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Photosynthetic Responses to Light and Temperature in
Ulva lactuca Under Aquatic and Aerial Sates
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Abgract The varied environmental conditions imposed by high frequency cycles of aguatic and
aerid datesis a unique problem corfronted by the photosynthes s of intertidd macroalgae. The pho-
tosynthetic regonses to light and tenperature were examined in Ulva lactuca oollected along the
Shantou coag of China, to egablish the photosynthetic characteridicsin relaion with tidal cyclesfor
this comnon intertidal green macroalga. Under aerid date, the reationship of light- saturated net
photosynthetic rates (Prex) and exposure duration could be nodeled by the third-order polyromia e
quation , and tenperature dfected the codficients of the equation. An increase of photosynthetic ac-
tivity was evident at 15 % water loss, and the rates decreased theredfter with further desiccation till
to zero a 80 % water loss. Prax Was much nore dfected by tenperature under aguetic Sate than un-
der aerid date. Aerid P (fully hydrated sate) was sgnificantly greater at 10 , but was cond d-
erably lower at 30 , conpared with aquatic Prax. The net carbon fixation under aerial date was
greater than that under agquatic date within 6 h of photosynthetic duration at 10 , whereas was
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dightly higher than that under aquetic datewithin2.2ha 20 . At 30 , the net carbon produc-
tion was aways lower under aerid date than under aquatic date. It was concluded that the photo-
gynthed s and carbon budget of Ulva lactuca under aquatic date differed from that under aerid date,
and such difference was asciated with the conditions of ambient tenperature and water satues of
thalli .
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A oond derable number of eukaryotic algal gpecies gpend omeor dl of their time in aeria envi-
ronments, though they evolved in agueous (meinly marine) environments (Raven, 1999) . Anong
them, intertidd macroalgae have been paid much attention on their ecophysology (Davion and
Pearon, 1996) . When the tide is high, the intertidd macroagee are submerged (under aquatic
date) and photosynthesize in a reaive sable environment of seawater with albout 200 times HQOO;
relative to G0, (i.e. , 2.0 mmol-L " *vs. 0.01 mol-L ') . Many of them use the HOO; pool in
seawater as the principal source of inorganic carbon to drive photosynthes's (Zou and Go, 2001) .
Intertidal macroalgae will be exposed to air (under aerid gate) when the tide gpesout. The large
bufering resenvoir of HOO;3 is no longer available and atmogpheric GO, isthe only exogenous carbon
urce for photosynthed's. The driving force for the flux of anogpheric GO, into the aga cell may be
the GO, concentration gradient (Portielje and Lijklema, 1995 ; Mercado and Nidll , 2000) . Gonse-
quently , intertidal macroalgae might have different inorganic carbon utilization mechaniam in water
conpared to in air. As macrod gae posess o anatomical features such as gomata or waxy cuticules
as that in terregtrial higher plants, they cannot avoid desiccation (water loss) but only tolerate it un-
der aerid date. It gppears that if a gpecies can survive from dedccation it may benefit from the
greater availability of GO, in air to contribute to the tota photosynthetic production (Maberly and
Madsen, 1990; Pena et al , 1999) . Additiondly , aerial date may expose intertida macroagee to
changing environmental conditions such as light and tenperature. These environmental changes asso-
ciated with tida cycle will have immediate efects on the photosyntheds. Therdfore, intertidal
mecroalgae may exhibit photogynthetic adaptation to aquatic and aerid dates.

The marine green macroagae of the genus Ulva are commonly found in intertidd and upper
subtidal zone throughout the world. The mechanism of inorganic carbon utilization , during the peri-
ods of submerson have been gsudied extensvely. They have developed two mechaniams to inprove
its utilization of HOO3 pool in seavater (Axelson e al , 1999) , that is, the HOO; dehydration
mechani am through the catalyds of extracdlular carbonic anhydrase activity and the HOO; uptake
mechaniam via a trangmembrane bicarbonate trangorter. Adgptation to aerial gate during low tide is
clearly an inportant factor in the ecophysiology of these littoral Ulva plants. However , the photosyn-
thetic performances with regarding to the changes of the ebb and flow of the tides have attracted
much less attention for these ecologically inmportant agae. We have reported the different photosyn-
thetic regponses to externa inorganic carbon between aquatic and aerial datesin Ulva lactucal . a
long the coag of Shantou, China. U. lactuca exhibited ambient inorganic carbon saturated photo-
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synthed's under aquatic sate , whereas ambient QO,-limited photosynthes's under aerid sate (Zou
and G, 2002) . In the present work , we further invedigated the photosynthetic responses of U.
lactuca to irradiation and temperature under aquatic and aerial dates, in order to comprehend the
question for this agae how to cope with the environmenta conditions inposed by frequent changes of
submergence and emerson. The time course of dedccation from this poikilohydric plant and the
photosynthetic regonses over a time course of exposure duration at different temperature conditions
were evaluated. We a © quantified the conparative net carbon production under aeria sate and ful-
ly aquatic date at different temperatures.

1 Materialsand Methods

1.1 Samples cdlection and maintenance

Thalli of Ulva lactuca L. were oollected a low tide from the midde intertidal zone of Naneo
Idand of Shantou (23°20 N, 116°40 E) . ollected thalli were gently rinsed and cleared to remove
sdiments and epiphytes, and the unwounded and healthy thalli were selected as experimental mate-
rids. Sanples sded in plagic bagswith me seawater were trangported to the laboratory in an in-
sulated cooler with temperature of 1- 4 to minimize metabolic activity within 4 h, and then were
maintained in filtered natural seawater (sdinity app. 32) in gass tanks under 1001 nol-m™ 2. s™*
(PAR,L D = 14 h 10 h) and room tenperature (18- 22 ). The seawater was aerated and half
was renewed every day. Sanples were used for the experiments within 5 days of laboratory mainte-
nance , a period being denongrated that the agae had not deteriorated (Zou and Geo , 2002) .
1.2 Desiccation experiments

The samples of thalli were desiccated under sandardized conditions in environmental chamber
to determine the dfects of dedccation on photosynthess. The fluence rate of light exposed to thalli
was 100M nol-m™ 2 s *(PAR) supplied by fluorescent lanps, and the relative humidity was 75 %
- 80 %. The tenperaturewas st at 10 ,20 ,or 30 regectively. Different degreesdf desc-
cation were manipulated by the duration of the aerid exposure. The percent desiccation (D %) dter
a period of aerid exposure was ca culated from the following equation: D %=1 (W, - W)/ (W, -
DW) ] x 100. Where W, (fresh weight) was determined &ter renoving excess surface water drops
by dightly blotting with paper tissue. W (desiccated weight) was determined dter a certain period
o dedccation. DW (dry weight) was determined ater the sanples had been heated a 80  for 24
h and oooled in a dedccator.
1.3 Maeasurements of photosynthetic carbon exchange in air

The net photosynthetic rates ( P,) of the thdli in air were determined as QO uptake by in-
frared gas andyds usng a led chamber analyzer (LCA4, Andyticad Development Gonpany LD ,
UK) in open circuit sygems. The irradiation was provided with a hdogen lamp. The dark regpirato-
ry rate ( Ry) was determined by covering the legf chamber with an opaque cloth. Terperature in the
lesf chamber was controlled by meintaining it in an incubator. P, or Ry[Unol GO, g (DW) ~*-
h l] was calculated as follows: P,or Ry= Cx Fx60x273/ ((273+ T) x22.4 x DW).
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Where  C s the difference in GO, concentration (I mol- nol ~*) between the inlet and outlet air
from the lef chamber; F, the gas flow rate (L- min"') ; T, the temperature in the chamber
( ); bw,dryweight (g,80 ,24h). Thephotosynthetic reqponse to light (P 1 curve) was de-
termined by altering the digance between the light resource and the lesf chamber.
1.4 Measurements of photosynthetic carbon exchange in water

The rates of net photosynthes's and dark respiration of the thalli under seawater were measured
as the changes of dissolved inorganic carbon (DIC) in seawater , usng Shimadzu Total Organic Car-
bon Analyzer (TOG-5000A , Jgpan) . Thefiltered and serilized natural seawater was used as the re-
action medium (DIC ca. 2.2 mnol-L %) and its pH value was buffered at 8. 2 by using 20 mnol -
L "' HEPES (9gma) . Severd piecesof the sanpleswere placed in a sealed 25 . Perpex chamber
containing 20 ML magneticdly dirred reaction medium, which was equipped with a thermpdatted
water bath. Varied levdsof irradiation (0, 50, 100, 300, 600, 900U mol-m™ 25”1, PAR) were
obtained by interpodng neutra filters or atering the digance between the light source and chamber
to measure the P | curve. The rate of net aquatic photosynthesis ( P,) was calculated usng the e
quation: P,=ACx V/ (T x DW) , where A C was the difference in DIC concentration (mnol -
L1 in medium before and ater the incubation , which was determined by Tota Organic Carbon
Anayzer; V, the medium wlume (L) ; T, the incubation duration (h) ; and DW, dry weight of
the sanples (g) .
1.5 Calculation o the photosynthetic parametersand net carbon production

The gpparent photosynthetic eficiency @) was egimated as the light-limited dope of the P |
curve. The light compensation point (lc) and light saturation point (Ix) were caculated as Ry
and (Prex + Ry) /0 respectively (Henley , 1993) . Here Prex Was the light- ssturated meximum Py,
which was caculated as the mean of three values in the asynptote regon of the R | curve; Rywas
the dark regiration rate.

Provided that net rate of photosynthess (y) is the function of incubation time (x) , y = f
(x) , the net total carbon production (Y) within incubation time ( T) was calculated from the equar
tion: Y= [ ¢ f(x) dx. Inthissudy, the net photosynthetic rates of Ulva lactuca during aeria ex-
posure changed with duration , their function relationship could be nodeled eegantly by third-order
polymomid equation.
1.6 Satigical analyses

The data were expressed as the means+ D (gandard deviation) . ANOVA and t-test were emr
ployed to examine the sgnificance of meansat p <0. 05.

2 Results

2.1 Desiccation and its effect on photosynthesis
When exposed to air , the thalli of Ulva lactuca began to dry out. U. lactuca exhibited sgnif-
icant different rates of water loss from the thali when subjected to different temperature conditions
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(Fg. 1). The time for the thali losng 1 .

50 % water was 2.2, 1.6 and 0.9 hwhen %] _,..Lﬂﬁ
the tenperature was 10 , 20 and gpd —*—30°C %
30 , regectivey. After 2.5 h o des'c-g
cation, the weter content of U. lactuca g ®]
was46 % a 10 , whereas that was 31§ 401
%a20 ,and15%a 30

The dfect of dedccation on light- sat-
urated net photosynthes swas shown smilar o : ; T r r

o a 2 3 4
changes patterns with time anong the tenr Emersion pericd (h)

perature levels (Fig. 2) . The photosynthe-

. . . Fig.1 Time course o desccation expressed as a percentage of
dsincreased with dight weter loss to reach water loss in Ulva lactuca at different temperatures (10, 20,
a meximum, then declined with further 5, )

dedccation. When water loss was about
15 % or 80 %, the net photosynthetic rate reached maximum or zero , respectively. Higher tenpera
ture resulted in afager photogynthetic fluctuation. Net photosynthes's reached its meximumin 1.0,
0.5and 0.3 h, and gpproached to zero in 4.4, 3.4 and 1.8 h dter the air eposure a 10
20 and 30 , reectivey.

2.2 Comparison o photosynthesis in _, 750
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(Prex) o U. lactuca in water increased
ggnificantly with the increase of temperar

ture within the tested range of 10 - 30 Fig.2 Time course of photosynthedsdf Ulva lactuca at differ-
o _ ent terperatures (10, 20, 30 )
(Fg.3) , indicating that temperature opti- The courses could be nodeled by third-order polyromial equar

mum for aguatic photogynthesis was 30  fions: y =432.7+238.5x - 163.0x" +19.7x*(10 ) , y=
531.5+264. 1x - 338.1X +64.5x°(20 ), y= 502.3 +

or higher. However, P in air was less
, 250.2x - 768.05% +264.5x°(30 )
dfected by temperature. Aeria P (fUlly
hydrated sate) was greater by 89. 0 % than that of Py in water at 10, whereas the former was
condderably lower than the latter at 30 . Under aerid ocondition , R declined subgantially with

the thali desiccated 50 % of their water. Thus, P of desccated thdli was cond derably lower than

Emersion period (h)
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that of submersed thalli a 20 and 30 . Dark repiratory rates (Rg) in both water and air (fully
hydrated gate) increased markedly as tenperature increased (Fg. 3). Ry exhibited indgnificant
difference between in and out of water at each temperature. Under aerial date, Ry maintained unr
changed for dehydrated thali (50 % of water loss) conpared to fully hydrated thalli & 10 and
20 , while Rydf dehydrated thalli was lower than that of fully hydrated thalli a 30

No sgnificant differences were observed for Aquatic ]
the protosyrifetic dficiency ) between in ieter 2 800] S5 Aeial by @
and air (fully hydrated sate) a each temperature
(Fg. 4). However ,0 of desiccated thali were
lower than that of submersed thalli at all tenpera
tures. Tenperature had pogtive dfects on light
conmpensation points (Ic) under both aguatic and
aerid gdates (Fg. 4) . Addtionaly , the vaues of 804
aquatic I were smilar to aerid values (fully hy-
drated gate) . Snce 50 % water loss resulted in a
sgnificant increase in I under aerid date, the
vaules of | of dedccated thali were dgnificant
higher than that of submersed thdli at each tested
tenperature. The vaues of aquatic |y were lower 0
than the aerid vaues (fully hydrated dae) a
10 , but the former were greater than the latter a
30 . Moreover , the aquetic Ixat 30 was Sgnif- Fig. 3 The light- sturated net photosynthetic rate

icantly higher than that a 10 or 20, whereas the (Prad and the dark resiratory rate (Rq) o Ulva
lactuca under aquatic and aerid (fully hydrated or

temperature or dedccation (50 % weter 10SS) 5004 degccation) saes a different temperatures
showed little effects on the aerid I (Fg. 4) . (10,20,30 )

2.3 Comparison o carbon budget between in
water and in air

Net carbon gain isthe result of net photosynthes s and time. At saturating light , the net carbon
production for U. lactuca under agquatic gate could be expressed by equations: Y =238.4 x T
(10 ), Y=469.9x T (20 ) and Y=884.6x T (30 ). Taking acoourt into the effects of
desiccation on net photosynthessof U. lactuca, the net carbon production under aerid date could
be expressed by following equations: Y=432.7x T + 119.2x T°- 54.3x T+ 4.9x T*
(10 ), Y=53L.5x T + 132.1x T°- 112.7x T+ 16.1x T'(20 ), Y= 502.3x T +
125.1x T°- 256x T°+ 66.1x T*(30 ). Where Y was the net carbon production [ nol C-
g (DW) ], and Twasthetime (h) . It could be seenfrom Fig. 5 that the net carbon gain in thal-
li under aeriad date was greater than that under aquatic sate within 6 h of photosyntheszing time at
10 , whereaswas dightly greater than that under aquatic date within 2.2 hat 20 . When the
teperature was 30 , the net carbon production in thalli was aways lower under aeria date than
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under aguatic date. Under aerial date, the net carbon production reached the highes point &ter 4
h(0 ),3h (20 ),or1.5h (30 ) of dedccation, owing to the net photosyrthetic rates de-
clining to zero dter this period.
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3 Discussion

Intertidal algee (nonsaccate algae) begin to dry out following a short period of exposure to air
and the ratio of surface area to wolume of the agae isthe key factor controlling the rate of water loss
(Dromgoole, 1980) . The rate of water lossin U. lactuca during aerid exposure could be rapid due
to its membranousform in thallus. This gudy showed that water lossof U. lactuca thali proceeded
subgantiadly fager as temperature increased from 10 to 30 . During the initid gages of expo-
aure, U. lactuca exhibited an increase of net photosynthes s and reach a peak dter the thali log
about 15 % of itsweater content. That dight desiccation simulating the photosynthes's had been re-
ported in some other intertidal macroagae (Geo and Aruga, 1987 ; Pena et al , 1999; Ji and Tana
ka, 2002) , which was presumably attributed to the reduction in the agqueous diffuson barrier for
Q0 (Davioon and Pearodn, 1996) . The net photosynthessof U. lactuca in air reached the maxi-
mum earlier and theredfter declined rgpidy as tenmperature became higher , because the rate of water
loss in thdli proceeded subgantialy fagter as incread ng tenperature. It wasintereding to note that ,
conpared with photosynthes s, aquatic/ aerial date or dedccation had much less efectson dark res
piration ratesin U. lactuca. Thisimplied that the regiratory processes such asthe activitiesdf res:
piratory enzymes were less water gatus senstive conpared to such photosynthetic processes as elec
tron tranger and enzymetic reactionsof the Calvin cycle. Kawaritsu et al (2000) suggesed that the
capacity of intertidal mecroalgee tolerating desccation during aerid exposure was correlaed with
nolecular environment around the photosynthetic enzymes , which was mainly featured that prevented
membrane breakage but pronoted the retention of small amounts of water that were critica for viabil-
ity. Dedccation might negatively dfected the enzymes of photophogphorylation and eectron trangort
and plagoqui none diffuson. Gonseguently , the photosynthetic dficiencies (reflecting the light- har-
vegting eficiencies and photosynthetic energy converdon ficiencies) decreased with desccation. In
oontrag , dark regiration remained dable relative to degccation. These factors had the consequence
o increasng of light compensation points with dedccation.

This sudy showed that the rate of light- saturated net photosynthessof U. lactuca in air (fully
hydrated gate) was sgnificantly greater than that in water at lower temperature (10 ) , but condd-
erably lower at higher tenperature (30 ) . Madsen and Maberly (1990) reported that the light- sat-
urated rate of photosyntheds of Fucus spiralis under aerid date was greater than that in water at
higher tenperature (15 and 20 ) , but lower a lower tenperature (10 ). Photosynthetic efi-
cienciesand light conpensation points of U. lactuca under aguatic and aerid (fully hydrated)
dateswere dmilar a each experiment termperature , while these two parameters showed differences
between desccated (50 % water loss) sate and aquatic sate. Additionally , light saturation points
exhibited temperature- dependent differences between aquatic and aerid dates. Those findings indi-
cated that U. lactuca had different light utilization capacities in aquatic and aeria dates.

The resultsin this sudy showed that tenperature had a much higher simulating efect on light-
saturated rates of net photosynthessof U. lactuca under aquatic date than aerial gate. U. lactuca
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had different mechaniam of external inorganic carbon acquistion between aquatic and aeria dates.
It could uptake directly HOOs pool in ssaweter or indirect use HOO; via extracellular carbonic an-
hydrase catalyzed dehydration for photosynthesis when submersed (Axelson et al , 1999) . Whereas
U. lactuca acquired the external inorganic carbon only by diff uson from the atmogpheric GO, under
agrid gate (Zou and Goo , 2002) . Terperature- sendtive seps that could potentially limit the over-
al rate of photosynthess include diffuson, carbonic anhydrase activity , and the active trangport of
Q0 or HOO; across the plastalemma and / or chloroplagt membranes (Davioon, 1991) . The de-
grees of dfects of termperature on these physological and physical proceses under aguaic date
would differ from that under aerial date. Thus, the different mechaniamsdf inorganic carbon utilizar
tion between in water and in air result in the different photosynthetic regponse to termmperature in and
out of water. On the other hand , tenperature had a smilar gimulating efect on ratesof dark respi-
ration of U. lactuca in water and in air , indicating that temperature had a Smilar way to dfect the
regpiratory enzymes under submersed and aerid date.

Snce intertida macroalgae can perform photosynthes s dfectively in air , aerial photosynthess
is an important conponent of the total net daily carbon production (Maberly and Madsen , 1990 ; Pe-
na e al , 1999) . However , it gopeared that the growth ratesof agd thali with periodic aerid expo-
sure was much dower than that of thalli without aerid exposure (Tgjiri and Aruga, 1984 ; Go and
Aruga, 1987) . Thus, whether the emersed sate inposes a benefit or congdraint on the overal car-
bon budget conmpared to fully submersed date is to be underdood. Based on a methemetica nmodel
that incorporated the dfect of dedccation on net photosynthes's, this sudy indicated that whether
aerid exposure to air would actudly increase the net carbon production in U. lactuca compared
with afully submersed stuation depended on the duration of aeria exposure and the ambient tenper-
ature conditions. At lower terperature (10 ) , aerid photosynthes's could brought about a greater
benefit on the overal carbon production. Whereas a higher tenperature (30 ) , aerid gate inr
posed U. lactuca a condraint on the overall carbon budget compared with fully aquatic sate. How-
ever , this sudy did not take into account the photosynthetic recovery during resubmergence following
dedccation. Further invedigations are needed , therdore, to conprehend fully the fects of aerial
dae on overall carbon budget.
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