER (P=0.110) . R, 7 700ppm CO4ETF, 8 MEZ
RANMEETFHEREYBREEARERER (P=0.697) , 8 MERRNHKE
T AEY R 450mg ML ES), EMEARZERMKTFHEREYRY
443~468mg, 8 MEAARNFIEREYIRN 455.1428.8mg. {BEF— ML
%1, 700ppm CO; LB FHHKFHNEMEYREERT 370ppm CO, L T Hikk
EHEREYE (P<0.0001) , FI 8 31.9:5.6%, &M P TALIER R 23.7~
39.5%.
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F_F FRRE CO, RS MERTHEREMKEIA

ME 2-16 7] LUF H, 700ppmCO, MY EE ¥ s FFEsk £ HAEY R,
MHBEERFGEEEY BRI SEKBEYRILS (P<0.001) . {B7 8 Mt
Kb, R CO, ELET, FMIRZAEHEYRFA L LY RILFIE—
ERENERS), BABEHEN, W 700ppmCO, KE T 46%MiLZ3), 8
MERTFEIBME R 46.4+3.0%, FTLTEE N 45.3248.2% (P=0.636) . TMZE 370ppm
WRETEMIRZEEBEEYRF S QEYRLGIE 43%HERS), 8 MR
EME K 43.2+1.8%, TALTEEN 41.8+44.3% (P=0.113) , 4B HL I LLZE 700ppm
TR 3% AR,
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2-16 RFRIRE CO, MU F KL HAY R IR S 8ENREFINER
Fig. 2-16 Effects of ambient and elevated CO, on reproductivemass (siliques)
per plant and percentage of reproductive mass

2.3.5 RRIXRE CO, MHl@F M FX/ IR RBAKH
B 2-17 RoRAFERE CO, 4HT, EMEAFMHFTRENNETEL. A

3



BRI H W AEBRAR M AR KN CO, IR AR WIRY

B Al LUF th, 700ppmCO, B3 M hnFh-FF A (P<0.01) . {BEEAHR CO, IE
BT, FMEAPRHFTREE—EEMRITES), W& 370ppm CO, £ET,
FAMMERFFEHTRERN 18.1610. 42mg, FANMURPHBREEEHREZR
(P=0.407) ; TZ 700ppm CO, T, FFTHEZL 19.5mg SN, FH
B4 19. 35+0. 44mg, BMERZAIFHFTFHRIRFEEHER (P=0.683) , F
Bt 370ppm ALK TEL 6.6%.
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B 2-17 RERE CO, MAUBTFHFTFNENEW
Fig. 2-17 Effects of ambient and elevated CO, on weight per 1000 seeds

2-18 BIRRAFIRE CO, LET, 6 P FHF4& N M ON HHEhE
T, AEFTTUEN, Z£&5MERP 700ppm CO, EEREFTFA N R
(0.0001<P<0.0389) (B BE M mFF C/N EL#)(0.0001<P<0.005) . {EZEAEA
COKEAET, FMRPHFE NEBUR ON LEHEBENTL, THE
FE—EEMIES), WZE 370ppm CO, LB T, HEAMERHTFE N BT
2.5620.09%, EMIKFTRFEEEHZR (P=0.915) ; M 700ppm CO, ALHE



B8 TRRE CO MM S YA W MBI

T, #HFENERE23% M43, FHEN 2.29:0.09%, & MR Z A HEH
BEHER (P=0.674) , FHLL 370ppm LB &4 KL 11%.  1fd 700ppm &
HE&MT, #F ON I 370ppm FTEEM M, EEMHRKRE CO, LB T, CN
HEZEMIRPRURK, HE—EBENES), W7 370ppm LET, 64t
R C/N tLF% 19.84£0.68%, 6 MEARPRTEEK 19.59~20.33%, &E
B EH = R (P=0.612). M 7E 700ppm LT, 6 Mt C/N HE 34K 22.96+0.91
%, 6 MERPEUTEEN 22.55~23.25%, LR FREEHER (P=0.818) , F
¥t 370ppm T #4 15.72% .
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2-18 RRIRFE CO, X #ATF R F AR BARE LN LW
Fig. 2-18 Effects of ambient and elevated CO, on N content C/N of seeds

B 2-17 R ARRE CO A BT, 8 MERPHFHREMZHERL. N
BPaTUES, CORBABMERZEMEEEE/ER. WE 370ppmCO,
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WRIIF A AR AN B4R KR CO, IR KW

WREALET, 8 MERFHFHEAEN 88.6£5.5%, M T 87.4~90.5%, &/t
RPFREGEEENER (P=0.832) ; MFEFE 700ppmCO RELHET, 84
AP TR R Y 88.3£5.4%, N+ TF 87.1~89.4%, BEMHRTHEREEER
EFHER (P=0.699) . BMKE CO, LB TRHEBENER (P=0.302) . Bk
Wh, BFHRELRE COERERMTZM.
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B 2-19 RFEIRE CO, MBI TFHREMER
Fig. 2-19 Effects of ambient and elevated CO; on seed germination



B8 RERE CO, MHURIF S M AT M A R Y W BT
2.4 i #

BEAARRRE CO MBI HATIES 8 MIALEHITR, RALEH
—AMERH, 5 370ppm CO, ALHARLLEL, 7E 700ppm CO, RELET, #IEIF
FRREERRNDERYM. FERN. EFRARSE: ERLEYEREEM
n: EEEEEVENARAHFORENREYZERE N, SHENES
RHARERD: HFTRERCONEEHN, AFNSEHEEREK, M
FRERHEFRERK.

Gibeaut Z(2001)¥ ZHF 5% 1000ppm CO, X UBEHEKRE EFEMEW,
RI 1000ppm CO, LLE FHRIBIFFBELE 32 RifHE, TWZE 360ppmCO, RE T
37 REA#E: ERAEBHEN 3 AA, ERUBEFHEEKRERNXENE,
e COREABMREBAEUE, EKHEMR, T 3 AUEHKANEKE
RWEH BRI RAEBEE =M (Trifolium repens)?E 600ppm CO, K E KM T,
FriEaf LU IER BIRAT 10 K, fEF NN TR THEFS LA/ ERE LIRS
RBTESHERYE, EREEBMR, WIS 2 57 (Wagner et al.
2001). EMAERMREN, RREBREPHXESH, RN NERSHE
B/ R T 4 % 5 193E & B (fitness)(Wesselingh et al. 1997). %, MW EH
RAMKRATATELHRHIGRER: F—REEAVASEHET RN ATRD
FAKMBEAZEAT, BidREHEDENEKEE, URMERE, &
B HERERER 8] AIA B H A ET T A K /M(Reekie et al. 1994; Ladeau
and Clark 2001; Wagner et al. 2001); %= Rifid S EWIFIER KA KX
/M(Reekie et al. 1994; He and Bazzaz 2003). i k% EHRAE NN, HYTAN
KAREWMEYFEOEERR, MEDALEN ES5HERX RS K(Reekie
etal. 1994; Ladeau and Clark 2001; Wagner et al. 2001; He and Bazzaz 2003). &
fIMARLE RIS BEFEERRBHEAMNEKER, MREEEMR, #HM
FrAERT () SR AT .

BH, HYEBHREX COMBERKI ML BE, WER CORE
4T, KBHHEYHFFEY R ¥ % (Jablonski et al. 2002). Thurig %(2003)i& i
Xt 61 FHEYERKRE CO, THEEMMARN R, XLENEREKEL,
KB % B F3R % 24% A4 . Jablonski %(2002)% B R F M 159 R, R
79 MY FhAOAR 3E B kL T 8 & 4 T (meta-analysis) /5 R 8, 7€ 500~800ppm CO;
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AR TR A A A A 41X K CO, IR BEZZ AL W1 L

WET, FIEEYMTFIEHEE M 19%. XF COREARMNEDEHRE
HEERMEW, ZRTHNREVEOTFRARE. ZEEHERLT, COREAREE
RESHMREVRELHFTFHERRE=R, MY HKXPIDNERAKX
(Ainsworth et al. 2002; Jablonski et al. 2002). Kimball(1983)%} 430 HA X REW
M RARERT T HMHE R, RIEVTEHF=BIMMAN 34%, TFRFHX
ILFEEEZ. Ainsworth F(002) KBS HE, ¥ 1980 3] 2000 £
8920400, ZEEBEYPT EERN 11 BRIXPEX CO,REABNKGTEKE
WET 2EAT, GREN, KERFERFYEM 24%, FERGXKHEBF
B3im 19% B3, W RRLR T P ER B E R BiE, Jablonski %(2002)
tRB, ERKRE CO, BT, KB KG. MEUREXEREYREL, #
THE. URFREYLFEMT 18%. 16%M 25%, MENHFEHER
UMb 4% . EHRFRIIKIR, 700ppm CO, B FHEKFHIHLLEE. AR
HHUMFHEYEZEHT 370ppm CO, LB T W IEF, FHD HELA 44.1%
36.4% M 37.7%, A FRONARTHFHEEFEEZNK. BERIMNASI®E
WE CO, TERBELEMUBTFHMARKE. FFHRERMMEKREREY
B.

BRIVEPERKRE CO, T, HFHBREEMM 37.7%, MAFTHERES
% B8N, B CORBEEUI BB FRENRZWERERTHFRDR? R
fIRA, HYFROBEEESFEFRBANRHERRIEAX, BRHFFERES
FRRTHETR, BAHEYBRAIAHEENRBERARE, ORTFANS
% & 2 [R) #7745 FH A5 % 7 (trade-off)(Smith and Fretwell 1974; Lloyd 1987). £t
) Smith—Fretwell #E IR T AR FRPEERIFEEME, ZHERHA
H, EYFRAMERE S E %5 B RFF K/ optimal seed size)F VIHHX.
E—AFEA, KA TEAEMKREEZEMEHRMED, XH, FHFXD
BRABHRAERE. MRZRFBRAIMFENRESND, dTHTFESEHE
SKZUAK, FARFRIEAEAKR, B, FFHEHESHM(Smith and
Fretwell 1974; K% 2004). CO. REARMBESRBEYLENEH"K, &
FERFHFFADM—BZHEEEETE CORETH)EREBD, FUFFHRR
SN m.

BEFHFNSREMURCNYER, EHREMEXIMRRE (BFEESF,
2006). WBarbara®%(2003)%t —LEMHEYKHAARR, ZECOIREAMBERT,
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B W FERE CO, AR IS MERTHERMY WA

XEEYHFRSAEEEMRK. He(2005)5F 5T & ik & CO %t 3% H & bk
(Phytolacca americana) ¥ FN& B U R B FONN B RIAFFNE BEETCN
tim. HENSRTHRIERBTHFIRAKUEYEBE M ERRE
H, seoheFRRAR RS RMARBRENG & BREAE.

KT BCOIREXN T Fili REEWRF — LR FIRE, MAIEXL (Pinus taeda)
FECORBEAMBRT, HAFHRRRAFRG, HRMNEERSK, SEa4
KRB IR AR BIMR, XREREAIZER AP RAERNFES /1 (Hussain et
al. 2001). MRAVKAREABCOMKREN B FHFHELREHEELW.
b, RITAN B TFURALRE, KA FHRENBCORENMNBEE—EER.

7 8 MRS, HF CORELR P, RIORA—AMREBOAR, W&
AMERPERHIBGBRE—EREAES), HEEFELEERER. ZHAR
BT RIOBVNER, ROFHEAIEDEELSTEEZMIREKE CO,
WEE, EEFLERERRREARESREHNER, MXERFMRET
DR EEARB T —AMERP. Flin, RAIFHINSEE 700ppmCO; HEH (R B
ML, XERMERAESE, MBRES 1 A, RRUEIFHEEKFETS
7E 38 RITTE, BEFEHEEHTRIAY 35 X, RIVMKFMMAES 2 A, ¥y
FrAERt BIATLAKE T 38 K, TUSRdEFFERt M aERET 35, % 3 AV HIEL SR
2AMEARAE, K, St N (N=2) MG, 8T 1 MERFFIEREE L
b1 AMERIFIERT RS, 7 N AR, HEFENETRREEEETS 14,
LR, BEFFENEHAR—ESSEE, AWRE M 4~ (MEN) AR,
AT FHFENABRERER L, ME—NMEETCAAES). HHE—
A YRR B R ER T AT L E, mAEKE. XPMEE.

MRAMELRERDERNOBEAFTS, BKE CO, MBI HTESE
ENMME, MREFEKRENEEEYEFBRERSEEEHORL,
BRXEFUNREBEBRET 1 MR, RIVADEKRE CO, BN AT
BEEEYULER, BB BIRE CO, REFEGENHERR. HERMNE
¥, ERRAR COREARET, BMRE COXMNRERFTHEYESMAF
WA AL YIIER .

Bazzaz(1995)7E % F ¥R BE CO. X415 Bk (Abutilon theophrasti) 34T 1 MHAL
RESE, BFHERE COMHEMMFEZRME SR, SBRETT LT HH
FERKRE CO, MM ITEESMRLERE, 81 MM LE 1 MRS
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BB IFA A B R 4 PR K CO, IR BEZRAL W AL

HEERESY 0.02%. WRRINU1%ENBERE, FANEREANEDOTE
B3t 50 MERLEE, B 51 AMHARME 1 MERA S MG ERFHESR,
BANER, EBSMERIIRE CO, MMY=EMYHLERERE S, LFTLLR
%, BTN ESAMERPRIRE CO MHEMEA = EYRIER. ZERHD
AN RNNERERFIEEL.
B FRIWEREBERIKE CO, HERMKERTEESMIALR

I 45 .41 —B(Collins and Bell 2004; Klironomos et al. 2005), X XM BIE7E

(Nature) #17) L R %, 575 (WA N 1050ppm CO, X} 3 i SR B ELLALH 1000
R (#4250 R)LUE, REXBKELHEASRERITORARE: FENEAR
WA CO, M E B 21 (XY 6 F)LLE, AARABNZMHIERERE
. ELRFEXETET R LETREEERENEFER, BREAR
BWE CO, MEBMENGWA A REIMLER, MRRE CoONE—RF™
EMpREBARE TR,



B=] TRRE CO, MMM ALK, S, £EEEUNER

E=F FRKRE CO, MEEFTH LK.
G, EE5ELHRE

.15 §

EER, AXRRPCOMREARE A BXT 2IRURRULF= LK W BRI
ZIEZMER, HPHBRECOMEMEKEAEMPATRRARY, FlaE
+E2ER, BRIMEEYALT. 4. BE. U, AHEZEYVESAA
BRAMBT KBOHRIE, RROFRRILCEHTRHZE(Cheng 1998;
Norby et al. 1999; Gibeaut et al. 2001; Lin et al. 2001). A7, XTF AKX COHKE
AEXNEYEE B EEUSHEWRTEAN D, BER—SHXRE, |
f Izt M SRR LM BR B AR R, FRBRONEYRTFHRE
3R 5& B 156 B Ik BE CO0 I i 45 #9 % W i F2 BE (Robertson and Leech 1995;
Bockers et al. 1997; Watling et al. 2000; Zuo et al. 2002).

KI\RBLRIFERE, BRECO,XYWMEY TR AR A KIS H.
S HK, FhtmEENNEKERE (Masle 2000; Yong et al. 2000; Ferris
etal. 2001; Lietal. 2002; Vuet al. 2002; Taylor et al. 2003; Luomala et al. 2005).
B, ARMOSR. FKEHUSZAEHEYBEKE, mEKR. RS
BE. ABE. URBEEMRZHIFY(Yong et al. 2000; Li et al. 2002). Hik, 7
KEERECO AT, HYEKERFERMRLARSHEDEN & FHBEKFE
MERGEDER. R, BEHIE N TEGRECOXH4T, HYMEAE
FK PRI FRME D Bid B IR COX YA R MK MBI S
H—SEB TFHYANEERRECOL£M4 TMERE MR

RETA4, #UBITF(Arabidopsis thaliana)e 5T BIESREEYFH R
BEHEAEY, NARXHRARKRECONENEKREE®HH A DREWard
and Strain 1997; Cheng et al. 1998; Andalo et al. 2001; Van Der Kooij et al. 1999;
Ward and Kelly 2004). B2, K405 EE £ P& BRECOM B IFHEERN
AKEER, RKUEYER. ARREHRS. £YBRZL. Rubiscol§ R
BRI mBEEmRNARIEKFEHE, TIXTRIRECOXMXFEAEYH F i
s, FYOREEEKFHZRL MK LARE.
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B TFA AR AR KA CO, IRBEZRAL IR AL

Kb, ERFEDRATEUBBEF AERME, ERRECOLZEMHT, X
KM R PBRKLED SR, TURKFE. A%, LHRARBMEH
REYHFEKFORUESEHTRENKANHR, AT EEHAERR
BECO %M FrEyAE KR A= ERMNLEIR I E LKL,

3.2 HP5FH*

3.2.1 TEHS
#1957 (Arabidopsis thaliana), }) ¥4 & Columbia 4 #AH! (Wild-type Col-0) .

3.2.2 MR SEFHELE

HE “2.2.2 HEFHSEFASOE” . TRPFTHTHEBHRUBEIFR
#H 5. 10 BB A9 H (Boyes et al. 2001), BI R BRI E .

3.2.3 SASHSHFRERIE

LB, MRS FBRTIE, ARUESAERE. ALENK
DREEAREE. RALAKEPHRITAERERE, FRPHFTLUED
BT 7 B35 (Zeiss Axioskop 40) T AT MER, HB5HA M (Axiocam MRC). R4
¥ERE, WEHAYERENSALSRESE, RASHEHSLERE. A4
5% A B 2% Bz 40 i % A (Ceulemans et al. 1995). #iER B 5 MKk, MY
PLER 3 BB Bmt B, AT A BE AL 20 ML K, 4K ILE RS 0.16 mm?,

BeAb, A LI-6400 B %4 #152 {X(LI-COR Inc., Lincoln, Nebraska, USA)# &
RBEHFSILSEREBER. MEILERE S & SHhEIE 3 M. £KE
370 umol mol™ CO, T K Bk i B 5E %14 : 370ppm CO2.1500ppm PAR. 2.0-2.5
KPa VPD. 23 °C; Tixf4 K7 700ppm CO; FHIHBEM 2 KB CO, IKfE
& 700ppm B5F, HEFHFE.

3.2.4 EHRHEUR

ELRBHFR/MRE, BETF2.5% (v)RZEGET0.1 MBERRE b,
pH=7.0) b, R HEETHS, REEIC £ETRE2I . BRE, BRA
0.1 MBRB P REYE SR B F1%RM P . ¥ SR B3/ AR
RIBERRZE rhE AT IPYE3IRE, I RFIZREATHRE K, SR )G FH Spurt g it 1T
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18, 60°CEA16/Mt. FILKB-VE# Y] 5 Hl(Bromma, Sweden)#4TH] v, &
HU A ETHMN LR UESATERANAE, EIEM-1230FEH 8T EM
8 (JEOL Ltd., Tokyo, Japan) F M#ZFH R

(1) 0.2M F)AS[R] pH (B RR R M 1B XY S 161«

[EH 1 : ¥ 2.76 3% NaH,PO,H,0 B, 3.12 3¢ NaH,PO42H,0 % F 100 ml Z&/& XK.
FE#I: % 3.56 % NaHPO42H,0 5% 5.36 5 Na,HPO,7TH,0 5% 7.16 &
Na;HP04‘12H20 %3: 100 ml %@7}(.

BEH I MK TRUEFREESIRAR pH ERZE .
# 3-1 &% pH {4 PBS RACHI
Figure 3-1 Directions for PBS

pH o2ME# [ O02MR#MI pH 02M E# I  02M B II
(ml) (mD) (ml) (ml)

58 920 8.0 72 28.0 72.0

6.0 877 123 73 232 76.8

6.2 81.5 18.5 74 19.0 81.0

6.4 735 26.5 1.6 13.0 87.0

6.6 62.5 375 7.8 85 91.5

6.8 51.0 49.0 8.0 53 94.7

7.0 61.0 39.0

(2) BAERXUAE Bl B A

70% R, 50% TR H| 2% MR MR MR . BELRE, EANET—ER
B, BEMNE, MAGEHAK. PEESHLIHT, EFELEDRES
s, U RTIRK. ANESSSnEREmeEEMmiag, LHEN
HEELH, 20 SHEMAUHERK, BTEFTE Bl 20 24, REH
WUHEHRAE 3 FERKPDHBR PN A3 K, BRHEEALRE 20 F,
GRS KRTF, #ATHYR.

(3) BERBYHACH

ERRRNE MR AT MAJLRERKE, SR LTI RS LR ACH,
# 0.1g NaOH(0.IM)#E F 25ml ERKF, REHEA 0.125g irif sy, HE&K
BEX 0.5%(W/WYEBKL 30ml, MBEBKK, WAKHKZETEAHINE
CO; B THBMBERIR), REHRFLHBERASHE. AR EEY T
HATRE, B KHI I PN —E NaOH(RE M ESF K COy), A

43



PR EAERARARM 5K CO, MBI AIMRY

JEH R /LI INK 2T RO E B R RS R, FeB R4 5-10 &
. BEERE, HENE EOANES/OR NaOH ERKFHEERFATH M
#H20F, REBKKRE 2 HRERKTHE 2 K, BRERREHELE 20 T. #

WERBEBELRRERT, BERANETR, #TRAMUE,
3.2.5 BAUSHME

BT IT AT SR R B N — IR R T i (Ebell 1969): &M BRIKAIE
¥ # %) B £ B (amyloglucosidase)/K #% /7 ¥£(Vu et al. 2002; Lindroth et al. 2002).
4 £S5 BT FRA Updegraff(1969) k. FiMRMBIHEL 5 K.

(1) THRHEERRENE
HeEr A 110 T A 15 4060, 70 ER A EEETE SR K
Somg M RMAF IR MBEHZIEE, MA 4mL80%ZEF, 80 BEK¥ 40 78k
B, $E BB, HBREMA 2mL80%ZMEH MR 2 K, A LHER
LE#H#IMA 10mg SR, 80 BEAX A 30min , TEFEEAEZE 10mL

SmL FRIREA P WA LR 1mL REE, &b 10min, HEHAH:
0.1g EFi+1g BRREM T 100mL 72%Hik¢ (30mL #iEK+ 76mL AR

£ 625nm T 5E OD {H, RERAGRHET BB BRI
(2) BRENENE

EREI AN RERTS, MA 1mL 0.2mol/L KOH
K KA 30min 4 HEMA 0.2 mL imol/L ZM&, pH=4.8

A 2 mL {3 # 55 H RS RS
(F pH=4.8 (1 Z M — Z M b R, 0.5mg/mL)

55 BT RN 1 /haY, #Siéﬁﬁf et R, R 10mL
AENENEKBAEESE, HATRBESRTURMERSBRER
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3.26 MEMHEND NI it £ # (Fourier transformed infrared
microspectroscopy, FTIR)

R FIFTIR X LRI T+ 40 B B 45 4 5 43 93 T AR HE SCER(Chen et al. 1998)F480&E %4
Bk, HERIFER, 7006 BARIZRE M itbk LTINS SR T RIS REIH Ay
¥t B F80%(VIV)Z BB, TE8SCEMTKIF2044, LAMEMBH AP
HEE., TAEERRE MM TYR. XRHRSRERIK, HEHFHER
BAIE. RERERKEESBE3R, W8P ket 5 #AP)81004mx100 4m
KK R, REBTFBaF AL, ZEITCEMHTHT. LHXEIHTEKA
MAGNA 750 FTIR 3 i%{%(Nicolet Corp., Tokyo, Japan), Ytiti{XAC&MCTHIEI{X
28, KigSPHER K8 cm? , FRHKBHN128K. BIMERETIRELR, KFHHE.

3.27 EHPMRKENE
MUBEIFH AP EREEKFHESRUT:

A. BRPERAOER

(1) FRELO0.5-1.0g HFEHWE (ERESHMEARD LRIE, RRRERE

RAFLE-20CHIRBEKAP), n 2ml HHIRIA, EXKBTHERSE, A
10ml A%, FH 2ml RRBSREHEPETE, —HEARES, BIER
B 4ChKHEP, . .

(2) 4 CTF4RE4h,1000g B L 15min(ZER + B.LHLE S LDZ5-2, 29 4 000rpm),
BB, JEPM 1ml #BGE, #5, B 4CTHRN 1h, HL, S LM
BHERBHR, REFE.

(3) kit c-18 B, AASRE: 80%F B (1ml)FHE— LH
RSB ITHRTE A 100% 5 8 (Sml)ZE i —100% Z. 8 (5ml) YiH—100%
FR(Sml)JEHE—TEER.

(4) HBAEEHAELEA Sml BEELEP, REEBTRIARAIKTF,
BRERNAPHFE, ARSRBEERR 1gHEA 1.5ml £6KAHER
EZ)e

B. #RME
(1) B 7 10ml BEE B WA —E B KB HIR(SOE R 3L A
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BIR%), B, EBFRE /PPN 100ul. REHEBERBBN AR K H
HEHRA, EF37CTF 3h.

(2) BIR: HEBEFHRRY, RESRTVE. REAHEGHEBE, #T0O
HARMERBELIAREISIMARLE, FHAXHEEERBE, HES 0.5min,F
FAE¥ERE. EE 3R, BRABRBEEREERKELAT.

(3) ¥S: HMGEY. FRERGUE,

AREE R AR BURE QB 0.98ml, P3N 201 ¥R AIFREERFI(100ug

/ ml), Bl % 2000ng/ml #F ¥ & , R 5 HF K X % B 1000ng/ml,
500ng/ml,250/ng/ml,125ng/ml...,Ong/ml. & RFIIFHEFEMA 96 FLEIRIRAKIAT=
17, BANKREEM 3 fl, B4l SouL XKL AR, SMERER =1L, 81 50ul.

miiik: 76 Sml B SBER P IMA—E RO EERBEE AN EF
%), B BEIM 50u, REHRBERMABERFTHEESF. RFFH37CEAR
0.5h.

(4) BR: FERBEZERER. BEFEUTHSR: OMEREN—E
EMNRHE S ERE AR R E—am, HERFFERE R R —ia
#e OB—RMAURBEELNAR, REBFEENE K. EEXHARN
B 8RB 1L & FLRSE R BY

(5) mM=H: B—EBMOEIRENRIUE WA 10ml #HBREEFEERE
BB RRANEIRE), BAE, EERRESIM 1006, RERHBEAEEN, B
37CTF, &% 0.5h.

(6) ¥eiR: HEREFZEHERGE L), KRLK,

(7 MEYEGE: K 10-20mg 48X (OPD)E T 10ml EVR MR (ML
R FE:Ad OPD), SEEHMEM 2~4ul 30% H0,. 85, EFILFIN 100u1(E
B b 1E), REBABER, HEEIELEED Ong/ml L5 2000ng/ml LA OD
ZEH 1.0 £60), BFLMA S0ul 2mol/L B L& 1L R Y.

(8) Hife: f 2000ng/ml MEEFL(ENIFHE LR B IR L) 0, RSB RES)
R T LK KB EFRHEY) & R B & HE & 490nm 46 OD {H.

C. 4Rt

HF ELISA & R M BHERR logit %%, BhZRKIBALT R BERREEK
& (ng/ml )i B R X BRR, PLIFARREREME logit HR. Logit HEK
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WHTEWT:

B/Bo B
Logit(B/Bo)=In =In
1-B/By Bo¢-B

K4 By Ong/ml LB EE, BRHEEREMNEAHE.

YEH K logit thZFERBEHEANRZEL. RS TTHRIEREAMERK logit
HAE EEHILHATEREREOgm) BAXNE, BLT R BEITHHBER
fI¥R B (ng/ml).

S5k, BET SRS R E (gym)i B RN SRE R AER logit H
MIEIR A RACH logit f1%k, KEBRMMBEMARE. —BKE, —HHEXKBH
GREBHEER.

KEBRLPHENRER, BATHENTROygw)THTAHH:

N-V»VyB
A=
Vi'W
K, ARTEENEE(@g/gtw):
Vo RARBUER G, LR S A,
Vi FRBATESRETROEFRER, (LERO RSB TETRET
#et vi 5 Vo AR EAEEN)
Vs RREZRE G AR ABREBEEN AR,
WRAHERNHE,
N R o K AR (ng/mi);
B XRAHANBRBRERESBEAEELEHBEEH).

D. BXMELRFFAZNMT:

(1) BB HPH#: #KEL1.5g NayCO,, 2.93g NaHCO,, 0.2g NaNsy(a] /), A
R &M 1000 ml Z1&K, pH K 9.6.

(2) BEMRELZE B (PBS): #REX 8.0g NaCl, 0.2g KHPO,, 2.96g NaHPO,4 12H,0,
F &80 1 000 ml Zi&K, pH N 7.5.

(3) B SFWBHA: 100 ml PBS F 1 0.1 ml Tween-20, 0.1g BAR(FEINANAR).
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(4) EYEBHI: FREL 5.10g CeHsOrH,O(FFHERR),  18.43g Na,HPO4-12H,0, ¥
fREAZE 1000ml, B0 1mlTween-20, pH 4 5.0.

(5) Y& #: 1000ml PBS H1 1mITween-20.

(6) #1E#: 2mol/L H,SOq4.

(7) RE: 80%F®, A4S 1 mmol/L BHT(ZH T &YX FHER, HPEMA,
SR BREM BHT, 7ERCH 80% MR ).

(8) MEBEHIR. FHMEHFIAEMIFEY).

9) BHR=H: BRLELYBHRPHREHETRIUE.

3.28 HRAPEHTRSBNE

PEITRIEE R, R ARG R R BETH A, BTRETRERE,
RERHBEERBAK, HTTHEMHTENME.

(1) BB

KRS 02g 24, A S0ml HALERIEE, i Sml KRS HML
WEETK, BORLE. BEARSNHEALEETHAP L, HABELEER
B—AMNEE, BRERRER, R Emf—2)L, #F HS0, KBS,
BHEEHSME RGN, THLETERMA H0,, BMAZRE, HEA S
S, BMAREEMH0,BHX, MHKESHR, HIBASLAHHER,
&1k H, 02, BAEE KETEE 8ml H,0,, RETE 450 °C TiHA 10—15 4r44,
HE R HO0, 2B . AHEHEREEZE S0ml. HEHLETH S0ml IREHTT
LR X®E N. P. K. Ca. Mg %S &,

(2) AR TR REE

A) N¥sE
N—E Rk ERRBBENRERN ERN, ¥R NH; FHRARGERE
2, WHAARRER, REH#ITHRE, REHEVYMEF NHITR.

N%=C(v-v()x0.041x100/(mxv,/v;)

C—RARHER IR, mol/L; v—iE R AT MR ER, ml: v—WEZFA
iR R ARAEH, ml; 0.041—N PIREAE/R A, g/mmol; m—KHR, g;



B=F TREWRE CO XUmIFM AR, it £BE5EUNEN

—HEBEAEE, ml; v—REEMHERXBEER ml. A (1)10M
/ LNaOH ##; (2)2%H;B0; 5P #18 — R AR AW:; QprdE## [CHC
8% 1/2H,S04)=0.01mol/L] »

B) PRE

WA LR —sE BB Soml ZEME P, W1 HoWMEMBLH, &
BNk NaOH B P HZERI R H A, A Sml FUEREAR, F/KE A S0mi(Vs).
1 30 24 EH 1om RRHHLAKZER K 700nm LHTRIE, UZEER(ZE
BRARHERR LR REC)AVREA.

LR AR HERREX S0mg/LP #rHE® 0, 1, 2.5, 5, 7.5, 10, 15ml
AHWA soml BERS, HLERASRER, W/ 0, 1.0, 25, 50, 7.5, 10,
15mg/LP MIFRHERFIBH, SRHMB—RIUE, EIRNRAE, RELHRERL
BRELBEANE.

P %= C (P)x(v:/m)x(Va/v2)x10~*

R CPy—NE At E A F EKBREEBPHKRE, mg/L: vi—REBRE
], ml; v—REHEHHEERER, ml; v—HEBEEEZER, ml; m—KE
#, g 10— myLIRERMUBREAEIESROBEEYL.

C) K. Ca. Mg¥iE

B bR — & B & WK R TR (AA-6300, Shimadzu, Japan)i#t{T K. Ca.
Mg fIRi5E .

Q) BHSENE

X 30mg AERB AT 250 ml =/HFEF, A 5ml 1 mol.L(1/6 KoCr,07)E
EREDES, REBEMA 10ml KHERI=AEPRY 124G, BE30H
HiLEAS RN, REMK 125ml, WA 4 BEHEZHERARS, ZEA0S
mol.L? FeSO, WiifiE, LA EARCERFAN, WHREELXR, RE
1818 FeSO, ¥, REMMPBEMBRAE, WICFKHTH FeSO, Btk
BV (mD. AEMFEAZAEHRITRE, BT FeSO, W MARA Voml).

CE&E (gkg!) =[C(Vo-V)x10°x3.0x1.33)/H M E(g)
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1.33— HEURERE:; C—0.5 mol.L! FeSO, b MM E: Vo—F AW
SEFTF FeSO, AR, V—HE ST BT FeSO A 3.0—1/4 BKRTH
/R B (g.mol™); 107 — 3 ml HH R L.

3.2.9 BBt
KA t-test ik, Givt#MEh SPSS10.0(SPSS Inc., Chicago, IL, USA).

.34 B

3.3.1 HRSASNERMRE

ERRECOAKEAMT, Htkt i L TRENSIAEEMIIAEHNEE
T, EHAFREARTFERZIDERW. SHEALE, BRECOMER/M
K ETREOSFLEE S HI¥MI9% M14% (B3-1a). FFHE, SFLEHD 718 M
12% M19% (& 3-1b). RifT, HHREARE EERKECOME TFTEUARAKE
3-1). ERKECOLET, AR FEERMIY%, HHERBEERFERY
36% (E3-1d).

3.3.2 HRBNEH

ERRECOAHT, HAAKRTHREHE. HEAEXENER, A
2 s (B 3-2g, h) LA R RS 3 B W m, (BX 4 A ) BE RN 40 A K /MULE B
Wi(#3-2). 5370ppmCOALE LA, 700ppmCO, 4L T T S AL M- P 40 M 43 4 3
Hi#m17.9%, HEAREEINM9.8%, MHREKELEL, FEitrS4miA
NN T23.9%. o, MR EE

FERKRE CO AT, HEEPiRMK BN/ PBEENMEE 3-2). W
EXBEAST, EMRNTFHERY 0.83 um?, THEKE CO; H 1.26 um?, ¥
DB I 51.8%. BAIERPHRAERTEREIL E XKD 1.94 4, TTRKRE CO,
h 2734, FEHPUMEESD 40.7%. EXREMGT, KAH 0%HFTFEERE
WL, ZERRE CO BT, MEEF R EMX/NEEERME 3-2).

50



B FRIRE CO MMM K, 4. £BE5EANEH
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B 3-1. ARICLKEFHTHAAASH. AASESHBEXRNEL
Figure 3-1. Stomatal conductance (Gs) and transpiration rate (Tr) of leaves and stomatal
characters of the adaxial and abaxial leaf surfaces of Arabidopsis grown under two CO,

concentrations, i.e. ambient CO; (370ppm) and elevated CO, (700ppm). Asterisks indicate
statistical differences (P<0.01, Student’s t-test, bar=SD, n=600).

WMEXBEST, ERROTYERH0.83 um?, TIRRECO, X 1.26 um?,

¥R 1K51.8% . SALTAR b SR A SR B XY IR 1,944, TTRIRBECO;
22734, FHIMMIERE R40.7%. EXBEMT, KAFNKHFEPEFER
B, TAERKECO, FTUNI%NESL. EREECOLM4T, A BEBRLH
BUEFHRAK 34.4%(E3-2b), FHEZEH60% LG (H3-2c), MIXNBEHT
SE34H 521.8% (B3-2a). ERIRFECOAET, HREBTFEIHEARER, HE
REABRBTTRE FLXNEHREEEARGRFEZR(E-2d). i, &
HRECO, T, HEENERAREESER A TAEMELAIMM, R A BEEBRK
B3 #1€27.6%(B3-2, &3-2), FANHREPMEREFLEETLW.
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# 3-2. TEICOMRBERT BB TFo: F 5 4 J 4 Al o 4 40 A S
Table 3-2. Chloroplast ultrastructure and leaf structure of Arabidopsis
grown at elevated or ambient CO,

Chloroplast Features Ambient Elevated % increase P-value
Ch. Number per cell 8.90£29 1049 %32 179 <0.0001
Ch. Length (um) 4.86+1.54 4.80 £ 1.86 -1.2 0.335
Ch. Width (um) 1.82+0.54 2.180.72 198 <0.0001
Ch. Area (um?) 6.99£3.69 8.66 £ 5.62 239 <0.0001
St. Number per Ch. 194129 273136 407 <0.0001
St. Area (¢) 0.83 £0.49 1.26 £0.58 518 <0.0001
Total St. Area/ Ch. Area 218% 34.4% 578 <0.0001
Number of Gr. Th. Me. 9.01£3.15 6.5212.04 216 <0.0001
P1. Number per Ch. 10.14 £ 443 1098 +3.51 8.28 0.252
Cell Wall Thickness (um) 0.3156 £ 0.0283 0.2549: 0.0236 23.8 <0.0001
Cell Size (um?) 727 £ 266 753+275 36 0.631
Leaf Thickness (um) 1399135 147.3£149 53 0.011

RRBEY. FHEREE, ERBGESRALZAMUASTEE LR, S ERMIRCECE 2K,

|EM A R0 RN, KFfr-esul T LR

The values given indicate means + SD from five plants (270 cells were recorded.from three leaves of each plant).
The fully expanded rosette leaves were sampled at stage 5.0. Mean values were compared by #-test.

St. Number per Ch. =number of starch grains per chloroplast profile; St. Area =Area per starch grain; Ch. Number
per Cell = number of chioroplasts per cell; Ch. Length= longest dimension of chloroplasts; Ch. Width= widest
dimension of chloroplasts; Ch. Arca= area of chloroplast profile; Total St. Area/Ch. Area= rate of total starch
grains per chloroplast relative to chloroplast area; Number of Gr. Th. Me. = number of grana thylakoid

membranes; P1. Number per Ch.= number of plastoglobuli per chloroplast.
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s H
—_—

T o e Sl

B 3-2. FAKE CO, Mt Bn,
a. ¢ ¥ 370 umol mol* &t F; b. c. dv £ 700 umol mol™ L TF. S: WEK: gt: X
RARE: Pl BERE: ow: MRE,
Figure 3-2. Transmission electron micrographs showing chloroplast and cell wall ultrastructure

of leaves of Arabidopsis grown under ambient CO, (a, e, 370ppm) and elevated CO; (b, ¢, d, f,
700ppm). Note that more and larger starch grains were observed in chloroplasts of elevated-CO;
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grown leaves than in chloroplasts of ambient-CO, grown leaves. In addition, elevated CO,
increased the ratio of stroma to grana thylakoids and decreased the number of grana thylakoid
membranes. s: starch; gt: grana thylakoid; pl: plastoglobuli; cw: cell wall. Scale bar = 1 um (a-d),
0.2 um (e, f; g, h).

3.3.3 HhABkiLtEHIR

aEYEBERERREY AP B EKES KK S Y (nonstructural
carbohydrates). B HKE CO, LB/G, MIBEHMAIBHLIENSE, €
BEMMEROSR, ANAERSRELEEMME 3-3). SHRELE, ®HR
FE CO AT, AT S BEM 70%, Se k¥ 80%A 4G, FE RS BI¥M 22%,
E et A Y I 76% L4 «

# 3-3. RREIREE CO, MMM FBKL &YW
Table 3-3. Content of carbohydrates in rosette leaves of Arabidopsis

grown at ambient or elevated CO,
Carbohydrates (ug mg”’ DW) Ambient Elevated % increase  P-value
Soluble sugars 2139+ 0.81 36.76 £1.24 719 <0.0001
Starch 37.64 147 67.26 +2.62 78.7 <0.0001
*TNC 59.03 £ 0.66 104.02 £ 3.86 762 <0.0001
Cellulose 98.46 £3.27 12042 £ 4.26 23 0.002

RPBMEY: PR, ERPESALEAMEIBEE S HERITRIE. Kot ITHRITILE,
The values given indicate means £ SD. The rosette leaves at stage 5.0 were sampled and mixed for the
determination of carbohydrates. Mean values (n=5 samples, with five plants per sample) were compared by
Student’s ¢-test. *TNC (Total nonstructural carbohydrates)=Soluble sugars + Starch.

3.3.4 HRAMMBR S FTIR 247

HTCOABEEMMAMBRRLEYSEFRAEN, FURMNEFEH
££900%/1200 cm'TEHE, BKAKILA YR ¥ ZE %75 B A (Michael and Maureen
2000). M H 41 B MFTIR O idf 3 B A 44 3k #8(1020, 1043, 108280 %1157 em™;
E3-3A). B3-3B BH E3-3ARMFCOLBEAMERE, ME3-3ATTLIEH,
FERMFHAN (1043 F 1157 cm™)(Mouille et al. 2003)38n; FIHE R B FHA
#14£(1020 and 1082 cm™) (Oomen et al. 2004)thH FTi¥ N, Htbiied, ZERKRE
COLET, M Mpah s RNRRE R RE.
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L A
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1082
1157 l

|

1020

Absorbance

1200 1150 1100 1050 1000 950 900
‘Wave nurtber €m)

E3-3. ARICOMRMLETH A AMBEFTIRE Y. BA: WKRECO, (EC) M Ei%, EX
CO,(AC) FHlA I+ Ei#; EB: MAPECSACHEH.

Figure 3-3. Fourier transform infrared (FTIR) spectra obtained from cell walls of Arabidopsis
leaves. (A) The FTIR spectra obtained from cell walls of leaves of Arabidopsis grown under
elevated CO, (EC) and ambient CO, (AC). (B) Difference spectrum generated by digital
subtraction of spectrum AC from spectrum EC in Figure 3-3A.

3.3.5 H h MHKkF

FARLLE, ERRECOLET, kM A PIAA. GAs. ZR. DHZR. iPA
KEEEHM, HP2HGA;w DHZRAIPAT RIZEEMM, MNEEHS55.4
%+ 55.9%%174.6%; IAARZRE RS} 5 B EMIN13.7%. 15.6%(Table 3-4). T
oA FABAS BRAEE MK, MEX15.2%.
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Table 3-4. Levels of plant hormones in rosette leaves of Arabidopsis
grown at ambient or elevated CO,

Plant hormones (ng g” FW) Ambient Elevated % increase P-value
1AA 3127287 3556 £2.97 137 0.049
GA, 211.0517.73 327.96 £30.81 554 <0.0001
ZR 182.36 £15.87 210.79£1804 156 0.04
DHZR 37.71£695 58.79 £7.83 559 0.002
iPA 3.98 £0.86 6.95 £ 1.46 74.6 0.004
ABA 252.14£22.05 21386+15.09  -152 0.013

RPN PR, ERRHESALAEIRESMHERTHE. RR-et TSI LR,
The values given indicate means + SD. The rosette leaves at stage 5.0 were sampled and mixed for the
determination of carbohydrates. Mean values (n=5 samples, with five plants per sample) were compared by
Student’s ¢-test. *TNC (Total nonstructural carbohydrates)=Soluble sugars + Starch.

336 MATEER

RIRFECOMET, H A EHLESEIAAARERE, HPN. P. K,
Ca. Mg & EAHILLX BT RE11.2%. 17.9%. 20.7%. 19.2% A KX 14.8% (&
3-5). R, BRBCOAET, HHPCHERIEF455.6 mg g'(TE), Hxf
4117 mg g (FE)H10.7%. B 5, HTFERRECOL4TH FPCEEEM,
TMINSRMEE, PrUMEC:NILA13.5438 mF16.9, HIEE24.8%.

#35. FRCOKEABEM AT A TR ROYHA

Table3-5. The nutrient concentrations in rosette leaves of
Arabidopsis grown at ambient or elevated CO,

Macroelements (mg g DW) Ambient Elevated % increase  P-value

C 411.7+£11.2 455.6 £13.0 10.7 0.0115

N 304213 270+08 112 0.0185

) 4 39203 32203 -179 0.0254

K 222211 17620.9 -20.7 0.0055

Ca 15109 122108 -192 0.0120

Mg 2702 23202 <148 0.0201

C:N 13.54 £ 025 16.90 £ 0.44 248 0.0003

RPYMAEN: FOHARRYS, ERBESRALELAMEIBRSMHERITHE. RAr-esuff T4 LR .

The values given indicate means £ SD. The rosette leaves at stage 5.0 were sampled and mixed for the
determination of carbohydrates. Mean values (n=5 samples, with five plants per sample) were compared by
Student’s ¢-test. *TNC (Total nonstructural carbohydrates)= Soluble sugars + Starch,
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341 FERE CO, 5B NTUMXR

ABPIRERY, EdmEKE CO, LB)E, FEHEMEMHFROIAKERE
(Woodward 1987; Woodward and Kelly 1995; Beerling et al. 1998; Lin et al. 2001);
R, B—EREND, BIRE CO, XM S FL& B 3 % (Ceulemans et
al. 1995; Poole et al. 2000); R, BAANNY, SILWEEEZERFHM
(Atkinson et al. 1997; Lawson et al. 2002). B RMHARRIM, HAFERK
B COLART, KM ETRAMNIAEESFH TR 19%H 14%, X—4ERE
Woodward F1 Kelly(1995)H1#RiE 8 —2, fbAI1ZEX 100 MIFHFRARR, &
WHE CO, BT, EMHHTFHRILEEFHRE 143%. B, HUEFLH
W CO AB)E, BITHMASAEENREE, AHRIIESALERNT .
BEHEBNR, HEtHh L TRENSAEENHKE CO, RARRKME,
HP LXRAAAEESRZE CO, LBMEW, FRHFEBH MR (Rumex crispus)
FOOK i #HE (Vaccinium myrtillus) (Woodward 1987)F 45 LR HBIHIRIE. B2,
FIRE CO, WREXIH ARSI B =ERN, MAREARNRE. FRED
HENEELW. FARBRMNERR, BFHASAEENFEIBRALSETRE,
B A OABEROHERS, X5WANPRSEREEX—B (Hetherington
and Woodward 2003; Woodward 2002; Wullschleger et al. 2002).

342 FRRECO, 5 KBRS ENER

ERRECOAKEMT, BT AARA PS4 E LR E
. WAL R S5 Wang%(2004)7E B ¥R E CO, T X Nicotiana sylvestrishb B,
RBLH A 0P SR 43 B H X RS8N 71 % IRER A —B. R, RIRE
CO,thfE# 5| #&Marchantia polymorpha M P4 L 4% A% B K34 (Bockers
etal. 1997). #AT, RobertonflLecch(1995)1 KM, HRECOFHEKTRIIHE
INEGEH R PR EHEHEEW. XFE R SHEEZ RIKECO AL it
B 4658 LA R BURE RS 0 o OB BT S 1, Bl I AEXH LRI TF RN, sylvestris KA RS,
Rk RERKRBECOABSALLERE, B MEOHHHRIATR, BF
EANELEKENRRECOLEMBM MK ZRE R BREHEFHAENLRK
BECOALE B 51 20T 40 U M R8N, I Wang® A(2004) A0, BK
BECO, AT RE (R M A M R AR R A% H . BEANIE, MRUEFFX
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Fp 184 4 ) 2L IF JR (X (Bockers et al. 1997).

ERKRECOLET, MM PHRBESFMENRULEERTA, €
MEEEERK, MKENEEL, EmAHRENZRERE RS DM,
HEAEREOMMERPAEBEBRNORBEX. EHRATHTXEERN
W3, FRHEENRBERARNELREASZHOEE, WAEARRERARR
FE M 4244k o (Pritchard et al. 1997; Ramonell et al. 2001; Wang et al. 2004). $t5t,
BRAVE T BT e it —PEE T AERIRECO, TH kg K Fg &
WA B, ARitRobertsonFLeech (199S)HIIRIEHIN Y, ZENFEMHFPHR4&
BRI ARSI RRBECOL B E WM. REER—FHETRESH FRE R
FEREAE, BEESEREMXE=YRIOFEXR: H—HHARTRESH
HERERERHNR, HAEKRE, KBINETYHRRARMSIEK
k. NHZEMBUENE, ERKRECOLE TRIBEITH AR AEE
¥EH. RRAREEAEREYETR. Kutik %(1995)fGrinffin%5(2001)tLH
XN HKHLRE. Grinffin(2001)FI\ N, EHEEXEESERAMMERT, 2H
P BE R B B /D B 2 U BE COBME BT R I — Fg R b, BARATIFRIGH &
RARGHABEEAMTRER. NE3-25TR, RAITCAHERHR4AH IR
AEGENEHBUERAZ TR, RUBEENAREREXERRENRS
BT BT 2.

3.4.3 RERECO,S5HEABALANE RELNER

DM KBIFAERY, BIRECOLBEESHMM A PRBMBEEENE
B, RIERERBTRLERXFHRKLEYHFHEERFTH(Delucia et al.
1985; Long and Drake 1992; Moore et al. 1997). LongH1Drake(1992)¥#ii&, &
MHEMERBRECOLET, HAPHTTHERENERS R B85 5% m
50%F1160%. X 4K 2720 umol mol”® CO, FAUMHE, KM APaIEHESE
WMns0%, MiEHERRNBEIAHEE (Vu etal. 2002). FIRFEX BRECOAKEHE
B, &N RKFHFRP, Moore (1997)ZFARM, X=FrYm K+
SRR B BRKHEDE RITLL R FIEN108% . 69% M62%. FERNKE
Behth R, #IAIF2700umol mol’ LB /E, HH A PHIBKLEYEEEIT0
umol mol'bEHH76.2% . RERMNMLRLERE LRMER N —H, BEA
KR Cheng(1998) 5 IR E LR ERAFRKAUAN, WibiIFEFERAR
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B A ERAME, 7ECO MR 91000 wmol mol' T, M A B HIFEGEHHERRKIL
A& BLE370umol mol "B T ER2ME. BRITAN, BZHEEERTHRES
BERCORENARFE. Fot, BHIIEE, T A RCOMM AT HE
F700 ymol mol™, 27> £1000 #mol mol™ EA . 101 5 5K i #51 1000 #mol mol 'CO,
1, KHAPBRALEYHSETRENMMEBEEER. 554 XTERRE
COLETXHH A AERSBMEWRERD, {{Staudt(2001)F AR, BHER
FECO,AE B8 )5 Bk B & ¥ InQuercus ilextt i AR R S B’ HETR, RIBRHA
700 umol mol* COALEMMMH A A LR SR, ERKECO.LET, HHHH%
FEEMNNEERRE: $—, EARESRTEPRBEZ LHKXEY;
B, 5HEFRESRMRN— LR TE 7 AR & R 78 o K08 B o
(Gibeaut et al. 2001).

3. 4. AFTIRERK#

MAFTIREMOGER A RB LAY, REB IR —FRE. JEBK
HU R AT M EE LR AR(Chen et al. 1998; Szyjanowicz et al 2004; Hao et al.
2005). F4h, BLFTIRAEITE REY, ERRECOLE THIMITHAH
RERFERSENM, X—RUERE LRAEREURENSERTELE—H.
B RE, RAFTIRXME AR THRE. B{E A0 RRECOX 1 41 LB i 4
W,

3. 4.5 RERECO,5M K MIKTE LM ER

BRECOAL T B E M Nt 5 FIAA. GAss BARZRAKY-, BHEETHEY
A NABAS B(%3-3). IAA. GA;. SZREEBRBAMRI R, £KEMK, HT
R R K 5 R B (Yong et al. 2000), TIABABLIANBESMEIM FEK
(Zhang and Davies 1990). HYZERKECOAREHT, AKERLLNRMR,
REHEHEHYE KR TOBELY R EEE MM, THHHFEKHBRABA
SRADAEMEF. Bit, RIVADERRECOAEKEHT, HUBAREEK
REMHERYFAFHRREULDEHTFEKSRSREELEDER MR
B—AEEEK. ¥LLE, EFERL QQU)FEYRM, ERKECOLELMN
T, 2 EKERENRE2%, FEEAEAIAA GA, ZREKFHEE
BT R, ¥, Yong(2000)% RIMAEMKECOMERMEFZMT, HAKK
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wAEYE RN, FANBEEEARYBEKTHE: RE, RIERRALR
WERFHNFRMERT, HAPARIRESEORREZ L. B, &
HREECOAET, MYBRSBRUATREZIEFKFHEW. EENE
HRECOAE F A5 IRAYMBEKFHEL? AHNENNHERE, BHET
#—L R,

346 ARRECO SRR

B ES2AAEBRANINY, BRECOKSIREYENSHTESBIKE
{&. (Norby et al. 1986; Kuehny et al. 1991; Cao and Tibbitts 1997; Roberntz and
Linder 1999; Luomala et al. 2005; Riikonen et al. 2005). ZEABHFRF, RN
£ 3| #E700umol mol” CORE T, ¥ BRI H F R A BN TM. BRI
BEWMEEENER: $—. TEEHKRECOLAMHT, HATRE. "THERSHR
ALEYMSEESEYN, XEREIRBEH, NSt PERTERSE
TR, % RE AR — R8P th 78 BiE 3L (Kuehny et al. 1991; Cao and
Tibbitts 1997; Riikonen et al. 2005); $£=. BAIKHN, ERHRECOFHT, o
AAAEERE, SILSHETR, BRASTHEKEBERTRE, TEYHRSE
M EMARETESRELTRBRABEEHR RN, LYERBEETRE,
- BRI ERNT IR ESHENED, NTSHEM AP EHTROSBILNR
b, iX— Rt Norby %% (1986)F1HetheringtonF Woodward(2003) #7138 1& Bt
iFsL. Bk, BATASBHEFERRECOLET, HHATERIRTREER
FEBEBRKULEVHHRBMERN, UREBERREIIEyYRTEREEDY
%LHEE.

B2, EitFRAESHRE. FTIR. ELISA. BETREEH. XERERSK
MAEURESEHLRERAYTE, RAMBEALTFRT HHIFEHIKECO,
WMEBEMNEM A G, R, AUSRENEE. TELRA. (1) HRH%P
AREMHRRZFBHRBBUEHOTL—IRE: (2) MERKFHHY
ETEWEKREOERE: ) BROBRERAARBREEENFERE
FAESETRMNFERRA.
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ARFUEKEYB TR LRAEL, RA37051700ppm P X CO.%F
FoTELSMERNAEHAR, LREMEARNSIUERRHER. Wi, &
BB BT RMUE. MBREREHTEELSA). BRI, RN BRAN™
A HEFTIR)F & FHBEAREFE, HRABKRECOXUBIFH LW, £BEE
wHEm. FREXESRSERWT:

(1) Ef— MR+, 5 370ppm CO, MHLLE:, 700ppm CO, BB ERET
PEIF I, SEEKAY, MmE. SRR TFEEENTE, REHTF N
S8, REHF ON . RFTREUREEEVERR S BEVRGLLAE,
XA FHER, ARTEIHTFHEURARKENLEEYW.

(2) BEXHEF CO, WEAEEMHT, ARTAZEABIALRLBER,
ARRZBAXMEREDERFFLTEEER. dltih, BRE CO; &
BEERBEAYNEREYER, RABVMIFE, SEEEAME, BRBKRE
CO, LEX HYIFTSIEMBNES M AR F A EBFESENR, FLES
MHEERHIRA, WRE CO ABNHEMEK. EHEHF I,

(3) ERKECOLET, MEIF A REEUEHNTL, THREER
B THRETERERAGRR S EERMTSIE.

4) EREECOAET, BT EAEFHFALREARS B SHKAMR
IAA. GA. ZR. DHZRAMIPA)S R EEMM, AMixHlEFHKEKREER
FIREE T HENEM.

) MEFFEKERKE CO, £4T, HHAPERT HTRIRGN. P,
K. Ca #l Mgy B ERME, RHLREATRE, F—BFHAPRKULEYETR
MEEMMANTYEARRAAREAR: B TRABERTR, 5BV K
TR AR ERRE A 2R LiE M B L AR 60 AR D .
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Dear Dr. Lin,

The paper you submitted to New Phytologist, "Elevated CO, induces physiological,
biochemical, and structural changes in leaves of Arabidopsis thaliana"
(NPH-MS-2006-04177) has been read by the three reviewers whose comments are below.
The reviewers found your work to be careful and thorough and your presentation to be
clear and well written. They were especially supportive of your detailed analyses of
chloroplast and cell wall components. The reviewers recommend that your paper can be
published in New Phytologist after you have made some revisions, and I concur with their
advice...

Thank you for submitting your work to New Phytologist. I will be looking forward to your
revision.

Sincerely,
Richard Norby
Environment Section Editor

Referee 1 Comments:

This is a detailed set of experiments to compare Arabidopsis thaliana plants propagated at
ambient and elevated atmospheric CO, concentrations. The experiments appear to have been
carefully carried out, and well replicated. This represents a useful data set of biochemical
measurements to compare with ongoing molecular studies in this species......

Referee 2 Comments:

Teng et al is a detailed and thorough piece of research that looks into the various levels of
responses of Arabidopsis to elevated CO,. In particular, I would like to credit the authors for
making a detailed and careful study, especially with respect to the chloroplasts and cell walls
responding to CO, enrichment. On the whole, the paper is well-written, length of thr
manuscript is acceptable, general scientific techniques are appropriately applied, and the
references cited are also relevant......

Referee 3 Comments:

I have reviewed the manuscript of elevated CO, induces physiological, biochemical, and
structural changes in leaves of Arabidopsis thaliana. Although this manuscript contains
several conclusions that have been shown many times before for elevated CO, response
(stomatal conductance, stomatal density, transpiration, soluble sugars, etc.), there are novel
aspects of this manuscript that are important to add to the literature. Therefore, I recommend
publication of this manuscript in New Phytologist, if the authors can adequately address the
weaknesses listed below.

Strengths

1. This manuscript is well written and I commend the authors on doing a very good job in
that respect. 2. This manuscript has some novel aspects with regard to elevated CO2 plant
research. First, this study is one of only a few that utilizes the Arabidopsis model system, and
certainly future work could incorporate the powerful tools that can be applied to this system.
3. In addition, this manuscript is one of only a few to measure the effects of elevated CO, on
chloroplast number (and size), thylakoid structure, starch grain number and size, and
hormone levels. It may be the only manuscript that includes measures of cellulose and pectin
within cell walls as influenced by elevated COz.ee000
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To: linjx@ibcas.ac.cn

From: rin@ornl.gov

Date: 05 05 2006

CC: rin@ornl.gov, newphytol@lancaster.ac.uk

Subject: New Phytologist manuscript NPH-MS-2006-04177.R1

Dear Dr. Lin,

Thank you for making the revisions to your paper for New

Phytologist, "Elevated CO2 induces physiological, biochemical,

and structural changes in leaves of Arabidopsis thaliana"
(NPH-MS-2006-04177). You have addressed all of the reviewers'
concerns, and I am pleased to inform you that your paper is now
accepted for publication in New Phytologist. The central

editorial office will be in contact with you soon.

Thank you for submitting your work to New Phytologist. I will
look forward to seeing your paper in the journal.

Sincerely,

Richard Norby
Environment Section Editor
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Microsporogenesis and pollen development in Leymus chinensis with
emphasis on dynamic changes in callose deposition
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Abstract

Leymus chinensis is an economically and eoologically important grass that exhibits low sced production. To better
understand the causes of its low sexual reproductivity, the microsporogeness and pollen development of this species
were investigatod, with emphasis on dynamic changes in callose deposition. A varety of histochemical stains were
employed. including Heidenbain's hematoxylin, decolorized aniline blue. DAPL und acetocurmine, along with a
temporary mount method. Microsporogenesis and pollen development gencrally took place from June 12 1o 26, The
meiosis of microspore mother cells (MMCs) wus of the sucoessive type and the tetrad was isobilateral in shape. Mature
pollen grains comprised two sperms and a vegetative nuckeus, Callose inially appeared in the center of the anther
locule al the premeiotic phase, and them gradually and unevenly deposited around the MMC before the
commencement of meiosis. At (the onsct of mciosis, the accumulation of callose enclosing the MMC peaked,
accompanied by the disappearance of callose in the center of the locule. At the dyad and wirad stages, the dyads and
tetrads were surrounded by callose wall and the microspores in the tetrads were isolated by a crossed cell plate
compened of callose. Microspores just released from tetrads were still enclosed in callose wall, and then callose
gradually dissppeared in the pollen wall. Ultimately, caliose almost completcly disappeared from the walls ol mature
polien grains. In the large numbers of scctions obscrved, most of the cascs of meiosis of the MMCs, pollen
development, and callose dynamics were normal. with only a few abnormitics obscrved. The results suggest that
microsporogencsia, malc gamctogenciis, and callosc dynamicy during these prooesses arc gencrally normal in this
spocics, and that the callose wall plays an imporant role in the production of functional pollen grains. The small
numbers of abnormitics of thene processea that occurred likely do not adversely affect the production of viable
pollen grains. Therefore, microsporogencsis and pollcn development may wot be factars in the bow scod production of
L chinensis.
© 2005 Elsevier GmbH. All rights rescrved.

Keywords: Leymus chinensts; Callose deposition: Microsporogenssia; Microspore mothser cell: Pollea development

Introduction
*Comesponding suthor. Fax: 0086 1062900810, Leymus chinensis (Gramineac) is a perennial rhizome
B-matl addresx: lisp@iboasacca (). Lis). grass that is widcly distributod st the castern end of the
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Eurssian steppe, from North Korea westward to
Mongoha and northern China and north-westward to
Siberia (Kuo, 1987). This grass is cconomically and
ecologically imporiant because it is rich ia vitamins,
high-quality protein, minerale, and carbohydrates,
grows rapidly. and is highly tolcrant of arid conditions
(Huang ¢t af., 2002: Koyama, 1987). However, its low
sexual reproductivity is a major problem Hmiting its
propagation (Huang ¢t al., 2002).

With the dwindling forage resources in eastern Asin
over the past several decades, this species has in reoent
years reccived considerable attention (Huang et al.,
2004; Song ct al., 2003; Wang. 2001; Wang ct al., 2003).
H , most studics of this spocies have [ d on
the eﬂ'u:u of ecological factors on its seed production,
such as chmate (Wang ot al., 2003), water use (Song ot
al., 2003), nutntion uptake (Wang, 2001), and grazing
(Wang and Ripky. 1997). Only a few investigations of
the sexual reprod of this specios have been
reportod. Wei and Shen (2003) reporied the processes
of sporogencsis and gamctophyte development in
L chinensis, but paid lintke auention to the celiular
behavior during microsporogenesis and pollen develop-
ment. Duan and Fan (19%54) noted that the behavior of
the chromosomes of most microspore mother cells
(MMCs) of this spocies was abnormal during meiosis,
and concludod that these abnormities during micro-
sporogencus were the main factors in the low seed set.
Pan and Sun (1986) and Ma et al. (1984) found that over
83.5% of the policn grains were vigble and concluded
that pollen grain sterility was not responsible for the low
sced yicld. Thus, the conclusions basod sokcly om
morphological obscrvations or cytogenctic methods
can be challengod. In our previous study (Huang
ct al.. 2004), we found that pistil receptivity and polien
longevity were two limiting factors for sced production
in L. chinensis, Nevertheless, the causes of the low
reproductivity of this grass are still unclear, mainly
bocause many aspects of the reproductive processes of
this specics remain unknown.

Callose, a specatized wall material that ks composed
of B (1-3)linked glucoss polymers, fluoresces brightly
when stained with decolorized aniline bluc. Cullose i
synthesired in plants during differentiation processes
and contributes 10 the malecular strategies of morpho-
genwesis during reproduction (Bhatia and Malik. 1996;
Peel et al, 1997; Tucker et al., 2001). In most plants, the
deposition and degradation of callose during micro-

porogencyis and gamctogenesis are indispensable for
the formation of functional polien grains (Bhatin und
Malik. 1996; Johri, 1984; Lu et al., 2003; Worrall ct al.,
1992), and fsulty timing in the deposition or degrada-
tion of callosc leaded to malec sterility (lzhar and
Frankcl, 1971, Wanmke and Overman. 1972. Worrall
et al., 1992). Severnl studics of callosc deposition during
male reproduction have been reported (Bhandari and

Kbhosls, 1995; Goraks-Brylass, 1967; Li et al., 2000; Lu
e al, ..00" Wnu:rkcyn and Bienfait, 1971), while few
in lose deposition with low
wead producuon P far, no research of callose deposk
tion during male reproduction in L. chiventsis has been
repovted. Therefore. in an cffort to determine the
causes of low seed yield in this vital grass, we
investigated microsporogenesis and pollen development
in L chinensis, with particular stecntion to the changes
in callosc during these proocsses.

Materials and methods
Plant material and growth conditions

L chinmgis grows in the south of the Xilin
River hasin, Innér Mongolia, China (43 37SR"N,
116"40'34°E), st approx_ 1265ma.sl. This sitc has a
temperate. semi-arid climaie with a8 mean annual
precipitation of 350 mm and mean annual iempenture
of 0.3°C (Chen. 1988).

Preparation of materials for lHght microscopy

Flombudsmcomddadyfmlumhoﬁ
and d d in FAA sol unul use.
Paraffin na:uom were ined with H hain's
hematoxylin 1o detect microsporogenesis and  with
0.01% (w)v) decakwized aniline blue 10 investigate
callose deposition (Smith and Mccully, 1978). Fresh
pollen grains just discharged from the anthers were
stained with 1 pg'ml DAPI (4,6-dismidino-2-pheaylin.
dok) in TAN buffer (Tujic ¢t al.. 1994) and anilinc bluc
10 cxamine the nucleus and callose, respectively. and
with 1% acctocarmine to stain the nucleus. Sumples
were obacrved using a microscope with fluorescence
excitation for aniline bluc and DAPI staining, and
with bright-ficld lumination for other staming (Zciss
Axioshop 40). Digital images wore capturcd using an
Axiocam MRC camera,

Resalts

Microsporogenesis and pollen development

The reproductive processes of microsporogenesis and
pollen development uuc completely obscrved using
paraffin i d with a porary mount
method. The archesporial stage of microsporogenesis
was first obscrvod in buds collected on Jume 12
Microsporogencsis and pollen development ook place
from Junc 12 to 26 (Tabie 1). Microsporogenesis lasted
about 10 days, and pollen development about 5 days.
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Tuble 1. Developmental procssses of Lymss chéwmyis pollen
as observed in the southem ragion of the Xilm river basin,
Innee Mongolia, China in 2002

Dwte Siage of development

June 12, 2002 Aschesporivm

Jue 14, 2002 Mictuspore mother coll (MMC)
June 16, 2002 Meiois of MMC

June 17, 2000 Formation of dyads

Juoe 19, 2002 Formauon of tetruds

June 21, 2002 Releawe of microspore from tetrads
Jupe 22, 2002 Pollea with a central nuckus

June 23, 2002 Pollen with 3 nucleus neas the wall
June 28, 2002 Two-celled pollen

Juoe 26, 2002 Three-callnd pullen

The anther walls were of the monocotyledonous type
and contained four layers: from the outer 10 the inner
layers, epidermis. emdothocium, middle layer, and
tapctum. The archesporial cells were interconnected
and charactericed by scatered nuclear materials and
dense cytoplasm (Fig. 1). As development proceeded,
the archesporium dewcloped mio an MMC with a
disgtinct nucleus (Fig. 2). At the commencement of
meiosis, the nucleolus of the MMC disappeared and
chiromatin granules and the chromoncma appeared
(Fig. 3). Afer the completion of meiosis 1. the MMC
gave rise to a dyad (Fig. 4). Soon afier the compktion
of meciosis 1. the MMC began 10 undergo mciosis 11
to form an isobilateral tetrad with four microspores
(Fig. S). The division of the MMC was successive, and
about $0% of the MMCs divided synchronously in the
samc locule. The young microspores (bercafier called
pollen grains) just reicased from the tctrad were
characterized by dense cytoplasm and a conspicuous,
centrally located nucleus {Fig. 6). The pollen grain was
then displaced along the tapetal cells. At this ume, the
pollen cytoplasm bexume vacuoluted und the mucleus
migrated from the center toward the cocll periphery
(Fig. 7). Afterwards, the pollen nucleus divided to form
a larger vegetauve cell and a smaller generative cell. The
generative cell wained more darkly with acetocarmine
than the vegetative cell (Fig. 8). The generative cell
underwent a division 10 form two sperms with a crescent
shape, und the sperms were more sirongly stained
with mine than the vege nuckeus (Fig. 9).
Ultimatcly, the mature polien comprised two sperms
and a vegetative nucleus.

A few sbnormalities were observed during the
various developmental stages. For cxample, the nuclear
matcrial in the archesporial tissuc accidentally degencr-
atod (Fig. 10). and some MMCs disintegrated during
meiosis (Fig. 11), accompunicd by the breakdown of
tapeta) cells. In addition, the MMCs in onc of the

microsporangia of an anther exhibited strong fluotes-
cence aler aniline blue wtaining, whereas only weak
fuorescence was abserved in the other microsporangia
(Fig. 22).

Dynamsics of callose deposition

At the archesporial stage. no fluorescence was ob-
served in the microsporangium (Fig. 12). The fluores
cence was first detected only in the center of the locule at
the premciotic phase, indicating that callose was initially
synthesized in the center of the locule at this siage. Just
before the onset of meiosis, the Auorescence intensity in
the center reached a peak and 8o fluarescence appeared
wround the MMC yet (Fige. 13 and 14). As mciosis
progressed, the callonc in the ceater gradually disap-
peared concomitant with callose deposition on the inner
tangential and radial walls of the MMC (Fig. 15). With
the entry of the MMC into metaphase 1. the callosc in
the conter of the locule almost completely disappeared
(Fig. 16). At this tie, cach MMC was surrounded by
callosc wall and 1olated from the other MMCs. The
calloss was not cvealy deposited around the MMC: in
general, the inner tangential and radial callosc walls were
thicker than thosc contacting the tapctum. In addition,
the callose wall exhibited prominent protrusions facng
the center of the uather locule. As meiosis progressed. the
loculc slowly jod. ARter the ph of mensis
1. the dywd was enclosed in the cullose wall und possexsod
a oell plate composed of callose (Fig. 17). The dyads were
usually united in a ring shape concentrx to the tapetum,
and then the MMC underwent meiosis 11, At the end of
meiosis 11, the tearads were formed and cavdloped in &
common calloie wall. The four microspores within &
tetrad were isolated from ons ancther by a cromed
callose plate (Fig. 18). Neat, the caliose walls of the
released from the tetrads into the locule. Microspores

leascd from the ds were still coclosed by a thin
callosc wall (Fig. 191 As the devclopment of the policn
grain progressed. the callose surrounding the pollen grain
gradually dissipated. At approximatcly the two-cclled
stage, the fluorcsoence became very faiot (I'ig. 20) and
was ncarly undetectable (Fig. 21) in the walls of mature
polien gramn. Therefore, the walls of mature polien grams
contained littlc callose. However, a small disc around the
aperture of the pollen grains at its various developmental
stages cxhibitod stronger fluoreacence than the other
parts of the polien wall (Figs. 19-21).

Diacussion

The division processes of the MM of angiosperms
wre of two basic types: (1) the sscocasive type, in which
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Phte L. Fip. -9 Microsporogenesis and polien develop of L chinewsis. Figs. 10 and 11: Abnormitics during
microsporogencsis. Figs. 1-7. nns-u-nm&ummaukuhmml
At the srchesporial stage, & Ting of archespovial cells with nnclear material lining the tapetum. Fig. 2:
W-ﬂhnﬁﬂﬂﬂiﬁmmmlmﬂanﬂnnﬁkhﬂﬁ“iw

MMC, some MMCs in the mme locwle divided ssynchuronously. Fig. 4; st the dysd stage, # Cell plate formed in the dyads aller
meiosis, Fig. S; At the tetrad stage, the partitioning calloss walls of 1he tetmds were perpendicular to each other. Fig & Pollen with »
camspicuons and eentrally located poclews. Fig. thhdﬁaw-ﬂuuhdﬁﬂ-ﬂhpw&l: A

Fig. %: A \rinicleate pollen with two lsaped (SP) and a i iows (VN). The sperms stsined more intendaly
tsan the VN. Fig. »Ammmmmmmmu During nosloaia the MM Ci (white arrow)
and tapetal cells (hlack arrow) disiniegrated completely. Bars: Fup. 1-3, 6, 10and 11: 8.5 pm; Pigs 4 and 5 7pe: Fig. 7: 12 gy, sod
Fige ¥ and & Hpm

the two cell plates are laid down in a centrifugal manner polien grains are divided into two groups binucleate
immediately afier the first and the mecond meiotic type and trinucleate Lype and the mature pollen grains of
division, and (2) the simultancous type, in which the most species have two aucki (Brewbaker, 1967).
tetrad is formed in one step afer the completion of the However, mamure pollen grain possesses three muclel in
sccond melotic division (Johri, 1984). In L chimenis, most taxa of the Graminese (Cass and Karas, 1975;
the cell plaic was centrifugally formed in the center of  Vithanage and Knox, 1980). As a member of the
the MMC after the completion of meiosis 1, and then a Graminese, L. chinensis also belomgs 1o the trinuclesic
crossed ccll plate was produced after meiosis I1. There- type. Morcover, it ls of imterest 1o observe that the
fore, s microsporogenesis patiern is of the successive  highly vacuolaied pollen grains as shown in Fig. 7 were
type. similar to (hat observed in some other plants of the  displaced alomg the tapotal cells. This phenomenon
Gimmincae, such as wheat (Lu and Guo, 1984) and was abo reported in Sorghen bicelor (Chriswensen
Secale ceveale (Li ct al, 2001). In angiosperms, mature and Horper, 1974). Therefore, we speculste that this
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Plate 1. Figs. 12-21: Dynamics of callose during microsp genesis in L chinensis. Figs. 12-18 and 22: Aniline
H-m&&mdﬂmhﬂmmmthmmlhll
Pollen double-stained with DAPI (blue) and aniline blue (green). Fig. 12: Dwuring the archesporial siage, no callose was depoitad in
the locule Fig 13: At the premeiotic phase, callose accumulation reached a peak in the center of locule. Fig. 14: Callose in Ue center
of a microsporangium af the premeiotic phase. Fig. 15: At prophase I, the callose in tie center degraded concurrently with its
deponition in the corner of MMC wall. Fig 16 During mettaphase 1, MMCs exhibiled asymmetric callose deposition, the callose
deposited in the inner wogential and radial walls was thicker (han in the other parts of wall. Fig. 17: Al the dyad stage, dyads with a
compicuous cell plate of callose were enclosed by (he callose wall. Fig. 15: almmmmm.p—_:mm
plate were surrounded by (he callose wall. Fig. 19: At (be uninpcleate microspore stage, distinet callose f
wuma&wmmmhwﬂwm|Mﬁnpollnwuil¢uunhdlmmp
A small disc inside the intine of pollen grain exhibited strong fuorescence (white arrow). Fig. 20 At the two-cellod stage. faint
callose Auoresoence appeared around the wall of the yellow-green pollen grain. The blue one (left) indicated that the pollen
comprised a vegetative oell and a generative cefl. A wmall disc inside Uhe intine of pollen gruin exhibiled sirong Suorescence (white
arrow). Fig 21. At the three-celled stage, almost no callose fluorescence was detected around the wall of the pollen. The blue (upper)
image shows that the pollea possessod two sperms and a vegetative auclens. A small disc inside the intine of pollen grain exhibited
sirong fluorescence (white arrow). Fig. 22: During meiosis, only one microsposangium in an anther cmitted strong fluorescence
(white arsow), demanstrating that MMCs in this microsporangium are normal, wheeeas the rest exhibited weak fluorescence (block
arrow), implying thut the MMCs in these microsporangia are abortive. Bam: Figs. 12 and 14-18: 8.5y Fig. 13: 30pm; Figs. 19-21:
10pum: and Fig. 22 515pum.
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displacement of pollen grains along the tapetum may
facilitate the nutrition traneport (rom the tapetum to the
developing polien grains.

With regard to the temporal progress of MMC
division, different conclusions have been made. Wei
and Shen (2003) scported that the MMCs in the same
focuke divide synchronously, but Zhao and Tu {1993)
obscrved asynchronous division of MMCs in the same
focule. In our observations of a large number of
temporary sections. about 20% of the MMCs in onc
focule divided asynchronously. Nevertheless, unfavor-
able environmental conditions might Jead to asynchro-
nous development. Duan and I'sn (1984) investigatod
abnormal phenomens during microsporogencsis and
concluded that abortion of the MMC was the main
factor in the low scod production of L. chbwnsis,
whereas other investigators concluded that the low scod
yield is likely not caused by sboormalitics in micro-
sporogeness (Ma et al., 1984 Pan and Sun, 1986). In the
present study, most of the MMCs in the large number of
sections examined divided normally, alihough a few
abnormalities were observed. Therefore, asyachronous
division and abnormalities during microsporogenesis
should not be causes of the low seed production of
L. chinensts. In fuct, we previously observed a high
pollen grain germination rate on the gtigma and pollen
tubes growing through the tranumitting tissuc of the
stigma (Huany ct al., 2004).

Callose deposition is an ewential event during
microsporogencsis and gametogenesis in moat angios-
perms (Bhutia and Malik, 1996; Johri, 1984). In

the nppmprnm times. Additionally, they oboerwd l!ut
any physiological disturb in the tap

the cclease of the precursors, causing amher serility.
Li et al. (2001) demonsirated that archesporial cells in
the center of the locuke gradually disintegrated, accom-
panicd by incrcasing accumulation of callosc in the
center. They concluded that the dissolution of these cells
provides nutritional material for the synthesis of caliose.
As no archesporial cclls were locatod at the center of
L chinensis locules in our obscrvatious (Figs. | and 2),
we can conclude that the precursors are first synthesizod
in the tapctum and arc then transferred toward the
center of the locule, ultimatcly accumulated in the
center, similar 0 the casc in triticale (Bhandari and
Khosls, 1995) and §. bicolor (Overman and Warmke,
1972},

Intercatingly, the gradual dissolution of callose in
the center of the locule was accompuniod by the
accumulation of callose around the walls of the MMC
{Figs. 14-16). By the prophise | stage, the MMC was
compictely enclosed in a callose wall and no caliose was
left 21 1he center of the Jocule (Fig. 16). Perhaps the
degradation of caflose in the center provides the raw
materials for the synthesis of callowe around the MMC.
A similar phenomenon has also been observed in
triticale (Bhatia and Malik, 1996), S bicoldor (Warmke
and Overman, 1972) and S, oereale (Li ct al., 2001).
Furthermore, we obscrved that callosc was not evenly
deposited on the walls of the MMC. The callose on the
inncr tangential and radial walls was thicker than in the
rcgjonl in contact with the tapcwum (Fig. 16). The

experiments in which Worrall et al. (1992) introduced

formation of the cullosc waull was thought to be a

a tapetal-specific glucanase gene into tobacco, prema-
ture dissolution of callosc took place during microspor-
ogencsis in the transgenic plaots, causing male sterility.
In tritxcale, crratic callose deposition was obscrvod in
the sierile anthers of EMS-treated plants, whereas
callose deposition 10 the ferule anthers followed the
normal pattern observed in somc other members of the
Gramineae (Bhandari und Khosla, 1999). In the presemt
study, the dynamics of callose deposition duning sexual
reproduction followed 1 model similar to that observed
in tritkak (Bhundard und Khosla, 1995). Only a very
few anomalous instances of callose deposition were
observed during microsporogenesic. For example, one
microsporangium in an anther stained with aniline blue
emitied much stronger Nuorescence than the rest of the
microsporangia (Tig. 22), demonstrating that during
mciosis, some MMCs lacked callosc walls and conse-
quently loxt the ability to develop into functional pollen
grains. Nevertheless. the rate of such abnormitics was so
Jow as o likely have no influcace on the production of
viable pollen grains.

Bhandusi and Khosla (1995) found that in triticale,
callosc precursors arc formed in the tapctum and then
relcased into the locule for milization by the MMC at

necessary cvent that playnd several important roles
during microspc including isolating the arche-
sporial tissue I‘rom “the somatic tissue (Heslop-Harrison,
1966), protocting the devclopmg sporocytes (rom the
hormonal and nutritional i of the sur ding
diploid tissue or sisier spores (Godwin, 1968; Hestop.
Harrivon and Mackenzie, 1967). preventing cell cohe-
sion and fusion (Heslop-Harrison, 1964), and maintain.
ing the genetic autonomy of the MMC (Warmke and
Overman, 1972). The thin outer tangentiul callose wall
observed here may facilitate the wransfer of material
from the tapetum 1o the MMC, and the thick callose
wall may help maintain the autonomy of the MMC as
well as prevent inf) from adjoining cells. The
sgymmetric deposition of caliose observed provides
additional evidenoe for the above-mentioned opinions
on the functions of the callosc wall during microspes-
ogenesis and polien development.

Diflcrent views cxisied on the occurrence of callose in
the maturc polien of angiosperms (Dumas and Knox,
1983). Ia Populus pollen, callose only occurred in the
intine of a portion of mature pollen grains (Ashford and
Knox, 1980). In the mature pollen of sunflower, callose
persisiod i the outcrmost wall layer (Vithanage and
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Knox, 1979). In the present study, it was noticed that
almont no aniline blue flucrescence was detectable in the
mature policn grain, indicating the absence of callose in
lhe wall of mature pollen. Therelore, the presence of

of in policn wall may be regarded
to be specics-dependent.

In summary. the present work describod microspor-
agencsis and pollen developnient in L. chinensis as well
as the dynamics of callosc deposition during these
processes. These observations showed that the percen-
tage of abnormices during microsporogenesis and
callose deposition was very low, and therefore such
abnormities were probably not a factor in the low scod
sct of L chinensis. Further studics on megasporogencsis,
fertilzation, and embryogencsis in this species will
probably reveal the causes of the low seed production
of this species,
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