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Photosynthetic Responses to Inorganic Carbon in Ulva lactuca
Under Aquatic and Aerial Sates

ZOU Ding Hui', GAO Kun+ Shan' 23

(1. Marire Bidogy Irgtitute, Science Center, Shantou University, Shantou 515063, China;
2. Irgtitute d Hydrobiology, The Chinese Academy d Sdences, Wuhan 430072, China)

Abgract : Intertidd mecroalgee experience oontinud aternation of photosynthess between aquatic date at
high tide and aerid date at low tide. The conparative photosynthetic regoonses to inorganic carlbon were inve
tigated in the comnon intertidal macroalga Ulva lactuca L. aong the coag of Shantou between aquatic and
aerid date. The inorganic carbon disolved in seawater at present could fully (at 10 or 20 ) or nearly
(at 30 ) saturate the aquatic photosyrnthessof U. lactuca. However , the aerial photosynthes s was limited
by current ambient atnospheric OO, level , and such a limitation was nore severe at higher tenperature (20 -

30 ) than at lower temperature (10 ). The carbon-saturated meximal photosynthessof U. lactuca under
aerid date was much greater than that under aquatic dateat 10 and20 , while the maxima photosynthe?
ds under both sateswas Smilar at 30 . The aerid valuesdf K, (QO,) for photosynthes swere higher than
the aguatic values. On the contrary , the values of gpparent photosynthetic GO, conductance under aerid date
were condderably lower than that under aquatic date. It was concluded that the increase of atmogpheric GO
would enhance the primary productivity of U. lactuca through simulating the photosynthed s under aerid date

during low tide.
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Marine macroalgae occur in the intertida and subti2
da zones of the coagtd waters, ocontributing sgnificantly
to the productivity of the marine ecosygem and playing an
important role in the coaga carbon cycde (Reiskind et
al, 1989) . Sme of them are nore productive than the
very productive land plants and can be succesSully culti2
vated on vag ocean suface, a great potentia for GO,
bioremediation (G and Mckinley , 1994) .

The exological regponses of biogphere to atnmogpheric
Q0, oconcentration increase mainly dnce anthropogenic &2
fects (burning of fosdl fuds; deoregation) are now of
genera concern (Bowes, 1993 ; Drake e al , 1997) . In
terredrid ecosygems, devated atnogpheric GO, may have
a fertilizing fect resulting in increased photosynthess
and growth (mainly G plants) (Bowes, 1993 ; Drake et
al , 1997 ; Makino and Mae, 1999) . However , such an
increaxe seems negigble in marine sysems because nog
algee can usxe hicarbonate ions rather than QO, as their
principa ource  for  photogynthetic  subdrate
(Go and Mckinley ,1994; Raven, 1997) , and photo2
gynthes's can usudly be carbon saturated in air-equilibri2
um seawater (Raven, 1997; Bearddl et al , 1998).
Goralline agee even exhibit negative biological regonses
to devated OO, due to reduced cdcification rates ( Gat2
tus , 2000) . For marine mecroagee , gronth of Gracilar2
ia gaditana (Andria, 1999) , Porphyra leucostica (Mer2
cado e a , 1999) and P. linearis (lgadl e al , 1999)
was ot dfected or reduced by OGO, enrichment in ssawa?
ter , while some other ecies, such as P. yezoenss (G
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et a, 1991), G. 9 and G. chiless (Go « a,
1993) showed higher growth rates with aeration of deva2
ed Q0;.

Intertidal mari ne macroa gae experience continual a2
ternation of photosynthess between aquatic and aerid
dates with the change of tidal height , due to their unique
habitat where a deep gradient of environmenta variation
occursover a svdl vertical atid scae, from marine to
fully terredrial. The total net daily carbon fixation in in2
tertidal macroa gae condgsaof aguatic and aeria photosyr?
thess. Qreat intereding is arisen for the anphibious char2
acters when cong dering their photosynthesis in relaion to
the atnogpheric GO, change. When the tide is high, the
intertidal mecroalgae are submerged and photosynthesze
in seawvater. They use the large bulk of HOO; besdes
free GO, in seawater as their inorganic carbon ource for
photosynthess ( Go and Mckinley, 1994; Raven,
1997) . When the tide is low, they are exposed to air
being snitched from an aquatic to an aerid environment.
The large bufering reservoir of bicarbonate in scaweter is
no longer present. All of the agae teged can photosyn2
thesze in air (Davion and Pearon, 1996; Raven,
1999; Kawamitsu et al , 2000) . The aerid photosynthe?
dsd intertidd macroalgee resembles terredria G plants,
in that anogheric GO, is the only exogerous carbon
urce for photosynthes s and the GO, concentration gradi2
ent isthe driving force for the flux of anogpheric GO, into
the cel (Mercado and Nidll , 2000) as land plants, and
carbon fixation within cdlls are generaly lely by Rubiso
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and the PCR cycle (Reiskind et al , 1989) . It isthus a2
sumed that varied carbon resources for photosynthesis in
and out of water would result in different photosynthetic
performances under aquatic and aeria dates in intertida
mecroalgae. However , little is known about the photosyr2
thetic performances of them in rlation to incread ng atno2
gheric GO, concentration in view of the background of
tidd cycles. In this sudy, we conpared the photosyr?
thetic regponses to inorganic carbon under agquatic and
aerid datesin the comnon intertidal green mecroalga U.
lactuca dong the coag of Shantou. The am is to asess
the differences of the photosynthetic carbon requirements
between in and out of water , and to assess the eoologica
impacts of increasng atmopheric GO, on U. lactuca.
This widely- di gributed gecies occurs from the mid-inter2
tidd to the upper subtida zone, routindy gpends a wide
range of time under aeriad date during low tide per day,
and therdore, is a representative intertida macroa ga
gecies for gudying the regponse to anogpheric GO,
change.

1 Materialsand Methods

1.1 Cdlection and maintenance of samples

Thdli of U. lactuca were collected at low tide from
the midde intertidal zone during January to February ,
2001 a Qianjiang bay adong Shartou cocag of China
(23?20 N, 116°40 E) . The accumulated sediments were
rinsed and visble epiphytes were cleared. Only the un2
wounded and hedthy thalli were selected. Saples were
seded in plagic bagswith some seawater , and then tran2
ported to the laboratory in insulated cooler (1 - 4 )
within 4 h. U. lactuca was maintained in filtered natural
seavater in gass agquarium containers. The biomass der?
dty was controlled a 2.5- 3.0 g/L. They received light
of 100U nol-m™?-s™* (PAR) from fluorescent tubes for
14 h/ 10 h light/ dark photoperiod and at 18- 22 . The
seawater was aerated and renewed by haf of the amount
every day. To ensure tha the photosynthess of the san?
ples had ot deteriorated resulting from the laboratory
maintenance , the materid was teged for photosynthetic
activity a the begnning of each day for experiments.
When the materid exhibited net photosynthetic rates >
1 SD from edablished net means, the sanples were
discarded and fresh algdl meterid was recollected.
1.2 Measurements o aquatic photosynthetic re2
sponses to dissolved inor ganic car bon

pH-bufered (at 8.2) seawater with varied disolved
inorganic carbon (DIC) was prepared. Naught point one
nol/L HA was added to thefiltered gerile natural seawe?
ter to lower the pH to less than 4. 0 following garging for
a leag 1 h with high purity N, , to remove any DIC in
seawater (they escaped from the ssawater by the way of
002 0as) . A krnown anount of biological buffer Tris (from
9gma) was added to gve a concentration of 20 mmol/L
and the pH value was adjusged to 8.2 (a vaue represen?
tative that of naturad seawater) with freshly prepared 0. 1
nol/L NaOH and 0. 1 nol/L HA. All manipulations
were under N,. The pH value was measured with a pH

meter (420A , Orion) fitted with a dass/ cdomd combi2
nation electrode. After the pH bufered GO, free seavater
was prepared , different aiquots of NaHOO; sock ol ution
(0.044 and 0. 176 nol/L) were injected into it to create
varied DIC concentration in seaweter. Then they were
dored in soppered gdass containers at 4 until use.

Rates of aguetic photosynthess of submerged thalli
were measured as the uptake of DIC in seawater , usng
Shimadzu Totad Organic Carbon Andyzer (TOG 5000A ,
Japan) , a an irradiance level of 600U MOl - m %- st
(PAR) which could fully saturate the photosynthesis. The
thelli were cut into small pieceswith a sharp derile razor
blade and incubated for 2 h in the reaction medium under
the light of 150u nol - m™2- s”* (PAR) and the experi2
mental tenperature. This minimized the dfect of damage
o thdli cdlson the determination of photosynthetic rate.
Sanples were placed in a closed Pergpex chamber of a
volume of 25 mL containing 20 ni reaction media of var2
ied DIC ooncentrations ascribed above, which was
equipped with a thernogatted water bath (three different
terperatures: 10,20 and 30  were used) and
was magneticdly dirred. In each determination , the san®?
ples were incubated for 5 - 10 min, and then the change
o DIC concentration in the medium was determined with
Total Organic Carbon Andyzer. The rate of net aquatic
photosynthesis ( P,) was cadculated usng the equation:
P,= ACxV/ (TxDW) , where A C was the difference
in concentration (nol/L) of DIC in medium before and
dter photogynthess determination; V, the wlume of
medium (L) ; T, the duration of incubation (h) ; and
DW, the amount of plant materia (g) .

1.3 Measurements of aerial photosynthetic responses
to CO,

Thalli were taken out of seawater and placed under
oongant conditions in incubators. The incident light in2
tengty on the suface was 1150 nol- m™ %- s™* ( PAR)
supplied by fluorescent lamps, and the rdative humidity
maintained in the incubators was between 80 % - 85 %.
The tenperature was adjuged repectively at 10 , 20

and 30 . The adgee were then exposed to aerid
date. The aerial photosynthess was determined as GO,
uptake with a LCA4 sygem (Andyticd Development
Qonpany, LTD. , UK) . The photon flux dendty (PFD)
received by led chamber came from a halogen lamp (150
W) above it and was 600H nol- m™?- s" ' (PAR) . The
tenmperature in the lef chamber was maintained by a ten?
perature controlled cabinet. The net aerial photosynthess
(P) Unol 0O, g (d-wt) "' h™ ') was caculated a2
oording to the equation: P, = AC x F x 60 x 273 /
((273+ T) x22.4 x DW) , where A C is the difference
in 00, concertration (mL/ m°) between the inlet and out2
let air; F, the gasflow rate (L/min) ; T, tenperature
( ); DW, dryweight (g, 80 ,24h).

The regonses of aerid photosynthess to varied CO,
ooncentration (P C curves) were measured regectively a
three levdls of tenperature (10 ,20 and 30 ).
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Seven levels o QO, concentration (2.6, 5.2, 7. 8,
15.6,31.2, 46.8, 62. 4unol/L) were adopted. The
Q0, concentrations were prepared either by removing GO,
from air (the ambient air was passed through a da lime
oolumn) or by adding pure GO, in an airbag before punp?2
ing air into it. Airbags were used to dore the air of ad?
juged QO, oconcertrations. Air was directed from the
airbag to the ledf chamber.

1.4 Egimation o photosynthetic parameters and
the free CO, concentration in ssawater

Half- saturation congtant ( Ky,) , i. e. the inorganic
carbon concentration required to give haf-maxima photo2
gynthetic rate , as an indicator of the ability to extract in2
organic carbon from seawater or atmophere , and the inor2
ganic carbon-saturated mexima rate of photosynthes's
(Vmex) Were edimated acoording to Michadlis Menten
equation. The photosynthetic conductance based on the
concentration of GO, was obtai ned from the initia dope of
R C curves acoording to Mercado et al (1998) .

The free GO, concentration in seavater was edimated
with the goparent disociation condants of carbonic acid
in seawater adopted from Summ and Morgan (1996) .
1.5 Data analyses

The results were expressed at the mean vaues +
SD. Saidicd dgnificance of means was tesed with t-
ted or one-may ANOVA a P <0.05.

2 Results

Under aquatic gate, the current ambient disolved
inorganic carbon (DIC) concentration (2.2 mnol/L) in
seawater could fully saturate (at 10 and 20 ) or
nearly ssturate (at 30 ) the photosynthessof U. lac2
tuca (Fg. 1). At 30 , the photosynthetic rate at a2
bient DIC level was 82. 2 % df the inorganic carbor
saturated maximal rate. U. lactuca exhibited rather low
K values under aquatic sate. The vaues based on DIC
(0.38- 0.53 mmol/L) were much lower than the con2
centration of the ambient DIC (2.2 mmol/L) in seawa2
ter , and that based on free GO, (2.0- 2. 8dnol/L)
were much lower than the ambient free GO, (12M nol/
L) concentration in seawater.
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Fig.1. Photosynthetic reponses o Ulva lactuca to disolved inor2

ganic carbon (DIC) oconcentrations under aquatic sate at different
temperatures (10,20, and 30 ).

Fgure 2 shows that the current ambient atnospheric
Q0 level (15.6Hnol/L) could mot saturate the aeria
photosynthessof U. lactuca during low tide. The rates
o photosynthes s increased with increas ng GO, concentra2
tion within the tesed range (2.6 - 62. 4unol/L) a
higher tenperature (20 and 30 ) , while the rates
were saturated with doubled atnmospheric GO, concentra?
tion (81.2unol/L) a 10 . The ratesdf aeria photo2
gyntheds a current ambient GO, level were 58. 1%,
31.4% and 33.7 % o the CO2sturated meximal rates
when the temperaturewas 10,20  and 30 |, re2
gectivey. This pheromeron was in acocordance with the
high Kn (Q0,) vaues under aerid dae. The vdue of
Kn (00;) was at the ambient atmopheric GO, leve (at
10 ) or higher (20 and 30 ), indicaing that
Q0. was limiting for photosynthess of U. lactuca under
aerid gate.

8007 o 10 ¢
® 20 C
— 4 30 °C
T 600
=
w "
7o
28
€ —~ 400 -
g ow
Ea
o
= —
=~ 8 200
=1
0 T T T T T T T T 1
\] 15.6 31. 2 46. 8 62.4 8.0
€02 (nmol/L)
Fig.2. Photosynthetic reponsesdf Ulva lactuca to GO, concentra?

tions under aerid date a different temperatures (10, 20, and 30
).

At lower tenperature (10 ) o dgnificant differ2
ences were observed between the aquatic and aerid rates
of photosynthess a ambient inorganic carbon levd ,
whereas the aquatic rates were markedly greater than the
aerid rates at higher tenperature (20 or 30 ). The
aquatic photosynthetic rates at ambient DIC level dgnifi2
cantly increased with increasng temperature at the tesed
rangedf 10- 30 ,withaQpd 2.3from10 to 20

,andof 1.7from20 to 30 . This suggested that
the temperature optimum for aquatic photosynthess was
mot lower than 30 . Gonpared to agquatic photosynthe?
gs, the agriad photosynthes s was less dfected by temper2
ature, withaQpd 1.6from10 t020 ,andanin2
dgnificant differenceat 20 and 30 . For the carbon
saturated maximal photosynthess, the aerid rates were
ocond derably higher than the aquatic ratesat 10  and 20

, but both showed no dgnificant difference a 30
(Fg.3). Ontheother hand, the vaduesdof Ky (Q0,) un2
der aquatic gate were reduced by one order of magnitude
cormpared with that under aeria date , while the values of
apparent photosynthetic 0O, conductance (APC) under
aquetic date increased by two orders of magnitude than
that under aerid date. Temperature had inggnificant
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dfectson the K, (Q0O;) under agquatic sate, but had
postive marked efects on APC. Under agrid date, the
vauesdf K, (QD;) or APC were dgnificantly lower at 10

thanthat & 20 or30 (Fa.3).
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Fig.3. The carbon saturated maximal photosynthes's (Viad) , Kn

(the OO, concentration a haf of Vi) and the gpparent photosyr2
thetic conductance (APC) in Ulva lactuca under aguatic and aerid
daes and different temperatures.

3 Discussion

Although the tota disolved inorganic carbon (DIC)
ooncentration is much higher in seawater , 2. 2 mnol/L
compared to 15. 64 nol/L in air, the mgjority of DIC is
bicarbonate (HOO; ) due to high pH (8.2) in scawater ,
and the concentration of free GO, (about 10 - 15 nol/ L)
is amilar to that in ar. Asthe rate of supply of QO; to
mecroalgae underweater is much lower than in air resulting
from an 10 000-fold lower diffuson codficient in seawater
(Falkowski and Raven , 1997) , the acquidtion of GO, for
mecroalgae might be much redricted potentialy in water
conmpared to air. Nevertheless, the results in the present
study showed that the intertidd macroalga U. lactuca ex2
hibited the carbon saturated photosynthess underweter ,
but GO, limited photogynthesis under aerid date. In ad?
dition , the photosynthetic conductance based on GO, was
much greater in water than out of water. This suggesed
thet the inorganic carbon dfinities in U. lactuca were
much higher under aquatic date than under aeria date.
The primary cause for these phenomena was aswociated
with the mechaniam of inorganic carbon utilization in wa2

ter differing from that in air. Under agrid date, U. lac2
tuca use only the anogpheric GO, through diffuson for
photosynthess. When submerged, Ulva plants have
rather high ahilities to use the external pool of HOO; in
seawvater as the ource of inorganic carbon for photosyr?
theds (Axelson e a, 1995; Zou and Gao, 2001).
They can directly uptake HOO; from seaweter by anion
exchange and even their operations are i ndependent of e
ternd carbonic anhydrase activity which is usudly in2
wolved in HOO; utilization in nog other macroagee (Ax2
dson & a , 1995; Raven, 1997 ; Zou and Go , 2001) .
Our results of high photosynthetic conductance for GO, of
U. lactuca d < suggested the high ability to extract inor2
ganic carbon from seawater. Gonsequently , the condraint
on QO; swpply in U. lactuca underwater could be nore
than off st by the high ability of HOO; use from seawa?
ter.

When atnogpheric OO, increases to doubled concen2
tration, the HOO; in suface seawater would rise only
6%, from 2.2 to 2.34 mmol/L , due to a decline of pH
in seawater resulting from disolution of OO, (Bowes,
1993; Summ and Morgan, 1996). Furthernore, the
present day inorganic carbon compostion of seawater can
saturate the photosynthess of marine mecroalgee when
submerged (Beer and Koch, 1996; Bear-ddl e al,
1998) , whereas under agrid date, marine macroadgae
usudly show the QOrlimited photosyntheds at current
ambient amopheric 0O, (Go e al, 1999). There2
fore , increagng atmopheric GO, will enhance the photo2
gynthetic productivity of intertida mecrodgee like U.
lactuca through gimulating the aerid photosynthes's dur2
ing low tide but not the aquatic photosynthesi s during high
tide. Asthe submersed macroagee are concerned , many
o them use HOO; besdes free 0O, in saweter and ex2
hibit carbon saturated photosynthess. Sme other use free
Q0, done in scawater and show potentid carbon-limited
photosynthess (Raven, 1997; Fakowski and Raven,
1997) . However , as the submerged agae photosynthesize
in an environment with a relaively low availability of light
level due to reflection of the seawater surface and attenua?
tion within the water column (Fakowski and Raven,
1997) , it islikely that the congraints of carbon acquis2
tion for these macroalgae usng QO, aone would d be
negigble. Thus, anong marine macroalgae , we propose
thet the intertidd macroalgae may be the primary benefi2
ciaries for the anogheric GO, concentration increase.
However , the long-term growth regoonse to devated CO,
is usudly much lower than the short-term photosynthetic
regponses measured in thiswork , which had been shown
frequently for land plants (Bowes, 1993; Drake et al ,
1997 : Makiro and Mae, 1999) . When cultured in sea?
water with GO, enrichment , many macroalgee such as G.
chilensis, P. leuccsticta and G. gaditana exhibited re2
duction of photosyrthetic cgpacities (Andria et al , 1999;
Mercado et al , 1999; Isradl e al , 1999) , which might
be asociated with the decreased utilizing abilities for
HQO; in sawater and the activities of Rubiso.

© 1995-2005 Tsinghua Tongfang Optical Disc Co., Ltd. All rights reserved.



Z0U Ding Hu & a : Photosyrthetic Reponses to Inorganic Carbon in Ulva lactuca Under Aquatic and Aerid Sates 1295

Therefore , further gudies are needed for the undergand?
ing of the long-term effect of elevated atnogpheric GO, on
aquatic and aerid photosynthessof U. lactuca.

This gudy showed that photosynthetic porformances
o U. lactuca under aquetic sate differed from that under
oerid date, and such difference was temperature
dependent. Tenperature had a much grester gimulating
dfect on the rates of photogynthesis & ambient inorganic
carbon levd under aquatic date than under aeriad date.
Gonsequently, the difference between aquatic and aerid
rates & ambient inorganic carbon level increased substan?
tidly with increasng temperature. However , reverse re2
sults were found for such difference under inorganic car2
bon ssturated conditions. In addition , the aquatic photo2
synthed s optima of tenperature (no lessthan 30 ) was
higher than the aerid one (20 - 30 ). The primary
causes of the above phenomena could be attributed to the
different limiting factors for aquatic and aeria photosyr?
thed s and the difference between dfects o termperature on
such factors under aquatic and aeria dates. Acoording to
the characterigics of photosynthetic regonses to inorganic
carbon in U. lactuca under aquatic and aerid dates, the
photosyrthetic ratesin aquatic Sate were limited primarily
by H regeneration or eectron trangoort capacity , whereas
both of Rubiso activity and eectron trangport capacity co-
limted the rates in aerid dae (Makino and Mae,
1999) . On the other hand , tenmperature dfected the rate
of photosynthess by dfecting potentialy many physolog2
ca and physcal factors, such as the photogynthes s rate-
limiting enzymes, carbonic anhydrase activity , the diff L2
son o inorganic carbon , celular pH , the active trangoort
o Q0, or HOO; across the plasrdemma and/ or chloro2
plag membranes, and © on (Davion, 1991) . Addition2
aly, the extent for dfects of tenperature on the above
factors in aquatic date might differ from thet in aerid
date. It will be intereding to directly measure the change
o rdated biochemical and physca processesin U. lac2
tuca aternating from aquatic to aerid datesfor better ur?
dergtanding of the mechanigic bassand emlogca sgnifi2
cance.
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