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ABSTRACT

Light- and C02-saturated photosynthetic rates of the submersed
aquatic plants Hydrilla verticillata, Ceratophyllum demersum, and My-
riophyllum spicatum were 50 to 60 nLmol OJmg Chl hr at 30 C. At ar
levels of C02, the rates were less than 5% of those achieved by terrestrial
C3 plants. The low photosynthetic rates correlated with low activities of
the carboxylation enzymes. In each species, ribulose 1,5-diphosphate
carboxyhse was the predominant carboxylation enzyme. The apparent
K,,,(CO2) values for photosynthesis were 150 to 170 FLM at pH 4, and 75
to 95 FLM at pH 8. The K,,(CO2) of Hydrilla ribulose 1,5-diphosphate
carboxyhse was 45 JAM at pH 8. Optimum temperatures for the photo-
synthesis of Hydrilla, Myriophyllum, and Ceratophyllum were 36.5,
35.0, and 28.5 C, respectively. The apparent abilit of each species to
use HCO3- ions for photosynthesis was simiar, but at saturating free
CO2 levels, there was no indication of HCO3- use. Increasing the pH
from 3.1 to 9.2 affected the photosynthetic rate indirectly, by decreasing
the free CO2. With saturating free CO2 (0.5 mM), the maximum photo-
synthetic rates were similar at pH 4 and 8. Carbonic anhydrase activity,
although much lower than in terrestrial C3 plants, was still in excess of
that required to support HC03- utilization.

Hydrilla and Ceratophyllum had CO2 compensation points of 44 and
41 IVI, respectively, whereas the value for Myriophyllum was 19.
Relatively high CO2 compensation points under 1% 02 indicated that
some "dark" respiration occurred in the Light. The inhibition of photo-
synthesis by 02 was less than with terrestrial C3 plants. Glycolate oxidase
activity was 12.3 to 27.5 Fmol OJmg Chl hr, as compared to 78.4 for
spinach. Light saturation of photosynthesis occurred at 600 to 700
ueinsteins/m2 sec in each species grown under full sunli ht. Hydrilla
had the lowest light compensation point, and required the least irradi-
ance to achieve the half-maximal photosynthetic rate.

Field measurements in aHydrilla mat indicated that in the afternoon,
free CO2 dropped to zero, and 02 rose to over 200% air saturation. Most
photosynthetic activity occurred in the morning when the free CO2 was
highest and 02 and solar radiation lowest. The low Lght requirement of
Hydrilla probably provides a competitive advantage under these field
conditions.

Hydrilla verticillata is a submersed, fresh-water angiosperm in
the family Hydrocharitaceae. Since its introduction into Florida
in 1960, it has become widely distributed, and is now regarded
as a major aquatic weed problem in the Southeastern states (19).
Once established in a body of water, it readily dominates and
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replaces native submersed species (19), such as Ceratophyllum
demersum. The reason for this rapid dominance is uncertain.
Myriophyllum spicatum is a submersed macrophyte that was also
introduced, although earlier, into the United States. It has be-
come widespread in the Northeast, but for reasons unknown, its
distribution in Florida is limited. A major objective of this study
was to compare the photosynthetic characteristics of these
aquatic species in an attempt to explain the competitive success
of Hydrilla.
The majority of terrestrial plants can be classified as C3 or C.

plants, based on specific characteristics associated with their
photosynthetic pathways (4). C4 plants typically have higher
photosynthetic rates and greater productivity than C3 plants (4).
The photosynthetic mechanisms of submersed macrophytes, al-
though basic to their productivity, have received limited atten-
tion. For Hydrilla and Ceratophyllum, the photosynthetic path-
ways and most of the associated characteristics are unknown.
Myriophyllum apparently exhibits characteristics of both C3 and
C4 plants. The initial product of CO2 fixation is 3-P-glycerate
(29), as in C3 plants; but it reportedly also has a high optimum
temperature for photosynthesis and a low CO2 compensation
point (29), which are characteristics usually associated with C4
plants. In contrast, the submersed macrophytes Egeria densa and
Lagarosiphon major, which belong to the same family as Hy-
drilla, possess CO2 compensation points similar to those of C3
plants, and their photosynthesis is inhibited by 02 (9). Thus,
aquatic macrophytes appear to exhibit some diversity in regard
to their photosynthetic mechanism.

In an aquatic environment, the inorganic carbon can exist in
several forms: free C02, H2CO3, HC03-, or C032-, depending
on the pH. For both aquatic and terrestrial plants, free CO2 is
the form most readily utilized for photosynthesis (25). A number
of submersed plants, including Myriophyllum, reportedly can
use HCO3- ions in addition to free CO2 for photosynthesis (30).
Recent work, however, suggests that several aquatic species are
unable to use HC03- ions (9). It has been argued that the ability
to use HC03- ions would provide an aquatic plant with a com-
petitive advantage in alkaline waters (21). A further factor that
may influence the competitive success of an aquatic plant is its
photosynthetic response to light. Egeria, for example, reportedly
replaces both Elodea and Lagarosiphon because of its lower light
requirement for photosynthesis (9). In this study, we have exam-
ined the ability of Hydrilla, Ceratophyllum, and Myriophyllum
to use HCO3- ions for photosynthesis and also the photosyn-
thetic responses of these plants to varying irradiance. The possi-
ble ecological implications of these factors are discussed.

MATERIALS AND METHODS

Materials. H. verticillata (L.F.) Royle, C. demersum L., and
Cabomba caroliniana Gray were collected from Rodman Reser-
voir, Lake Killarney, or Orange Lake, and M. spicatum L. was
collected from Crystal River, Fla. Photosynthetic and enzymic
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measurements were made within 2 to 3 days of collection. Plants
were held at 25 C in aerated lake water under a 12-hr day. All
plants were washed free of epiphytes and bacteria before use.
Spinach (Spinacia oleracea L.) was locally purchased. Soybean
(Glycine max [L.] Merrill) and maize (Zea mays L.) were
greenhouse-grown.
As used in this paper, NaHCO3 refers to the total inorganic

carbon, HCO3- refers to bicarbonate ions, and free CO2 refers
to H2CO3 and CO2, calculated on the basis of published equilib-
rium constants (16, 21).

Field Measurements. Environmental parameters were mea-
sured in Lake Killarney, in the surface 5 cm of a Hydrilla mat
over a 24-hr period. Free CO2 and HC03- levels were deter-
mined according to standard methods (1). Temperature and 02
were measured with a Yellow Springs 02 meter, model 54.
Irradiance was determined with a Lambda quantum meter,
model LI-185.

Polarographic 02 Determinations. Unless otherwise stated,
photosynthetic rates were measured as 02 evolution at 30 C
using a Clark 02 electrode (Yellow Springs Instrument Co.,
model 53). The reaction vessels were irradiated with two 150-w
incandescent lamps, which gave a saturating intensity of 1000
,ueinstein/m2 sec (400-700 nm). Leaves from the apical por-
tions of the plants were immersed in 3 ml of 25 mm buffer and
photosynthesis was initiated by the injection of 0.1 ml NaHCO3
at various concentrations. Citrate-phosphate buffer was used to
obtain pH values between 3.1 and 5.8, phosphate buffer for 5.8
to 6.9, and tris-HCl for 6.9 to 9.2. The buffering capacity of the
higher NaHCO3 concentrations was compensated for by the
addition of predetermined amounts of 0.2 M HCI. Preliminary
experiments indicated no effect of the buffers per se on rates of
02 evolution during the 10 min required for one rate determina-
tion. All treatments were run in triplicate.

Infrared Gas Analyzer Determinations. To measure CO2
compensation points, three or four apical plant segments, 12 cm
long, were excised under water and immersed in 150 ml of 10
mM MES-NaOH, pH 5.5, and 5% v/v Hoagland solution con-
tained in a 200-ml gas washing bottle fitted with a fritted glass
gas filter. The bottle was then immersed in a glass-sided water
bath and connected into a circuit consisting of a peristaltic pump,
a moisture trap, a silica gel drying column, a Beckman model
215A infrared CO2 gas analyzer, and a Beckman model 1008 02
analyzer. The plant material was irradiated through the water
bath by a 1000-w quartz-halogen lamp (Berkley Colortran,
multi-1OA) providing 1000 ,ueinstein/m2 * sec (400-700 nm). An
equilibrium period of 1 hr was used to reduce interference by
residual gases in the lacunal system of the plants. The system was
flushed with gas mixtures containing accurately metered concen-
trations of 02, C02, and N2; it was then closed and the gases
were circulated by the peristaltic pump at 1 liter/min. The
equilibrium point attained by the CO2 concentration was taken
as the CO2 compensation point. Determinations were usually
made in duplicate, the first starting above the CO2 compensation
point, the second from below it. The CO2 leakage rate was found
to be negligible. To avoid complicating effects from HC03-
formation, the medium was held at pH 5.5.

This system was also used for measurements of photosynthetic
rates at air levels of C02, by determining the time required for
the plant material in the closed system to reduce the CO2 level of
the circulating gas mixture from 340 to 335 Iul C02/1. The
amount of CO2 taken up was calculated from the volume of the
total system (550 ml). Where necessary, the irradiance was
varied with neutral density filters.
Enzyme Assays. Leaf samples of approximately 500 mg fresh

weight were ground at 4 C in a TenBroeck homogenizer with 10
ml of 50 mm tris-HCl, pH 8, containing 10 mM MgCl2, 0.1 mM
EDTA, 5 mMDTT,3 5 mm -isoascorbate, and 2% w/v PVP-40.

3Abbreviations: DiT: dithiothreitol; PEP: phosphoenolpyruvate;
RuDP: ribulose 1,5-diphosphate.

Aliquots were taken for Chl determinations and the homoge-
nates were then centrifuged for 10 min at lOOOg and 4 C. The
supernatants were assayed immediately for PEP and RuDP
carboxylase activity. The assay solutions for RuDP carboxylase
contained in 1 ml: 50 mm tris-HCl, pH 8; 10 mM MgCl2; 0.1 mM
EDTA; 5 mm DTT; 0.4 mm RuDP; 20 mm NaH'4CO3 (0.2,uCi/
,umol); and 0.1 ml leaf extract. The PEP carboxylase assays were
similar, except 5 mm PEP was substituted for RuDP and only 10
mM NaH'4CO3 was used. Before addition of buffer, NaH'4CO3,
RuDP or PEP, and the leaf extract, the assay solutions at pH 5
were flushed and shaken for 5 min with He gas to remove
dissolved CO2 and 02. The assay flasks were sealed and the
remaining components, with the exception of RuDP or PEP,
were injected and preincubated for 3 min. The reactions were
initiated with RuDP or PEP and halted after 3 min at 30 C with
0.1 ml of 6 M HCl saturated with 2,4-dinitrophenylhydrazine.
Aliquots were placed in scintillation vials, dried at 35 C under an
air stream, and the radioactivity determined by liquid scintilla-
tion spectroscopy. All assays were run in triplicate.

Glycolate oxidase activity was assayed polarographically at
30 C in the presence of 14 mm glycolate (15). Carbonic anhy-
drase activity was determined by a modified Veronal indicator
method (13). The Chl concentration was determined by the
method of Arnon (2).

RESULTS

Field Measurements. In many Florida lakes during spring
through autumn, Hydrilla plants form mats of vegetation just
below the water surface. Light penetration through the mat is
small, and net photosynthesis appears confined to the apical
portions of the plant at the mat surface (19). In Figure 1 are
plotted various photosynthesis-related parameters, measured
over a 24-hr period in the surface 5 cm of water covering a
naturally occurring Hydrilla mat. Day 1, when measurements
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FIG. 1. Diurnal fluctuations in free C02, HC03-, O2, and pH mea-
sured in the surface 5 cm of water over a Hydrilla verticillata mat. Data
were collected on October 14 and 15, 1975, at Lake Killarney, Fla.
Figures in parentheses refer to the water temperature (C) at the time of
sampling.
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commenced, was overcast, whereas day 2 was clear and warmer,
which accounts for the slight variation in results between the two
days. Large diurnal fluctuations in pH, 02, HCO3-, and free
CO2 were found. Free CO2 and HCO3- were highest at night,
presumably due to respiration, but soon after sunrise (06.30 hr),
they began to decline, and by the afternoon of day 2, they were
both virtually zero. Conversely, due to the changes in inorganic
carbon, the pH reached a low value of 7.1 at night but rose to a
high of 10.2 in the afternoon of day 2. Oxygen during the night
was low, being less than the air-saturated level, but by noon of
day 2, it reached a maximum of 16.7 mg/l, equivalent to over
200% air saturation. Similar diurnal fluctuations have been
previously reported for dense areas of aquatic vegetation (9).
During this 24-hr period, temperatures varied from 25.2 to
31.8 C, however July values as high as 38 C have been mea-
sured in Hydrilla mats.
From the 02 and temperature data in Figure 1, it was possible

to calculate the approximate photosynthetic and respiratory ac-
tivity of the mat over the 24-hr period (18). The data indicate
(Table I) that the bulk of the photosynthetic activity occurred
between sunrise and noon; net photosynthesis in the afternoon
hours was very low. The negative values for the evening and
night hours denote respiratory 02 uptake.

In Figure 2 is plotted the irradiance intercepted by a mat as a

function of time after sunrise. The day was clear and the full sun
value was 2150 ,ueinsteins/m2 sec. Even 3 hr after sunrise, the
irradiance at 5 cm depth was still only about half of the maxi-
mum attainable. Corresponding values for the surface, and light

Table I. Photosynthetic and Respiratory Activity in a Hydrilla
verticillata Mat over a 24 hr Period. Data calculated
from the 02 and temperature values in Figure 1.

02
Time Period Evolution (+)

or Uptake (-)

hr g 02/m3
16:00 - 20:00 - 1.25
20:00 - 05:30 - 4.87
05:30 - 12:00 +11.68
12:00 - 16:00 + 0.35

16:00 - 16:00 (24 hr) + 5.91

.1
e

*a
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penetration in clear water at 30 and 60 cm depth are also shown.
Laboratory Measurements. Unless otherwise stated, all meas-

urements were made at 30 C, which corresponds closely to the
mean day temperature for Florida lakes in the summer. Optimal
temperatures for photosynthetic CO2 fixation by Hydrilla, My-
riophyllum, and Ceratophyllum were found to be 36.5, 35.0,
and 28.5 C, respectively (data not shown). All three species
exhibited measurable CO2 fixation at temperatures as low as
10 C and as high as 44 C.
A number of laboratories have reported that the photosyn-

thetic rates of submersed aquatic macrophytes decrease as the
pH of the bathing medium increases (28, 30). With 0.6 mM
NaHCO3 as the inorganic carbon source, we observed similar
results for 02 evolution by Hydrilla (Fig. 3). The concentration
of 0.6 mm NaHCO3 (equivalent to 36.6mg HCO3j/l) approxi-
mated the highest inorganic carbon levels in the lakes from
which the plants were collected. The highest, light-saturated,
photosynthetic rates were obtained at pH values between 3.1
and 5.8. Above pH 5.8, the rate declined, falling to almost zero
at 9.2 (Fig. 3). Although experimentally the highest photosyn-
thetic rates were obtained at low pH, the measured pH values in
Hydrilla mats from which the plants were collected ranged from
pH 7.1 to 10.2 (Fig. 1). The data in Figure 3 for pH values
above 7 probably reflect the range of light-saturated photosyn-
thetic rates that occurs in the natural environment. In Figure 3,
the per cent free CO2 present at the various pH values is also
shown. With an exception at about pH 5.8, the photosynthetic
rate paralleled the free CO2 concentration.

In Figure 4, photosynthetic rates of Hydrilla, Ceratophyllum,
and Myriophyllum, as a function of the free CO2 concentration,
are compared at pH 4 and pH 8. At pH 4, free CO2 comprised
99.3% of the total inorganic carbon in solution, while at pH 8 it
was only 1.4%. For reference, the total concentrations of
NaHCO3 at pH 8 are also plotted on the abscissa. For each
species, the maximum rate of 02 evolution was similar at pH 4
and pH 8. However, at pH 4, saturation was achieved with 0.5
mM NaHCO3, whereas at pH 8, 35 mm NaHCO3 was required to
saturate photosynthesis. The free CO2 level at these two
NaHCO3 concentrations was similar, approximately 0.5 mM. It
would appear that the apparent inhibition by high pH in Figure 3
was an indirect effect of high pH decreasing the free CO2 level.
There was no evidence that pH per se had any direct effect on the
photosynthetic rate during these short term experiments. For a

given subsaturating level of free CO2, the photosynthetic rates of
the three species were actually higher at pH 8 than at pH 4 (Fig.

Sunrise Hours After Sunrise

FIG. 2. Light penetration in clear lake water as function of the time after sunrise. Full sun value was 2150 ,Aeinsteins/m2-sec.
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FIG. 3. Effect of pH on the photosynthetic rate of Hydrilla verticillata and on the calculated per cent free CO2 in solution. Total concentration of
inorganic carbon was 0.6 mM.

4.) The higher rates at pH 8 may be attributable to use of HCO3-
ions in addition to free CO2 (25, 30). The enhancement of
photosynthetic rate at pH 8 was similar for each of the three
species. On a percentage basis, the enhancement was greatest at
the lowest levels of free CO2 and declined to zero at saturating
free CO2 concentrations. It would appear that free CO2 was the
preferred form of inorganic carbon, because at saturating levels
of free C02, increasing the HCO3- concentration had a negligi-
ble effect on the photosynthetic rate (Fig. 4) and compared with
HCO3-, much lower concentrations of free CO2 were required to
achieve a given photosynthetic rate.

Carbonic anhydrase, which catalyzes the reversible hydration
of C02, may be involved with the ability of plants to use HCO3-
ions for photosynthesis (13, 25). The activity of this enzyme in
leaf extracts of Hydrilla, Ceratophyllum, and Myriophyllum was
found to be only 253, 292, and 207 units/mg Chl, respectively,
as compared to 6283 units/mg Chl in a spinach leaf extract,
spinach being representative of terrestrial C3 plants. However, in
terms of absolute rates at 0 C (31), the carbonic anhydrase
activity in the aquatic species was still far in excess of that
required to support HC03- utilization.

In Table II are listed photosynthetic rates, for the three
aquatic species at light and CO2 saturation at pH 8. They proba-
bly represent close to the maximum rates attainable by these
three species at 30 C, and as far as can be ascertained, they are
the highest rates reported for submersed aquatic angiosperms.
However, they are only about 10% of the maximum light and
C02-saturated photosynthetic rates achieved by terrestrial an-
giosperms (26) and by the fresh-water alga, Chlamydomonas
(5). Also listed in Table II are light-saturated photosynthetic

rates at air levels of CO2 (340 ,lI C02/l in the gas phase, or 0.42
mg C02/l in the aqueous phase) at pH 5.5. The rates observed
for the three aquatic species were less than 5% of those obtaina-
ble with terrestrial C3 plants under comparable CO2 levels (24).
The observation in Table II that the apparent Km(CO2) values
for photosynthesis of the three aquatic species were as high as
150 to 170 AM at pH 4 is probably related to the very low
photosynthetic rates seen at air levels of CO2. Apparent
Km(CO2) values for the photosynthesis of terrestrial plants are
reportedly much lower (17), being approximately 10 AM CO2
(0.03%). Increasing the pH from 4 to 8 decreased the apparent
Km(CO2) of photosynthesis (Table II), although still not to the
level attained by terrestrial plants. This effect of pH on the
apparent Km(CO2) may be related to the decreased Km(CO2)
observed at high pH with RuDP carboxylase from spinach (8),
or it may reflect the use of HCO3- ions at alkaline pH values.
Among terrestrial C3 plants, RuDP carboxylase has been

suggested to be an important rate-limiting step in light-saturated
photosynthesis (3). The activity of this enzyme, together with
the activity of PEP carboxylase, was determined in crude ex-
tracts of the three aquatic species (Table III). In each case,
RuDP carboxylase was the predominant carboxylation enzyme.
On a Chl basis, the RuDP carboxylase activities corresponded
closely with the maximum photosynthetic rates attained by the
three species (Table II). Although for the aquatic species, the
activities of both carboxylases were lower than for spinach (Ta-
ble III), the ratio of PEP to RuDP carboxylase was similar to
spinach, being in the range generally found with C3 plants (6,
23). Hydrilla and spinach were also similar with regard to the
apparent Km(HC03- and C02) values of their extracted RuDP
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FIG. 4. Photosynthetic rates of Hydrilla verticillata, Ceratophyllum
demersum, and Myriophyllum spicatum at pH 4 and pH 8 as a function
of the free CO2 concentration. For reference, the total inorganic carbon
(NaHCO3) concentration is also shown.

carboxylases (Table III), despite the high apparent Km(CO2) for
photosynthesis in the aquatic species (Table II).

Terrestrial C3 plants, because of the 02 sensitivity of the initial
carboxylation enzyme, RuDP carboxylase (6, 7), exhibit a
marked inhibition of photosynthesis at atmospheric levelsof 02-
Figure 5 shows the effectof 02 on photosynthetic CO2 fixation
by the three aquatic species at 340 -lI C02/l in the gas phase. On
the abscissa is plotted per cent 02 in the gas phase, and for
reference, the equivalent mg 02/1 dissolved in the aqueous
phase. The photosynthesis of all three species was inhibited by
02. At 21%02 (7.9 mgIl), Hydrilla and Ceratophyllum were
inhibited 20.5% and 20.2%, respectively, whereas Myriophyl-
lum was only inhibited 9.3%.
A further characteristic of C3 plants is a high CO2 compensa-

tion point due to photorespiratory CO2 release in the light (12).
Table IV presents the CO2 compensation points at 25 C of the
three aquatic species in 21% and 1% 02 gas phase, and for
comparison the values for soybean and maize leaves. The
aquatic species were freshly collected from their aquatic habi-
tats. The pH of the medium was held at pH 5.5 because in
preliminary experiments, high pH levels reduced the CO2 com-
pensation point, confirming the report of Brown et al. (9). In our
system, this was found to be an artifact. Bicarbonate formation
in high pH solutions acted as a sink for free C02, and thus
reduced the CO2 in the gas phase measured by the analyzer. At
pH 5.5 and 21% 02, the aquatic species exhibited higher CO2
compensation points than are found with terrestrial C4 plants
such as maize (Table IV). Hydrilla and Ceratophyllum were
similar to the terrestrial C3 plant, soybean; however Myriophyl-
lum was intermediate between soybean and maize (Table IV). In
terrestrial C3 plants at 1% 02, photorespiration is negligible, and
hence the CO2 compensation point is typically close to zero. For
the three aquatic species, relatively high values were obtained at
1% 02 (Table IV).
Glycolate oxidase activity is associated with an active photo-

respiratory pathway, being relatively high in C3 plants and usu-
ally much lower in C4 plants (22). In the three aquatic species
under investigation, glycolate oxidase activity was detectable in
leaf extracts, but at a level lower than in spinach (Table IV). It
was appreciably higher than measured in leaf extracts of maize
(Table IV).

In Figure 6 is shown the effect of increasing irradiance on the
photosynthetic CO2 fixation rate of the three aquatic species and
also Cabomba caroliniana, a native submersed macrophyte com-
mon to Florida waters. As in the natural habitat, the CO2
concentration was subsaturating at 340 ,ul/l in the gas phase. All
of the plants were freshly collected from surface waters exposed
to full sun. The species tested did not differ greatly in the
irradiance required to saturate photosynthesis; saturation oc-
curred at about 600 to 700 tLeinsteins/m2 - sec (Fig. 6). Hydrilla
and Ceratophyllum had similar photosynthetic rates at light satu-
ration (Fig. 6), Cabomba had the lowest rate. The rates of dark
respiration were similar for the species investigated, being 2 to 3
,tmol CO2 evolved/mg Chl hr. Of the species examined, Hy-
drilla exhibited the lowest light compensation point (Fig. 6) and
the lowest irradiance requirement to achieve half of the light-
saturated rate ('/2Vmax). Thus, at the light compensation of
Ceratophyllum (35 Aeinsteins/m2 -sec), Hydrilla was capable of
photosynthesizing at 27% of its light-saturated rate.

DISCUSSION

The classification of submersed fresh-water plants in terms of
their photosynthetic carbon fixation pathway is somewhat ob-
scure (4). In this study, Hydrilla, Ceratophyllum, and Myrio-
phyllum exhibited a number of characteristics associated with
the C3 photosynthetic pathway. The predominant carboxylation
enzyme was RuDP carboxylase, which supports the finding that
3-PGA is the major first product of photosynthetic carbon fixa-
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Table II. Photosynthetic Rates at Saturating and Air Levels of C02, and the Apparent
Km(C02) Values for Photosynthesis of Hydrilla verticillata, Myriophyllum
spicatum, and Ceratophyllum demersum.

Light Saturated Apparent Km(C02)1
Light and C02 Photosynthetic Rate for Photosynthesis

Species Saturated at 340 11 Co /1
Photosynthetic Rate (gas phasei pH 4 pH 8

imole 02/mg Chl.hr umole ClY2/mg Chl.hr DiM

H. verticillata 54 4.6 170 90
M. spicatum 51 3.3 150 75
C. demersum 58 4.9 165 95

1 Derived from 1/2 Vmax.

Table III. RuDP and PEP Carboxylase Activities in Leaf Extracts of
Hydrilla verticillata, Myriophyllum spicatum, Ceratophyllum
demersum, and Spinacia oleracea.

Km1 Values for
Species Carboxylase Activity RuDP Carboxylase

RuDP PEP HCO Co2

pmole C02 fixed/mg Chl.hr mM PiM

H. verticillata 50.6 18.5 3.2 45
M. spicatun 69.7 7.1 - -
C. demersum 69.9 5.5 -

S. oleracea 329.6 40.2 3.6 50

Derived from 1/2 Vmax.

tion in Myriophyllum (29); however, the activity of this enzyme
was much lower than in spinach. The aquatic species had low
photosynthetic rates, in fact substantially lower than terrestrial
C3 plants, and were inhibited by 21% 02 in the gas phase. At
similar 02 and CO2 levels, terrestrial C3 plants show 30 to 40%
inhibition of net photosynthesis (12, 14); for the aquatic species,
the inhibition was only 10 to 20%. Under 21% 02, the CO2
compensation points of Hydrilla and Ceratophyllum were similar
to those of C3 plants, but with Myriophyllum, it was significantly
lower. It was not, however, zero, as Stanley and Naylor (29)
inferred. It appeared to be intermediate between C3 and C4
plants, and in this respect, resembled Panicum millioides, a

terrestrial C3 plant with a reduced 02 inhibition of photosyn-
thesis and CO2 compensation point (10, 23). With several
aquatic macrophytes, we have observed large, intraspecific vari-
ations in the CO2 compensation point that appear to be environ-
mentally related (Bowes, G. and A. S. Holaday, unpublished

6 cLd.LuUI.LylUMiL UeLL"erUa JV

\Myrionhyllum sDicatuin 0

\Hgdilla vert&icLllata

E3
0

7.9 15.7 23.6 31.4
0 Mg 02/1 (aqueous phase)

I. . a __

0 20 40 60 80

Percent 02 (gas phase)

FIG. 5. Effect of 0° on the photosynthetic CO2 fixation rates of Hydrilla verticillata, Ceratophyllum demersum, and Myriophyllum spicatum at pH
5.5. Measurements were made at 340 Al C02/1 in the gas phase (equivalent to 0.42 mg C02/l in the aqueous phase).
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data), which may account for the conflicting reports with sub-
mersed aquatic plants (9, 29). Unlike more typical C3 plants, the
CO2 compensation points of the aquatic species remained quite
high under 1% 02 in the gas phase. A similar result has been
reported for Egeria densa (9). It may indicate that dark respira-
tion in these aquatic species continues unabated in the light. At
340 ,ul/l CO2 in the gas phase, dark respiration was equivalent to
over 50% of the light-saturated net photosynthetic rate. For
terrestrial plants, dark respiration in the photosynthetic tissues is
typically only 5 to 10% of photosynthesis (33).
A high CO2 compensation point under 21% 02 suggests an

active photorespiratory pathway, with concomitantly high glyco-
late oxidase activity (4, 12, 22). In the aquatic species examined,
the activity of glycolate oxidase was between 15 and 35% of that

Table IV. C02 Compensation Points and Glycolate Oxidase Activity
of Hydrilla verticillata, Myriophyllum spicatum, and
Ceratophyllum demersum in Comparison with Terrestrial
C3 and C4 Species.

Species CO2 Compensation Point Glycolate Oxidase
Activity

21% 02 1% 2

id/i pimole 02/mg Chl.hr

H. verticillata 44 17 12.3
M. spicatum 1 9 27.5
C. demersum 41 11 22.2
G. max 44 5 -

S. oleracea - - 78.4
Z. mays 0 0 8.6

5

4

3

01~ 2

E I
cm

0
0
a,
00o
E

2

found in spinach leaves. This may indicate that the photorespira-
tory capacity of aquatic species is less than terrestrial C3 plants.
Hough and Wetzel (20) reported that photorespiratory '4CO2
release by the submersed macrophyte Najas flexilis was limited
in comparison with terrestrial C3 plants because of the limited
solubility of 02 in water. However, for aquatic and terrestrial
plants, 02 has to dissolve to become available to the cells. Our
field measurements (Fig. 1) suggest that aquatic plants under
certain conditions may be exposed to dissolved 02 levels far in
excess of those faced by terrestrial plants. It appears more likely
that any reduced photorespiration in aquatic plants is a function
of generally lower enzyme activities. When the low photosyn-
thetic rate and reduced activities of RuDP carboxylase and
glycolate oxidase are taken into account, the ratio of photosyn-
thesis to photorespiration may be similar to that occurring in
more typical C3 plants, a conclusion supported by the CO2
compensation point measurements (Table IV).
A further characteristic associated with the C3 pathway is a

low (25 C) optimum temperature for photosynthesis (4, 12).
Ceratophyllum, with a value of 28.5 C, is thus similar to C3
plants. A lower optimum of 20 C has been observed with Cera-
tophyllum growing in cooler waters (11). Both Hydrilla and
Myriophyllum exhibited high optimum temperatures for photo-
synthesis reminiscent of C4 plants (4). The high optimum tem-
perature in C4 plants is at least partially related to the absence of
an inhibitory effect of 21% 02 on photosynthesis (22). This
explanation is unlikely to apply to Hydrila and Myriophyllum,
as both species exhibited some 02 inhibition.
Leaf anatomy has been widely used to differentiate between

C3 and C4 plants (4). In C3 plants, the chloroplasts are distrib-
uted throughout the leaf, whereas in C4 plants, they are gener-
ally restricted to the bundle sheath cells and an abutting ring of
mesophyll cells. The leaves of Myriophyllum (27), Hydrilla, and
Ceratophyllum (Bowes, G., unpublished observations), appear

FIG. 6. Effect of light on the photosynthetic CO2 fixation rates of Hydrilla verticilata, Ceratophyllum demersum, Myriophyllum spicatum, and
Cabomba caroliniana at pH 5.5. All measurements were made at 340 IAI C02/1 in the gas phase (equivalent to 0.42 mg C02/1 in the aqueous phase).
L.S.: irradiance required for light saturation; L.C.P.: irradiance at the light compensation point; '/2V,,,,,: irradiance required for half-maximal
photosynthetic rate.
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anatomically more similar to C3 than to C4 plants. From these
considerations, it appears that the three aquatic species exam-
ined are basically C3 plants, although in certain respects they are
atypical of this grouping.

In the field, Hydrilla often appears luxuriant, and this, cou-
pled with its ability to dominate large areas of water, belies its
low photosynthetic capability. The ability to cover large areas
despite a low photosynthetic rate is probably related to the low
dry to fresh weight ratio of aquatic plants. The dry weight of a
Hydrilla plant comprises only 8.8% of the fresh weight, whereas
the value for a terrestrial soybean leaf is about 22%. In aquatic
systems, it is likely that less photosynthate has to be used for
support of the plant. The low photosynthetic rate measurements
reflect productivity data, as on a dry weight basis, submersed
fresh-water plants are less productive than terrestrial systems
(32).
The low photosynthetic rates cannot be attributed solely to

diffusion limitations in an aquatic environment, as certain
aquatic multicellular and unicellular algae photosynthesize at
rates comparable to terrestrial angiosperms (5, 26). The low
RuDP carboxylase activity and the high apparent Km(CO2) val-
ues are probably contributory factors to the low photosynthetic
rates. In the lake, the maximum free CO2 level was equivalent to
only 48 /.M, indicating that in the natural habitat these plants not
only photosynthesize at CO2 levels below saturation but also
below their apparent Km(CO2). The high apparent Km(CO2)
values for photosynthesis are not of universal occurrence in
aquatic species as the fresh-water alga, Chlamydomonas, report-
edly has a low value similar to terrestrial plants (5). It is unlikely
that the high apparent Km(CO2) values are due to RuDP carbox-
ylase kinetics, as Hydrilla and spinach RuDP carboxylases ex-
hibited similar Km(CO2) values.
At subsaturating CO2 levels, the enhancement in photosyn-

thetic rate at pH 8 as compared with pH 4 has traditionally been
regarded as evidence for HCO3- utilization (25, 30). However,
an increase in the affinity of RuDP carboxylase for CO2 at high
pH and HCO3- concentrations (8) may provide an alternative
explanation for the phenomenon. If the enhancement does re-
flect HCO3- use, it appears unlikely that it could be a factor
enabling Hydrilla to replace native species, because for the three
species examined, the degree of enhancement was similar. The
importance of HCO3- use for the growth of aquatic plants is
difficult to estimate, and has yet to be unequivocally demon-
strated.

In areas of dense aquatic vegetation most of the daily photo-
synthetic activity occurs during the early morning hours (Table
I). It is during this period that solar radiation is low (Fig. 2), and
thus the photosynthetic response of the plants to light should be
an important determinant of competitive success. For the
aquatic species examined, the irradiance required to saturate
photosynthesis was similar. Saturation occurred at 28 to 33% of
the equivalent full sun intensity. Thus, in the field, photosyn-
thesis in the surface regions should not be light-limited for large
parts of the day, and Hydrilla and Ceratophyllum might be
expected to have equivalent photosynthetic rates (Fig. 6). How-
ever, the aquatic species differed in the irradiance required to
achieve the half-maximal photosynthetic rate and the light com-
pensation point. To achieve a given, light-limited photosynthetic
rate, Hydrilla had the lowest light requirement of the species
examined. In the hours following sunrise, when free CO2 is
highest and most photosynthetic activity occurs, this low light
requirement would appear to provide Hydrilla with a distinct
advantage.
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