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Abstract

The biodiesel planKosteletzkya virginicdnas a high tolerance to salt, drought, and wadgit. To determine the responseof
virginica seedlings to waterlogging and subsequent recotieeyresponses of three-month old plants during 8% waterlogging
and another 14 d of recovery after drainage wevesitigated. Significant phenomena, such as adimmitroot formation and
increased root porosity . virginica seedlings after waterlogging, were observed. Ssritamata closure was also very serious.
Waterlogging decreased the leaf chlorophyll comegion and weakened the photosynthetic capabilityo virginica. These
phenomena were indicated by reduced maximum quantald of photosystem IIR,/F), decreased preliminary efficiency of
capturing photon (yield), and enhanced non-photeoited quenching (NPQ) in the treated seedlings. &él@x, 14 d after drainage,
these impaired characteristics gradually recoveBtatistical analyses indicated that the most Egant adaptive mechanism was
the generation of adventitious roots, followed by increased aerenchyma. Stomata closure wasatstesignificant mechanism for

the survival of waterloggel. virginica seedlings.
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Abbreviations: AR_adventitious root; DW_dry weight; ETR_electromiansport efficiency; Fv/Fm_ the maximum quantuieidy

of photosystem |l; MR_main root;

NPQ_non-photocheahi quenching;

Pn_photosynthetic rate; PS Il_phstesn II;

gP_photochemical quenching; SA_stomatal area; $iDdatd deviation; Yield_the preliminary efficienafycapturing photon.

Introduction

Soil water is a critical factor of plant distribotti in the world,
and even usually causes enviromental stress sudtoaght or
waterlogging to affect plant characteristics (Igbalal., 2009;
Iboraheem et al., 2011; Promkhambut et al.,
Waterlogging often occurs in many regions arourel orld
because of excessive rainfall or poor drainage.ré&son of
hypoxia in the plant rhizosphere, waterlogging caverely
impair the performance of terrestrial plants,
morphological and physiological responses are prooe
activation (Armstrong et al., 1994; Blom, 1999; Kian and
Armstrong, 1999; Kozlowski, 1997; Vartapetian amakson,
1997). Based on previous studies, most plant speare
sensitive to waterlogging, and only some are abldighly
adjust to waterlogging conditions, (e.g., advewtisi roots and

aerenchyma) (Jackson and Drew, 1984; Vartapetiad an

Jackson, 1997; Vignolio et al.,, 1999). Nevertheletss
adaptive capacity depends on the plant speciesn(eaal.,
1989; Poot and Lambers, 2003). The leaf is alsy reseptive
to waterlogging; respiration changes in the leaéafl
chlorophyll content, and photosynthetic assimilatimve been
detected during a waterlogging period (Parolin,@08chliter
et al., 1993; Scholander and Perez, 1968; Wald#tadf., 1998).
In particular, chlorophyll fluorescence charactizs are
usually influenced under waterlogging conditionsresluction

2011).

whose

in the maximum quantum yield of photosystemR}/E, after
the onset of waterlogging has been reported in splast
species (Smethurst and Shabala, 2003; Smethuast 2005).

This decline may be induced by the lowered stomatal

conductance (gs) (Lawlor and Cornic, 2002), altdrednonal
status (Salisbury and Ross, 1992), and disordergterat
nutrient uptake (Castonguay et al., 1993). Furtieeenthese
factors can also change other
fluorescence, such as, electron transport, noneghemical
quenching (NPQ), and photochemical quenching (Méxaved

Johnson, 2000; Smethurst et al., 2005) in envirotahetress.

After waterlogging, recovery is very critical to oba plant
species, especially to cultivars. An ideal wateglog-tolerant
species not only survives waterlogging, but alspidig

recovers after it. The recovering capabilities ofme plant
species are strikingly different from one anotheitera
waterlogging drainage. Some waterlogged speciesragaidly

recover to the control level after waterlogginggd athers take
a very long time (Parolin, 2001; Poot and Lamb&®@03;

Smethurst et al., 2005). These previous studies naamly

limited to growth and photosynthetic charactersstanly a few
papers briefly discuss special adaptative methadh as root
porosity (Poot and Lambers, 2003). The focus isallgon

woody plants, and there are limited reports onatieptive
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characteristics of herbaceous species to waterigggiress,
special adjustments of adventitious bud and rodj.(eoot
porosity-related chlorophyll fluorescence charastes), as
well as restoration of waterlogged plants after irdrge.
Kosteletzkya virginicdL.) Presl, a perennial herbaceous plant,
belongs to the Kosteletzkya genus of the family\MeataeK.
virginica is native to the brackish portions of coastal Itida
marshes in the mid-Atlantic and southeastern Unibégtes
(Gallagher, 1985). As a potential biodiesel plap¢ces, the
use ofK. virginica can improve coastal tidal flats and develop
the biomass energy industry in China (Xu et al96t%in et al.,
2000; Ruan et al., 2005). This plant has been dnited to
China in 1992 and transplanted in the saline lalodgathe
coastal region of Jiangsu Province by the HalopiRgsearch
Lab of Nanjing University in China. However, thifapt often
suffers from both drought and waterlogging streseeNorth
Jiangsu, given early drought periods, lack of @infMarch to
May), serious waterlogging from excessive rainfdline and
July), and lack of water drainage. Observationthisf site have
revealed thakK. virginica did not tolerance such stresses. In one
introduced site (Jinhai Farm), all crops and vetimtawere
waterlogged for approximately 40 d between Jung~3007.
After this disastrous event, most plant species,digcluding
Chinese tamarisksTémarix chinensid..), which are widely
mode plants that tolerate salt-alkali substancegerogging,
and cold climate. However, seashore mallow survitieis
waterlogging and showed some Vvisible
characteristics, such as adventitious roots flgaitnwater and
adventitious buds of stem. Consequently, the ctrpaper
aimed to explore the adaptive mechanismsKofvirginica
under waterlogging conditions. The relationshipwesn the
special mechanisms and survival of waterlogged Isegdwas
studied. The recovery capacity after drainage wéo a
examined.

Results
Adventitious root length, amount, and biomass

During waterlogging, the adventitious root systefts@ashore
mallow is an outstanding response and a criticalsaighent for
stress survival. In the present study, comparet thi¢ control
seedlings that had no adventitious root, the meagth of the
adventitious roots significantly increased at therlye and
middle stages of waterlogging. The lengths were 8.9, and
12.5 cm when exposed to waterlogging for 7, 14, ahdd,

respectively. Afterwards, the root length was itidigively

enhanced at the late stage of flooding stress.|dimgths were
increased to 13.7 and 14.3 cm in the recovery stia@8 and
35 d, respectively. The largest root-length incedawith the
duration of waterlogging, but its increasing modasvsimilar
with that of mean root-length (Fig. 1-a).

Compared with the control seedling that had no atieus

root, the amount of adventitious root of stresskehts quickly
increased with the duration of waterlogging. Fielventitious
roots per plant formed in the 7 d-waterlogged segd|

however this amount reached the maximum (11.5 rpets
seedling) at the end of the stress (Fig. 1-b). [8ntyi dry

biomass of adventitious roots was constantly enbdmgth the
duration of waterlogging. The biomasses per segdiirere
0.004 g and 0.017 g when exposed to waterlogging find 21
d, respectively (Fig. 1-c).

Root porosity

Compared with the control in the adventitious rpotrosity
trials, the values in the treated seedlings obWousreased

during the first 14 d of waterlogging (approximatdl1.6 %,
23.0% of the increase on days 7 and 14 of wateirlggg
compared with the corresponding control). The vakeched
the peak (43.3%) on day 21 of the stress. Afterwanis
increase in treated porosity stabilized, but wikssgnificantly
different in the remaining time of the experimentluding in
the recovery period (Fig. 2-a). Considering its ikinty with
the adventitious root porosity, the porosity of tmain root
increased compared with the control, and reachee th
maximum (27.5%, accounting for 1.54-fold of the ol on
day 14 of waterlogging. However, the treated pdayosi
constantly increased compared with the control, ahe
increase was 43.9% and 17.4% of the control, reésede
after 35 d of stress and 14 d of recovery (Fig).2-b

Leaf stomatal characteristics

The stomatal lengths of the treated plants werestdivan the
control, except on days 14 and 28 of stress. Thetls were
86.6% and 96.5% of the control, respectively, atehd of the
waterlogging and recovery (Fig. 3-a). The stomatadith
significantly decreased (34.0% of contrBI£ 0.05) compared
with the control on day 7 of waterlogging, and thecreased
to the maximum (12.1m, 83.1% of the control) on day 14 in
the treated plants. Subsequently, the stomatahvddhstantly
decreased with the waterlogging duration, reaclifd. % of

adaptation the control at the end of this stress. In the recpyeriod, the

stomatal width obviously increased, and were 75.H¥d
89.9% of the control on days 7 and 14 of the recoperiod
(Fig. 3-b). Similar with the stomatal width, theostatal area
significantly decreased (37.7% of the control) @y d@ of the
waterlogging, and its value on day 14 was the ligl4é94.4

m? ) in all waterlogged seedlings. Nevertheless, ftbmdays
14 to 35, the stomatal areas constantly decreaset finally
reached a minimum (301.9n%, 61.2% of the control). After 7
and 14 d of recovery, the stomatal area enlarged by
approximately 34.5% and 57.5%, respectively, comgpavith
that in 35 d-waterlogged seedlings. At the endegbvery, the
stomatal area was restored to an approximate dolevel
(88.5 % of the control; Fig. 3-c).

Net photosynthetic rate and stomatal conductance

The photosynthetic rate of the waterlogged plangs ‘ower
than that of the control seedlings (Fig. 4-a). Gay @5 of
waterlogging, the difference in the photosynthémtveen the
treatment and control was the highest at 42.5% veasimuch
significant @ £ 0.01). When the waterlogging was withdrawn,
the photosynthetic capacity gradually increasederAT and 14

d of recovery, the photosynthetic rates in theté@aseedlings
were 15.2% and 12.4% higher than that of the 35
d-waterlogged seedlings, but were still signifiéphdwer than
the corresponding controPE 0.05). The values for stomatal
conductance of the waterlogged seedlings were fiigntly
lower than those of their corresponding controlg] accupied
53.9% of the control on day 35 of the waterloggiHgwever,
after 14 d of recovery, the stomatal conductance gvadually
restored to 72.6% of the control, but was stilinigantly
lower than that in the controlled plants (Fig. 4-B)correlation
between the stomatal conductance and area wasettand
the  model y=0.000%-0.0048 was drawn with
RP=0.422>0.396 oo, 64 Where y is the stomatal
conductance, ank is the stomatal area. This correlation
coefficient indicated that the correlation betwebem was
extremely significant B £ 0.001), and that the stomatal area
showed the capacity of gas exchange via stomata.
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Table 1. Net photosynthetic rate (Pof three kinds of waterlogged seedlings: radiate L. kaempferi and K. virginjcin
waterlogging stress and subsequent recovery. Thauin bracket presents the corresponding trediting of seedlings, and the
unit is ‘day’.

V. radiate L. kaempferi K. virginica
Pn in waterlogging (% of the control) 18.0-42.0 (8) 40.0 (8) 90.1 (7); 44.8 (35)
Decrease in Pn in waterlogging (% of the control) 8.0582.0 (8) 60.0 (8) 9.9 (7); 55.2 (35)

Pn in subsequent recovery (% of the control) - 4610
Decrease in Pn in recovery (% of the control) 0541)

65.4 (7); 80.2 (14)
34.6 (7);19.8 (14)

* Data adopted from Ahmed et al (2002); ** data pigal from Terazawa et al (1992)

Table 2. Pearson correlation among the photosynthesis caterophyll concentration, stomatal area, and qatameters oK.
virginica seedlings under waterlogging conditions. * and ré&present significant correlation € 0.05) and very significant
correlation ( = 0.01), respectively. Pn_photosynthetic rate; Cetlorophyll concentration; STA_stomatal area; MRRIn root
porosity; ARP_adventitious root porosity; ARA_adtitous root amount; ARB_adventitious root biomagdy weight);
ARL_adventitious root length.

Pn STA MRP ARP ARA ARB ARL
Pn 1 - - - - - -
STA 0.579* 1 - - - - -
MRP -0.038 0.189 1 - - - -
ARP 0.017 0.148 0.866** 1 - - -
ARA -0.603** -0.505* 0.629** 0.617** 1 - -
ARB -0.337 -0.245 0.757* 0.819* 0.890** 1 -
ARL -0.720** -0.448 0.511* 0.576** 0.875** 0.838** 1
CHC STA MRP ARP ARA ARB ARL
CHC 1 - - - - - -
STA 0.804** 1 - - - - -
MRP -0.124 0.189 1 - - - -
ARP -0.002 0.148 0.866** 1 - - -
ARA -0.757* -0.505* 0.629** 0.617** 1 - -
ARB -0.461* -0.245 0.757* 0.819* 0.890** 1 -
ARL -0.697** -0.448 0.511* 0.576** 0.875** 0.838** 1
Leaf chlorophyll concentration and chlorophyll fluescence Discussion

characteristics

The chlorophyll in the waterlogged plants was obslg
damaged. Except on day 21 of waterlogging, the eaination
in the treated seedlings was significantly lowerthhat in the
corresponding control (Fig. 5), and decreased thighduration
of waterlogging. The minimum (1.41 mg &W) was reached
on day 35 of waterlogging. At the end of waterloggithe
difference between the treatment and control washighest,
and the concentration in the waterlogged seedlimgs only
66.8% of the control. In the recovery, the treatbtbrophyll
concentration gradually increased, and was notifgigntly
different with the control on day 14 of water dizge.

During waterloggingF./F,, and yield constantly decreased in
the waterlogged seedlings, reaching the minimiyFM =
0.407; yield = 0.214) on day 35 of the stress, avete
significantly lower than the corresponding cont(Bigs. 6-a
and 6-b). Compared with the control, the NPQ in tiieated
plants increased with the duration of waterloggiawgg peaked
(1.042) on day 35 of stress. The NPQ was signifigdrigher
than the control during waterlogging; for examm&R?Q was
2.35-fold of the control on day 35 (Fig. 6-c). Aftirainage, the
treated F,/F,, and vyield gradually increased, but were still
significantly different from the control. Howevethe NPQ in
the waterlogged seedlings gradually decreased cmuipaith
those in the 35 d-treated seedlings, and occupiég- land
1.39-fold of the corresponding control, respectivein days 7
and 14 of recovery.

Special root structure for waterlogging resistance

In the present study, an average of 11.5 advensitioots per
seedling of the malloviormed. The longest root grew to 23.6
cm in the 35 d-waterlogged seedlings, and all iesliof the
adventitious roots significantly increased (Figarid 2) during
waterlogging. The formation of adventitious root@aswan
emergent response at the early stress period, thadK.
virginica seedlings had a strong ability of forming advéutis
roots to sustain the survival of waterlogged plafitsHakea
species, adventitious roots are restricted to tifase layer of
the cultivating medium (Poot and Lambers 2003)hwatot tips
floating on the water surface. Presumably, thidritistion
mode facilitates aeration in the waterlogged plamtence,
these roots are very critical to the survival oftevenggedK.
virginica plants. Waterlogging causes oxygen deficiency.
Consequently, the oxygen storage and transportitungcof the
aerenchyma become crucial to the survival of stegdants.
Primary aerenchyma is formed with the growth ofeaditious
root, and secondary aerenchyma is derived fromrproged
cell death as well as the subsequently connectechel spaces
in damaged plant tissue (Kawase, 1981). In theeotinesearch,
the main and adventitious roots reached a porasit®4.4%
and 42.9%, respectively, in the 35 d-treati€d virginica
seedlings. These data revealed thatsedlings very readily
formed aerenchyma to absorb and store oxygen utider
waterlogging conditions. The increased root poyosiis an
immediate response and a critical adaptation glyate the
waterlogging.
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Fig 1. Changes of adventitious roots length (a), amouna(id
biomass (c) irK. virginica seedlings subjected to waterlogging
for 0, 7, 14, 21, 28 and 35 days. Vertical bar espnts mean +
SD of three replications. Values carrying differégiters are
significantly different at P0.05.

Emergent response oK. virginica to short-term waterlogging
in terms of stomatal characteristics

The stomatal size decreased to 64.4% of the contrday 7 of
the waterlogging,
significantly decreased. These results were simmigin that of
3 d-waterlogged_arix kaempferiseedlings (Terazawa et al.,
1992), and must be an emergent response Kof

virginica-induced abscisic acid and ethylene (Blanke an

Cooke, 2004) to the short-term waterlogging. Aft@rs, the
stomatal area increased to 89.2% of the controthn 14
d-treated plants. Such re-opening of stomata hes teported
in seedlings ofGmelina arborea Tectona grandis(Osonubi
and Osundina, 1987)Eucalyptus camaldulensigvan der
Moezel et al., 1989), and Japanese larch (Teraetah, 1992).

This phenomenon is thought to be associated with th

formation and growth of adventitious roots (Terazaet al.,
1992). However, the stomatal size gradually deemaafter
day 14 of waterlogging, suggesting decreased pyotiostic
efficiency and damage to the photosynthetic systermg the
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Fig 2. Changes of root porosity if. virginica seedlings
subjected to waterlogging for 0, 7, 14, 21, 28 a86dlays, and
recovery for 7 and 14 days. Vertical bar represeman + SD
of twenty four replications. ** indicates highlygsiificantly
different (FE0.01) and * presents significantly different
(P£0.05).

waterlogging. This suggestion was confirmed by rfeasured
chlorophyll fluorescence indicés/F,, and NPQ. After 14 d of
recovery, the stomatal area of the waterlogged tplavas

restored to 88.5% of the control. This finding tatied that gas
exchange was gradually restored, as confirmed bgti@ns in

stomatal conductance, but also showed that stogustad cells
were seriously affected by waterlogging.

Re-greening phenomenon in K. virginica after watedging
stress

and the stomatal conductance also™S an injury symptom, chlorosis (or waterloggingots)

appeared in some leaveskifvirginica at the late stages of the

waterlogging. This phenomenon indicated that tHerophyll

and chloroplasts in the treated plants were damédyethe
d waterlogging. This suggestion was confirmed bydhereased
chlorophyll concentration in the waterlogged pla(fsg. 6).
However, the chlorophyll concentration in the teshplants
was restored gradually (86.40% of the control) miyirecovery.
The stressed leaves began to re-green, and theophidl was
recovered after waterlogging drainage.

Photosynthesis was also negatively influenced bg th
waterlogging. Ahmed et al. (2002) have found tH&gre8 d of
waterlogging with 2 cm of water level above soihet
photosynthetic rate dfigna radiata(mungbean) decreased by
58.0% to 82.0%, respectively, at the vegetativegestaln
another study, the photosynthetic rate of Japaraseh
seedlings waterlogged to soil surface decreaséIf}o after
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Table 3. Multiple regression analysis of the yield and cbfgryll concentration in relation to six parametefsstomata and root
properties foK. virginica seedlings under waterlogging conditions. Pnis the Y_chlorophyll concentrations;, X,, X, X4, X5, andxg
are STA, MRP, ARP, ARA, ARB, and ARL, respectivety; b,, bs, b, bs, andbg are the standardized coefficientsxgfx,, Xa, X4, Xs,

andxs, respectively.

Equation of regression F value Sig.

Standardized coefficients

by

b, b, b, bs bs

Y, = 0.265 — 7.13E-0§-0.0
3%, + 0.343%; — 0.01K,
+7.295— 0.01%
R2=0.874

Y,= 0.00k, — 2.56%, +
3.79%; — 0.8%, + 13.725 —
0.026¢ + 1.178

R? = 0.969

12.664 0.000

56.847 0.000

-0.127 -0.230 0.430 -0.715 86®. -1.108

0.269 0.293 0.698 -0.760 ®.23.357

8 d of stress (Terazawa et al., 1992). In the curpaper, the
photosynthetic ability of waterloggedl virginica seedlings as
indicated by the yield decreased by 9.9 % and 4408%he
control, respectively, on days 7 and 35 of strékable 1).
These experimental data on photosynthetic capabdiso
showed the strong tolerance Kf virginica to waterlogging
stress

The recovery capacity is very significant to whigged
plant species after drainage. Terazawa et al. (1882 found
a photosynthetic recovery of 46% of the controlJapanese
larch after 11 d of drainage. However, the phottsstic rate

in the stresse&. virginica seedlings in the present study was

restored to 65.4% and 80.2% of the control, on dagsd 14
of recovery, respectively (Table 1). These datanglubthatK.
virginicaplants had rapid and strong recovering abilitigeraf
drainage, but cannot completely recover to the robrével
after 14 d of drainage. The re-greening of leavss eeflected
the strong recovering capacity of the seedlingsr aftainage.

Special integrated tolerance mechanism of K. virgia
seedlings

A correlation analysis among chlorophyll concembrat net
photosynthetic rate, stomatal area, main root piyross well
as porosity, amount, biomass and length of adveusitroots
was conducted. Table 2 shows that the net photostiotrate
and chlorophyll concentration were significantlyrretated to
the other parameters. The exceptions were the itiesosf the
main and adventitious roots, whose insignificantrelations
with the photosynthetic rate and chlorophyll corication may
have been caused by the stabilization of the middig late
stages during waterlogging. The stomatal area waly o
significantly related to the adventitious root ambin all root
parameters, whereas all other root
significantly correlated to each other. Based @nahalysis, the
most measured parameters were highly correlatecrie
another. The strong tolerance &f virginica seedlings to
waterlogging, as indicated by photosynthesis, wasgioosly
derived from such adaptive mechanisms as the faomatf
adventitious roots and aerenchymas, as well as deahata
closure. All these became components of a spetiagiated
mechanism to waterlogging. The chlorophyll is
fundamental and essential substance for plant pyotbesis,
and the photosynthetic rate directly reflects thetual
photosynthetic capacity of plants. They can herttewsthe
survival status of waterlogged seedlings. Howetrezy can be
affected by the stomatal area, porosity of mairtg,oas well as
porosity, amount, dry biomass, and length of adtiens roots.
To explore the degree of impact of each adaptivehaigism on
the status of the waterlogged seedlings, a muitit@arinear
regression analysis of photosynthesis rates arataphyll

the

concentrations was performed with the above siaipaters.
The absolute values of the standardized coeffisieit the
parameters were then compared to determine thatet¢heir
impacts on the treated seedlings. The selectecesdior the
correlation analysis, were used in this linear esgion. Table 3
shows that the standardized -coefficients associatéith
adventitious roots were all greater than those aihnporosity.
The stomatal area also had the lowest value ambagsix
parameters for both photosynthetic rate and chhoibp
concentration. Hence, adventitious roots had thestmo
significant effect on the survival of waterlogg&d virginica
seedlings, followed by the main root porosity. Tétematal
area had the least significant effect. Therefotee most
important adaptive mechanism for the survival oteslagged
K. seedlings was adventitious root generation forgexy
absorption, followed by increased aerenchyma foyger
storage in the main roots. The least significanthmaism was
that of stomata closure, which maintains the watdential and
decreases oxygen release by stomata.

Materials and methods

Experimental materials, treatment conditions, and
experimental design

The experimental materials (i.eK. virginica seeds and
cultivating soil) were obtained from the introducsites in the
north coastland of Jiangsu province. However, tikcentains

the following physical and chemical properties sast0.5% of
salinity content, 1.34g.ctrof bulk density, pH 8.5, 1.76 ds’m
of electrical conductivity, 0.66% of organic mattamtent. The
selected plump seeds were soaked in 95%C4 for 30 min,

which eroded the hard seed capsule to

treated seeds were sown in a mixed medium contppénlite
and vermiculite (1:1), which had been disinfected20°C for
30 min. After germination, the seedlings were groimna
greenhouse (25C/19°C, day/night temperature), and irrigated
with 1/4 strength Hoagland’s solution each we#khen the
germinated seedlings were 45 d old, some unifores omere
transplanted to individual pots (8 cm in diame&cm deep; 2
plants per pot) filled with salt soil from the iottuced
coastland. Subsequently, the pots were placed itevphastic
tanks (12 cm deep, 36 cm long, 26.5 cm wide; 12 pet tank).
Before the application of waterlogging, these segdl were
given a period of 45 d to adapt to the new growdhditions.
At the beginning of the experiment, 5 plants (aseplicates)
were sampled to measure the chlorophyll fluoreseeacd
photosynthetic characteristics. Three plants wenedsted to
measure root characteristics such as the dry b®&ksmin at
105°C and 48 h at 80C) of adventitious root, and to detect

7

improve seed
parameters weregermination, and were then soaked in water for 24Tihe
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35

such physiological indices as chlorophyll contemdl stomatal
characters. After the first harvest, the seedlinfjghe three
tanks were waterlogged to 5 cm above the soil sarfand

normal irrigation was used as the control. The damwere

selected from three replicate tanks. Measuremerte \made
after subjecting to waterlogging for 0, 7, 14, 28, and 35 d,
as well as recovery processes for 7 and 14 d. Gheabsence
of adventitious roots in the control plants, théedal root

porosity was used as the control of the advenstioaot

porosity during waterlogging.

Root porosity measurement

Root porosity was measured by the microbalance adeth
(Visser and Bégemann, 2003). Small segments weriram a
root using a razor blade, and gently rolled orutspaper for 2
s to remove adherent water. The segments werdereed into

a weighted micro-centrifugal tub&) to prevent weight loss
by evaporation. After closing the tube, the weiglit the
segments plus the tube was measuk¥g on a microbalance
(Sartorious BS 110S, Sartorious Company, Goettingen

OControl

@ Waterlogging a

Waterlogging end

Photosynthesis rate
(Umol.m ?s 1)

Stomatal conductance
{mol.m = s"')

28
Time(days)

35 42 49

Fig 4. Change of photosythesis rate (a) and stomatal
conductance (b) ofK. virginica seedlings subjected to
waterlogging for 0, 7, 14, 21, 28 and 35 days, @audvery for

7 and 14 days. Vertical bar represents mean = SDhivef
replications. ** indicates highly significantly dérent (FE0.01)

and * presents significantly differentf@.05).

Germany), transferred into a cuvette filled withteva and
infiltrated for a maximum of 10 min under vacuunndions.
The infiltrated samples were rolled on tissue paperemove
surface water, and were weighed again in the satme {\,).

The porosity was calculated from:

MIZ - Wl) * SW ’

W, -Wy)

whereW,is the weight of the microentrifugal tubeW, is the
weight of both the non-infiltrated root and centgél tube W,
is the weight of both the water-infiltrated rootdacentrifugal
tube, and SW, the density of the water-infiltratedts, is 1.036
g mL™. In this measurement, the sample amount canntesse
than 24 replicates, and the weight of each sampist fve less
than 30 mg.

Porosity (%, v/v) =100*

Measurement of stomatal characteristics

By the same method, a leaf segment (2 x 22mmas
immediately treated into a temporary section. Olztén,
measurement, and photomicrography on the sectiore we
performed using a light microscope and camera sy$hikon
ECLIPSE 80i, Nikon Corporation, Tokyo, Japan).He tourse
of the observation, the stomatal length and widterew
measured using an NIS-Elements BR 2.30. Finallye th
stomatal area was calculated by the following equoat

SA () :”%b,
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Fig 5. Change of leaf chlorophyll concentrationkfvirginica
seedlings subjected to waterlogging for 0, 7t,214,28 and 35
days and recovery for 7 and 14 days. Vertical lg@rasents
mean *= SD of three replications. ** indicates much
significantly different (£0.01) and * presents significantly
different (FE0.05).

OCoentrol
1 @ W aterlogging
Waterlogging end

21
Tim e(davs)

28

Fig 6. Changes of chlorophyll fluorescence ka virginica
seedlings subjected to waterlogging for 0, 7, 14,28 and 35
days and recovery for 7 and 14 days. Vertical leprasents
mean = SD of five replications. ** indicates highly
significantly different (0.01) and * presents significantly

different (FE0.05) between treatment and its corresponding

control.

whereSAis the stomatal area,is the stomatal length, artdis
the stomatal width.

Measurement of the net photosynthetic rate and satah
Conductance

The photosynthetic rate and stomatal conductancee we
measured by a portable photosynthesis system Q0,64
LI-COR Co. Ltd., Nebraska, USA). Each treatment was
designed to contain 5 plants, and tfiel&af from the top was
selected as the sample. The inner photo sourceused to
provide light energy, and stomatal conductance degsrmined
by the light response curve method. The stomatadiectance
at a light intensity of 1200mol m?s* photosynthetic photon
flux density was used as the reference value, Isecais
corresponding photosynthetic rate was the highetté series
of light intensities in the light response curvekaf virginica
seedlings.

Chlorophyll concentration measurement

According to the acetone extraction method of K(il068)
with slight modifications, chlorophyll was extradteising a
mixture of acetone and ethanol (1:1, v/v). Abo §.of leaf
tissue was minced into small fragments. The fragsmevere
soaked and extracted in the mixture solution forhllh the
dark. When the leaf chips were entirely whitendu extract
was analyzed colorimetrically at 663 and 645 nrepeetively.

Chlorophyll fluorescence measurements

The chlorophyll fluorescence characteristics of ld@ves were
determined by a chlorophyll fluorometer (MIN-PAM, ANZ
Company Ltd., Effeltrich, Germany). Before analysthe
leaves were clipped with a special leaf clamp aadkehed for
30 min. Some chlorophyll fluorescence indices sask,/F,,
yield, and NPQ were measured by the saturatiorepmisthod
described in the Mini-PAM manual.

Statistical analyses

Duncan multiple comparison, multivariate linear resgion,
and correlation analysis were performed using SR$S.
Comparisons withP £ 0.05 andP £ 0.01 were significantly
different and highly significantly different, reggzely. When
the P value was less than 0.05 and 0.01 in the coroelati
analysis, the corresponding correlation was sigaifi and
highly significant, respectively.

Conclusions

Under waterlogging conditions, the photosynthetipability of

K. virginica seedlings was impaired, as indicated by
chlorophyll fluorescence indices. However, the tiegd
exhibited special survival strategies such as dttiars root
growth, increased aerenchyma space in roots, aficstemata
closure. Combined field observations and laboratory
experimental data showed th#t virginica had a strong
waterlogging tolerance. After waterlogging drainag®me
impaired characteristics in treated seedlings dyiokcovered

to a large extent. Therefor&. virginica may have a high
potential as a biodiesel plant species to improvastal tidal
flats and help develop the biomass energy industrZhina
given its strong waterlogging tolerance and rapiwbvery.
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