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ABSTRACT

Incubation under water In a 30 C/14-hour or 12 C/10-hour pbotoperiod
caused the CC) coenati points of 10 aquatic macrophytes to decrease
below 25 or Increme above 50 microlters CO% per lter, respectvely.
Submerged and aerial leaves of two Ibus angiosperms (Myiphjyl-
un brEeuias nad Proserpiaca palus) maintaied high compensation
points wben Incubated In air but, wben the erged or aerial leaves of
Prow naca were incubated under water, the conpensation points dropped
as low as 10. This suggests that, in addition to temperature and photope-
riod, some factor assited with submergence regulates the compensation
point of aquatic plants. In the h4ig-compe t point plants, photores-
piration, as a percentage of net pbotosynthesis, was equvalent to that in
terrestrial C, plants. For Hydi verticillta, the decreasing CO0 compen-
sation points (110, 40, and 10) were associated with reduced photorespi-
raton, as indiated by decreased 0, tion, decreased rates of CO,
evolution into COr-free air, and increased net photosynthetic rates.
The decrease in the CO,come0 nsation points of HydrWi Egeria dnsa,

and Cabonba cailniaa was ac I by an increase in the activity
of hosoenoprate, but not of rlose bisphosphate, carboxylase. In
HydriIa, several C4 enzymes aso increased in activity to the foflowing
levels (micromoles per gram fesh weight per bour): pyruvate P1 dikinase
(35), pyroosphatase (716), adenylate kInase (525), NAD and NADP
malate dehydrogenase (6565 and 30), NAD and NADP malic enzymes (239
and 44), and asprtate and anine aminotransferases (357 and 85), whereas
glycolate oxdase (6) and ph oglycolate and phospboglycerate phospha-
tases (76 and 32) showed no chane. Glycolate dehydrogenase and pbos-
phoenolpyruvate carboxykinuse were undetectable. The reduced photores-
piration In these plants may be due to increased C0) fixation via a Co acid
pathway. However, for three MyriophyUun species, some other mechanism
appears operative, as phosphoenolpyruvate carboxylase was not increased
in the low c ompensation ot state, and ribulose biphosphate carboxylase
remaied the predominant carboxylation enzyme.

There is some confusion in the literature as to the level of
photorespiratory activity in submersed freshwater macrophytes (5,
19, 27, 28). High P2 values are one indicator of photorespiratory
activity (7), but both high and low values have been reported for
submersed aquatic plants (5, 17, 19, 28, 30) and even for the same
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species (19, 28). Recent studies with Hydrilla and other aquatic
angiosperms (4, 16) have demonstrated that the r values of these
plants vary markedly in response to growth conditions. The
magnitude of the change in the light-dependent r values of
submersed aquatic plants is unprecedented among higher plants,
such as the C3, C4, and C3-C4 intermediate species (7, 10, 26).
Differences in the photosynthetic and photorespiratory character-
istics of Hydrilla in the high- and low-r states have been reported
previously (4, 16), but the presence and characteristics of inter-
mediate-r conditions have not been evaluated.

Although it is known that photorespiration can be reduced in
submersed macrophytes, it is not known whether a similar reduc-
tion can be observed with emergent species. Emergent aquatic
species, such as Myriophyllum brasiliense and Proserpinaca palus-
tris, are amphibious and heterophyllic, that is, they possess both
submerged and aerial leaves together on the same plant, either as
different parts of the same stem or on different stems. The
submerged leaves, which are usually only two or three cells thick,
are similar to the leaves of submersed species, whereas the aerial
leaves are morphologicaily similar to terrestrial C3 leaves and
possess functional stomates (25). These amphibious plants provide
an interesting natural system for comparing, on the same plant,
photosynthetic and photorespiratory metabolism in a terrestrial
versus aquatic environment. The aerial leaves ofamphibious plants
are frequently inundated under natural conditions, but the effect
of this immersion on the photosynthesis and photorespiration of
these morphologically terrestrial leaves is unknown.

Efforts in this laboratory have recently focused on identifying
the metabolic characteristics which enable aquatic macrophytes to
reduce photorespiration. It has been shown that reduced photo-
respiration in Hydrilla is correlated with increased PEP carbox-
ylase activity (4) and possibly a change in the kinetic properties of
this enzyme (2). Holaday and Bowes (16) measured considerable
dark fixation, diurnal fluctuation in titratable acidity levels and
substantial photosynthetic malate and aspartate synthesis in low-
r Hydrilla plants. Similarly, high levels of C4 acid synthesis have
been reported for other aquatic macrophyte species (5, 8). It is
unknown whether increased PEP carboxylase is a general char-
acteristic associated with the inducible reduction in photorespira-
tory activity in other aquatic species. It is also not known whether
changes in the activities of other C4 and photorespiratory enzymes
play a role in the reduced photorespiration of low-r aquatic
plants.
The object ofthe study presented here was to investigate further

the photorespiration-reducing mechanism in aquatic plants by
examining the involvement of various C4 and photorespiratory
enzymes, determining the extent to which changing carboxylase
activity can be associated with r reduction in aquatic plants other
than Hydrilla, and identifying whether amphibious plants have
the potential for reducing their r values.

MATERIALS AND METHODS

Plant Material. Hydrilla verticillata (L.F.) Royal, Ceratophyllum
demersum L., Myriophyllum brasiliense Camb., Egeria densa
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Planch., Cabomba caroliniana Gray, and Nitella sp. were collected
from Orange Lake, Cross Creek, or Lake Lochloosa, and Myrio-
phyllum spicatum was collected from Crystal River, FL. Myrio-
phyllum heterophyllum Michx. and Fissidens cf. manateensis Grout
ex. Holz. were obtained from the Ichetucknee and Santa Fe
Rivers, respectively, and Proserpinaca palustris L. was gathered
from roadside ditches near Cross Creek, FL. All plants were
washed repeatedly to remove epiphytes. Apical segments, 10 cm
long, were cut under water and incubated for 6 to 12 days under
either a 30 C/14-h photoperiod or a 12 C/10-h photoperiod to
induce low- and high r-values, respectively (4). Leaves from
Sorghum bicolor (L.) Moench were obtained from greenhouse-
grown plants and spinach (Spinacia oleracea L.) was field-grown.
IR Gas Analyzer Measurements. Gas-exchange measurements

in the light and dark were determined with an ADC (Analytical
Development Company Ltd.) series 225 gas analyzer incorporated
into a closed system similar to that described by Van et aL (30).
Net photosynthesis and dark respiration rates were determined
from the time required for the plants to decrease or increase the
CO2 concentration in the circulating gas mixture between 327 and
317 ,ul C02/l (gas phase). This concentration gave a dissolved free-
CO2 level of 9.2 lsM, a value similar to that found in Florida lakes
(30). Photorespiratory CO2 evolution in the light was determined
from the time required for the plant material to increase the CO2
concentration from 5 to 10 PI C02/1 (gas phase). All gas exchange
measurements were made at 30 C and at a saturating irradiance
of 1000 tE/m2 s. The r values were determined in a closed system
as described by Van et al. (30) with 21% 02 in the gas phase,
unless otherwise indicated.
Enzyme Extraction. Plant extracts were prepared by grinding

1.0 g leaf material from the aquatic plants or 0.5 g sorghum or
spinach leaves in a TenBroeck homogenizer at 4 C. The extraction
medium, which consisted of 50 mm Tris-HCl, 10 mm MgCl2, 0.1
mM EDTA, 5 mm isoascorbate, and 1% w/v PVP-40 (pH 8), was
supplemented with 2.5 mM MnCl2 for the malate dehydrogenase,
malic enzyme, and PEP carboxykinase extractions. The buffer was
changed to 50mM Hepes (pH 7) for PEP carboxykinase extractions
and to Tris-HCI (pH 8.5) for RuBP carboxylase, malic enzyme,
and malate dehydrogenase. Aliquots of the homogenates were
taken for Chl determinations (1); the remainder was centrifuged
at 10,000g for 5 min and the supernatant was used for the assay.
For measurements of pyruvate P dikinase activity, the following
precautions were taken to ensure activation (14): the leaves were
harvested during their light period and ground under a N2 at-
mosphere, and the supernatant was preincubated at 30 C for 15
min in the presence ofDTT and Pi.
Enzyme Assays. All assays were performed at 30 C according

to previously established procedures. RuBP carboxylase was as-
sayed in the active form as described by Lorimer et al. (20). PEP
carboxylase was measured as "4CO2 fixation into acid stable
products according to the procedure employed by Van et al. (30).
Adenylate kinase (15), aspartate and alanine aminotransferases
(13), and malate dehydrogenases (18) were assayed spectophoto-
metrically by the decrease in A at 340 nm due to the oxidation of
NADH or NADPH. Malic enzyme activities were determined
from the increase in A at 340 nm due to the reduction ofNAD or
NADP (12). Oxalate (1 mM), an inhibitor ofNADP malic enzyme
(24), was added to the malic enzyme assays to verify that the
activity was NADP-specific. The ATP-exchange reaction as de-
scribed by Mazelis and Vennesland (21), was used to measure
PEP carboxykinase activity. Pyruvate P dikinase activity was
determined by the method of Hatch and Slack (14), modified as
previously described (16). Glycolate oxidase and dehydrogenase
were assayed polarographically (9) in a Rank 02 electrode system;
they were also measured spectrophotometrically by following the
decrease in A at 600 nm due to the anaerobic reduction of 2,6-

or D-lactate (9). The activities of P-glycerate phosphatase (23), P-
glycolate phosphatase (23), and pyrophosphatase (15) were deter-
mined from the rate of Pi formation. The Pi released was measured
by a modified Fiske-Subarrow method (23). The results presented
for all the enzyme assays represent the mean of triplicate deter-
minations.

RESULTS

Submersed Plants. Incubation of several submersed angio-
sperms, the moss Fissidens, and the alga Nitella in a growth
chamber at 30 C with a 14-h photoperiod caused a decrease in
their r values to less than 26 ,sl C02/1 (Table I). These same
species, when incubated under winter-like conditions (12 C/10-h
photoperiod) increased their r values, generally to above 50 ,ul
C02/1 (Table I). Similar variations in r values also were observed
in the field. Plants collected during the winter months, without
prior incubation typically exhibited high-r values, whereas, dur-
ing the summer months, these same species possessed low-r
values. Thus, for unincubated H. verticillata and M. spicatum
plants, freshly collected in August, the values were 28 and 27 IAl
C02/1, respectively, whereas the r value measured for both species
in February was 110 Id C02/1.

Table II shows that, for Hydrilla, the growth chamber-induced
variations in r values were accompanied by changes in the rates
of net photosynthesis, in CO2 evolution in the light and dark, and
in the 02 inhibition of photosynthesis. The low-r condition was
characterized by a greatly increased rate ofnet photosynthesis and
by a decreased 02 inhibition ofphotosynthesis, to about 5% (Table
II). The rate of CO2 evolution into C02-free air in the light (an
estimate of photorespiration) was almost totally suppressed in the
low-r plants, being reduced as a per cent ofthe net photosynthetic
rate to 1% (Table II). Dark CO2 evolution (respiration) was also
reduced in the low-r plants (Table II).

In addition to altered gas-exchange characteristics, Hydrilla and
two other submersed aquatic angiosperms, Egeria and Cabomba,
exhibited increased levels of PEP carboxylase activity and, to a
far lesser extent, reduced RuBP carboxylase activity, associated
with their change from high- to low-r values (Table III). PEP
carboxylase levels for Hydrilla and Egeria fell between the 1617
and 75 umol/mgChl *h values found for a C4 plant (sorghum) and
a C3 plant (spinach), respectively. The shift in the activities of the
carboxylase enzymes was reflected in a lower ratio of RuBP/PEP
carboxylases in the low-r plants and a higher ratio in the high-r
plants (Table III). A similarly low RuBP/PEP carboxylase ratio

Table I. Effect of Incubation on r Values of Several Submersed Aquatic
Macrophytes

r
Plant Species 30 C/14-h 12 C/O0-h pho-

photoperiod toperiod
/L C02/1

Angiosperms
C caroliniana 10 82
C. demersum 26 82
E. densa 17 43
H. verticillata 10 84
M. brasiliense 11 62
M. heterophyllum 10
M. spicatum 12 83
P. palustris 24 58

Moss
F cf manateensis 16 50

Alga
dichlorophenolindophenol in the presence of glycolate, L-lactate, Nitella sp. 6 110
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Table II. A Conparison of Gas-exchange Characteristics of Hydrilla Plants with Low- and High-r Values

IF Net Photosynthetic Rate Inhibi- CO2 Evolution

Plants 21% 1% tion by into C02-free Evolution
021 02 21% 02 l%O02 21% 02 AirEvlto
A C02/l JAmol C02/mg Chl-h % umol/mg Chlh

Low 1' 10 9 14.5 ± 2.4a 15.7 ± 2.5 4.8 0.15 ± 0.05 3.1 ± 1.0
Highlr 40 21 5.0±0.6 5.8±0.4 13.5 5.4±1.4

110 1.5 ± 0.6 2.1 i 0.6 28.5 2.68 ± 0.45 8.7 ± 2.2
a Mean of three replicates ± SD.

Table III. RuBP and PEP Carboxylase Activity in Relation to r Values
of Three Submersed Aquatic Angiosperms

Carboxylase Activity
Plant Species r

RuBP PEP RuBP/PEP

Id C02/l umol/mg Chl-h ratio
H. verticillata 24 33.7 ± 1.6a 116.2 ± 8.0 0.29

76 44.2 ± 1.6 31.6 ± 0.6 1.41
E. densa 26 70.6 ± 9.0 130.4 ± 17.9 0.54

43 76.3 ± 2.6 104.0 ± 2.0 0.73
C. caroliniana 26 24.6 ± 0.6 22.3 ± 1.2 1.10

150 27.8 ± 0.8 15.2 ± 0.8 1.83
a Mean of three replicates ± SD.

(0.63) was obtained with iow-r Egenia plants that were assayed
after collection in July, without prior incubation.
To determine whether Hydnlla plants with high and low levels

of PEP carboxylase had different potentials for metabolizing the
C4 acids that would be produced as a result ofthe PEP carboxylase
reaction, a number of enzymes known to be involved in the C4
metabolic pathway were assayed. A comparison of the activities
of the enzymes in low- and h-r plants is shown in Table IV.
The enzyme activities were expressed on both a Chl and a fresh
weight basis for evaluation because the Chl (but not the fresh or
dry weight) tended to decrease in the 12 C/l0-h photoperiod
incubation treatment. For malate production, NAD and NADP
malate dehydrogenases were present, although the NAD-depend-
ent type was the predominant dehydrogenase (Table IV). Of the
decarboxylases known to be active in C4 and CAM plants, a CoA-
activated, NAD malic enzyme was measured in Hydrilla and, on
a fresh weight basis, its activity in low-r plants was over 2-fold
higher than in high-r plants (Table IV). Oxalate-inhibited NADP
malic enzyme was also detected, with higher activity in the low-
r than in the high-r plants. There was no evidence of PEP
carboxykinase activity (Table IV). To determine the potential for
the interconversion of aspartate and oxaloacetate, aspartate ami-
notransferase was measured in Hydrilla (Table IV). The level of
this enzyme in low-r plants was over twice that found in the high-

r plants or in spinach (165 umol/g fresh weight .h). It was not as

high as that found in sorghum (942 pmol/g fresh weight.h). In
contrast, alnine aminotransferase activity (Table IV), on a fresh
weight basis, was only slightly higher in the iow-r Hydrilla plants
and comparable to activities found in spinach and sorghum (135
and 87 ,umol/g fresh weight -h, respectively).

Table V shows, for high- and low-r Hydrilla plants, the activi-
ties of three enzymes known to be required for the regeneration of
PEP in C4 plants. Pyruvate Pi dikinase activity was detected in
Hydrilla (Table V), and by far the highest activity occurred in the
low-r plants. Somewhat lower levels of this enzyme were also
found in Egeria (data not shown). As has been previously reported
(11), pyruvate Pi dikinase was not present in the leaves of the C3
plant spinach. Pyrophosphatase and adenylate kinase, which pro-

vide for the removal of the metabolic products formed in the
pyruvate Pi dikinase reaction, were also present in Hydrilla (Table
V). The activities of these two enzymes in iow-r Hydnilla plants
were higher than those found in the high-r plants or in spinach
(Table V).
The activities of several enzymes normally associated with the

photorespiratory pathway, and also P-glycerate phosphatase, were

measured in high- and low-r Hydrilla plants (Table VI). The
levels of P-glycolate phosphatase activity were similar in low- and
high-r plants as were the levels P-glycerate phosphatase; the P-
glycerate phosphatase activity was half that of the P-glycolate
phosphatase. The glycolate oxidase activity, determined by mon-
itoring 02 uptake due to the oxidation of glycolate, was also
similar in low- and high-r plants (Table VI). 02 uptake (6.3 ,umol/
mg Chlh) could also be measured when L-lactate was substituted
for glycolate. Glycolate oxidase activity in low-r plants, deter-
mined by a spectrophotometric method, was 7.2 ,umol/mg Chl h
with glycolate as the substrate. Glycolate dehydrogenase activity,
however, could not be detected in the low-r plants since D-lactate
did not substitute for glycolate in either the polarographic or
spectrophotometric assays (Table VI).

Amphibious Plants. M. brasiliense and P. palustris are amphib-
ious species with emergent and submersed forms or a combination
of leaf types on one plant. When emergent and submersed parts
were incubated for 10 days under a 30 C/14-h photoperiod (which
induces a low-r value in submersed plants), either in air or under
water, only the parts incubated under water decreased their r

Table IV. A Comparison ofActivities of Various C4 Enzymes in Low- and High-r Hydrilla Plants

Enzyme Low r Highr Low r Highr
pmol/gfresh wt-h pmol/mg Chl h

NAD malate dehydrogenase 6459 ± 1147" 5445 ±448 4844 ± 860 6247 + 515
NADP malate dehydrogenase 30.8 ± 3.7 21.7 ± 2.7 22.9 ± 2.8 31.5 ± 8.5
NAD malic enzyme 257.3 ± 32.8 87.8 ± 6.5 174.7 ± 22.2 143.6 ± 10.6
NADP malic enzyme 44.1 ± 0.7 16.7 + 0.7 25.8 ± 0.4 27.3 ± 1.2
PEP carboxykinase NDb ND
Aspartate aminotransferase 357.1 ± 23.8 148.5 ± 7.4 292.8 t 19.6 189.7 ± 9.5
Alanine aminotransferase 84.6 + 4.3 56.3 ± 11.2 46.2 ± 2.4 72.0 + 14.4

a Mean of three replicates ± SD.
b ND, not detected.
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Table V. A Comparison ofActivities ofEnzymes Involved in Regeneration ofPEP in Low- and High-r Hydrilla
Plants, Spinach, and Sorghum

Plant Pyruvate i Pyrophosphatase Adenylate Pyruvate Pi Pyrophospha- Adenylate
DPkroase Kinase Dikinae tase Kinase

iunol/gfresh wt.h pmol/mg Chl.h
Hydrilla
Low r 35.0 ± 1.6a 716.3 ± 4.9 525.1 ± 22.2 41.4 ± 1.8 532.7 ± 3.6 282.0 ± 12.8
Highr 3.1 ± 0.5 140.3 ± 13.7 68.6 ± 17.2 2.9 ± 0.6 232.4 ± 22.7 81.0 ± 20.2

Spinach NDb 111.5 ± 13.2 393.4 ± 0.0 ND 69.2 ± 8.2 173.1 ± 0.0
Sorghum 229.2 ± 0.8 16,361 ± 4,328 6,063 ± 597 75 ± 0.2 3,462 ± 940 2,094 ± 205

a Mean of three replicates ± SD.
b ND, not detected.

Table VI. Activities of Three Photorespiratory Enzymes and P-glycerate
Phosphatase in Extracts ofLow- and High-r Hydrilla Plants

Enzyme Low r Highr
.unol/mg Chl h

P-glycolate phosphatase 75.6 ± 7.8a 73.4 ± 3.8
P-glycerate phosphatase 33.8 ± 3.2 34.4 ± 6.2
Glycolate oxidase 6.6 ± 1.4 8.4 ± 0.8
Glycolate dehydrogenase NDb

' Mean of three replicates ± SD.
b ND, not detected.
Table VII. Effect of Incubation in Air or under Water on r Values of

Submersed and Emergent Forms of Two Amphibious Species
All plant parts were incubated in a 30 C/14-h photoperiod.

r

Plant Species and Incubation Measured
Form Medium Measured under

in air
water

,Al C02/l
Submersed form
M. brasiliense Air 77 82

Water 13
P. palustris Air 58

Water 24
Emergent form
M. brasiliense Air 59 64
P. palustris Air 60

Water 10 18

values (Table VII). The decrease in the r value of M. brasiliense
and P. palustris appeared to be dependent on the plants being held
under water inasmuch as the normally submersed forms that were
incubated in air maintained high-r values even in the appropriate
low-r-inducing temperature and photoperiod regime (Table VII).
The effect of submergence was not restricted to the submersed
forms of the plants because the emergent form of P. palustris also
showed a decreased r value after being immersed during incu-
bation (Table VII). The medium (air or water) used during
measurement of the r values did not appreciably affect the
observed results (Table VII).

Similar results were obtained in a further experiment in which
M. brasiliense plants, with a combination of aerial and submerged
leaves each comprising half of the plant body, were incubated
with the lower submerged leaves immersed and the upper aerial
leaves in a water-saturated atmosphere (air). The r values after
incubation were 13 and 60 ,il C02/l for the submersed and
emergent portions of the same plant, respectively.
For Hydrilla, Egeria, and Cabomba, the decrease in r as a result

of incubation was accompanied by a shift in the carboxylase
enzymes in favor of PEP carboxylase (Table III). However, this

was not found to be the case with M. brasiliense and a closely
related species, M. spicatum. Table VIII shows that the activity of
PEP carboxylase remained low, and that of RuBP carboxylase
remained high, in both high- and low-r forms ofthese two species.
The emergent form of M brasiliense with a high-r value also
showed similar results (Table VIII). A third species, M. hetero-
phyllum, in the low-r condition (10 IlI C02/1), was also found to
possess low PEP carboxylase activity (4.4 pmol/mg Chl * h). Thus,
in all Myriophyllum species examined, the RuBP/PEP carboxylase
ratio remained high (Table VIII) and did not change with the
differing incubation regimes or r values.

DISCUSSION

In terrestrial plants, the r value for a particular species is
relatively constant (7, 26) and has proven to be a good indicator
ofphotorespiratory activity (7, 10). Although, for certain terrestrial
C3 species, age-, seasonal-, and chemical-dependent variations in
r have been reported (26), none of these factors caused r to drop
into the C4 or even intermediate range (7, 10). In contrast, for
freshwater submersed aquatic macrophytes, we have found that
the relationship among photosynthetic, photorespiratory, and res-
piratory activities was not constant but varied markedly, generat-
ing a graduation ofr values from less than 10 to over 100 td C02/
1 for each species. The r values for each could be manipulated to
give high-r values, or what are normally considered C3, at one
extreme through low-r values, approaching those of C4 plants, at
the other. Several investigators have reported either high (5, 17,
19, 30)- or low (28, 30)-r values for submersed aquatic macro-
phytes, but only recently has it been shown that variations actually
take place in the natural environment (4, 16) and can be induced
by growth chamber conditions (2, 4, 16). From the study presented
here, it seems that this may be general phenomenon in aquatic
macrophytes, both angiosperms and nonangiosperms.

In a few cases, very high-r values, equivalent to between 300
and 960 Id C02/1 in the gas phase, have been reported for some
submersed macrophytes (17, 27). These high values are somewhat

Table VIII. RuBP and PEP Carboxylase Activities in Two Myriophyllum
Species, Each with Low- and High-r Values

Carboxylase Activity
Plant Speces r

RuBP PEP RuBP/PEP

Al
C02/l pmol/mg Chl.h ratio

M. brasiliense 13 77.8 ± 2.1l 4.0 ± 0.2 19.45
62 71.8±0.9 5.6±0.4 12.82

M. brasiliense (emergent 59 154.3 ± 2.7 2.7 ± 0.4 57.15
form) 27 47.1 ± 1.6 8.5 ± 0.7 5.54

M. spicatum 79 55.8 ± 0.3 8.6 ± 0.4 6.49
a Mean of three replicates ± SD.
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questionable. For Najas (17), the '4CO2 uptake method that was
used required long incubation periods and apparently was not
corrected for possible specific radioactivity changes. Furthermore,
under some growth and/or manipulation conditions, submersed
macrophytes may exhibit a large and long-lived efflux of CO2 (G.
Bowes, unpublished data; see also ref. 29), which can give anom-
alously high r values.
For Hydrilla, low-r values were reliable indicators of reduced

02 inhibition of photosynthesis, suppressed CO2 evolution in the
light, and increased net photosynthesis. In contrast to most terres-
trial plants (7), dark respiration appeared to be a component of
r since in 1% 02, the r values for Hydrilla plants were greater
than zero. Even so, the observed changes in net photosynthesis
and photorespiration could not be explained solely by the reduc-
tion in dark respiration that occurred in low-r plants because the
decreased rate of dark CO2 evolution was not sufficient to account
for the greatly increased rate of net photosynthesis. It is likely that
the increased net photosynthesis is due to additional CO2 fixation
in the light via the higher PEP carboxylase activity of low-r
plants. In addition, it has been shown that low-r Hydrilla plants
are capable of considerable CO2 fixation in the dark (16). It is
thus uncertain whether the decreased rate of apparent dark res-
piration in low r plants is due to a direct reduction in respiratory
CO2 production or to increased dark refixation of respired C02,
via PEP carboxylase. The increased dark respiration rates of the
high-r plants grown at 12 C may be partially attributable to the
fact that they were measured at 30 C.

It is likely that increased PEP carboxylase activities of the low-
r Hydnilla, Egena, and Cabomba plants caused a shift in the
carboxylating potential, so that PEP carboxylase became a pre-
dominant carboxylation enzyme. This enzyme activity shift low-
ered the RuBP/PEP carboxylase ratio toward a C4-type ratio (10).
In low-r Hydrilla plants, the greatly increased activities of NAD
malate dehydrogenase and aspartate aminotransferase would fa-
cilitate the interconversion of oxaloacetate (produced by the high
PEP carboxylase activity) with malate and aspartate. Substantial
malate and aspartate production has been demonstrated by pulse-
chase labeling studies with low-r Hydrilla plants: these acids
comprised 60%1o of the initial products of carbon fixation (16). The
greatly increased level of NAD malic enzyme in low-r plants
represents circumstantial evidence that the photosynthetically de-
rived malate is, at some state, decarboxylated. This is further
supported by the observation that the addition of exogenous
malate to low-r Hydnilla plants evoked a rapid efflux of CO2 (M.
E. Salvucci and G. Bowes, unpublished data).

In C4 and some CAM plants (14, 22), pyruvate produced by the
decarboxylation of malate is converted to PEP by the enzyme
pyruvate Pi dikinase, and this enzyme is considered to be a major
control point (1 1, 14, 15). To date, pyruvate Pi dikinase has not
been reported in the leaves of C3 plants (11). Its presence in
Hydrilla and Egeria leaves suggests that these plants are not C3.
Considering the maximum photosynthetic rate of Hydrilla (30),
this enzyme may be a rate-limiting factor in the low-r plants. The
increase in this and other C4 enzymes is consistent with the
substantial ability of low-r Hydrilla plants to form C4 acids.
Whether the much lower levels of C4 enzymes in high-r plants
cause a concomitant shift towards C3 photosynthetic products is
currently being investigated. Pulse-chase labeling data from Egenia
plants support the possibility because the labeling pattern of the
photosynthetic intermediates was similar to that of terrestrial C3
plants (6).

Estimates of photorespiration for Hydnilla and other aquatics
(27) are low in comparison with terrestrial C3 plants, but this can
be misleading inasmuch as, for high-r Hydnilla plants, the rates of
CO2 evolution into C02-free air are quite high in comparison with
their net photosynthetic rate. Similar C3-type r values indicate
that the photosynthesis/photorespiration ratio is similar in high-

r aquatics and terrestrial C3 plants. Van et al. (30) considered the
reduced photosynthesis and photorespiration to be at least partly
a consequence of generally low enzyme activities in submersed
aquatic macrophytes. This is substantiated by the work reported
here.

In contrast to the high-r plants, photorespiration in low-r
plants was very low when compared to the photosynthetic rate,
but the activities of glycolate oxidase and P-glycolate phosphatase
were not decreased in the low-r plants. It is therefore unlikely
that the reduced photorespiratory activity was due to a direct
reduction in the capacity of the photorespiratory pathway. An
altered photorespiratory pathway, such as that reported for certain
green algal species (9), or glycolate excretion are also unlikely to
be factors contributing to reduced photorespiratory CO2 produc-
tion, as we could find no evidence for glycolate dehydrogenase
activity and as low-r Hydrilla plants excrete very little organic
carbon (A. S. Holaday and G. Bowes, manuscript in preparation).

For aquatic plants such as Hydrilla, Egeria, and possibly Ca-
bomba, the increased activities of C4 enzymes may be responsible
for reducing r, photorespiratory activity, and the 02 inhibition of
photosynthesis by one or all of the following mechanisms.

1. Dark fixation via PEP carboxylase. Dark fixation reduces
respiratory C02 loss at night (16) and, with malate decarboxylation
during the day, it could provide an internal level of C02 to reduce
photorespiration, even when C02 is of limited availability in the
environment.

2. Light fixation via PEP carboxylase. An increased amount of
fixation via PEP carboxylase would add an additional, 02-insen-
sitive component to C02 uptake, thereby decreasing the effect of
02 on total fixation and increasing net photosynthesis.

3. Refixation via PEP carboxylase. Refixation of photorespired
C02 would reduce the observed rate of C02 evolution into C02-
free air and the r value; such refixation would be aided by the
C02 diffusion resistance of water.
The decreased r values measured for the three Myriophyllum

species were not associated with increased PEP carboxylase activ-
ity. It appears that, for aquatic angiosperms, the environmentally
induced change in photosynthetic and photorespiratory activities
occurs by some mechanism other than a shift in the RuBP/PEP
carboxylase ratio. Thus, Myriophyllum species differ from other
higher plants with low- or intermediate-r values, namely C4 (7,
11) and C3-C4 intermediates (10), as well as Hydrilla-like aquatics,
which rely on high PEP carboxylase activity as part of their
mechanism to reduce r. It is unlikely that the low-r value of
Mynophyllum can be ascribed to a HC03 -pumping mechanism
as may occur in certain unicellular algae (3) since low-r values
for normally submersed plants could be measured in air and in
solution at pH 5.5; both conditions where external HC03 ions
are virtually absent.
From the incubation experiments with the two amphibious

species, it seems that only leaves actually immersed under water,
and not those incubated in air, decrease their r values. There are
thus three known factors which affect the photosynthetic and
photorespiratory metabolism of aquatic plants: photoperiod (4),
temperature (4), and submergence. It is not known what aspects
of submergence provide the stimulus for these changes, but what-
ever triggers the appropriate low-r-producing mechanism in Hy-
drilla and Myniophyllum also apparently affects aerial parts of
Proserpinaca. The significance of this response in Proserpinaca
under natural conditions is uncertain, but immersion is a periodic
occurrence for this species in its ditch habitat. It is possible that
the characteristics associated with the low-r state enable plants,
or plant parts, that are submerged to reduce C02 loss when C02
is of limited availability (30).
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