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Summary. The submersed aquatic macrophyte Litforella
uniflora was grown under 50 and 300 ymolm 2s~!
photosynthetically active radiation (PAR) (low and high
PAR regimes) but identical sediment CO, supply
(1.0 mol m™~3). The interactions between plant morphol-
ogy, whole plant CO, and O, exchange, CAM activity,
[CO,]; and [O,]; have been investigated in comparison
with in vitro CO, and PAR response characteristics (us-
ing 1 mm leaf sections). In terms of morphology, high-
PAR-grown plants were smaller and leaves contained
less chlorophyll, although root growth was proportion-
ally larger. Gas exchange fluxes over roots and shoots
of intact plants were similar in direction under the two
PAR regimes, with the majority of CO, uptake via the
roots. Photosynthetic O, evolution from intact plants
was greater in high-PAR-grown L. uniflora (2.18 com-
pared with 1.49 pmol O, g~ fresh weight h™! for the
low PAR regime). Although net daytime CO, uptake
was similar for both PAR regimes (0.79 and
0.75 umol g~ ! fwt h™*), net dark CO, uptake was at
a higher rate (0.92 compared with 0.52 pmol CO, g™!
fwt h™1), and dark fixation (as malic acid) was threefold
greater in high PAR plants (AH* 117 compared with
42 ymol H* g~ ! fwt). Comparison of dark CO, uptake
with dark fixation suggested that much of the CO, fixed
at night and regenerated during the day may be respira-
tory in origin (60% low PAR plants, 71% high PAR
plants). Regeneration of CO, from CAM could account
for 62% of daytime CO, supply in low PAR plants
and 81% in high PAR plants. [CO,]; values (ranging
from 0.42 to 1.03 mol m~?) were close to or above the
concentration required to saturate photosynthesis in vi-
tro (0.5 mol m~?) under both PAR regimes, and com-
bined with the low [O,]; (2.6-4.3 mol m~?) should have
suppressed photorespiration. However, PAR inside
leaves would have been well below the in vitro light
saturation requirement (850-1000 pmol m 2s~' for
both treatments). Thus PAR rather than CO, supply
appeared to limit photosynthesis even in high PAR
grown plants, and CAM appears to have an important
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role in the regulation of CO, supply for photosynthesis
in response to variation in light regime.
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Littorella uniflora is a submersed aquatic macrophyte
with a rosette of small stiff leaves, a relatively large root
area, and a system of intercellular gas channels (lacunae)
continuous between shoots and roots (see Clapham et al.
1981; Raven et al. 1988). Such a life form has been de-
fined by den Hartog and Segal (1964) as “isoetid”, be-
cause of similarities in a number of families. The majori-
ty of CO, is acquired from CO,-enriched sediments in
which the plants are rooted. Free CO, diffuses into roots
and, via the lacunae, into the leaves where fixation takes
place in green cells lining the gas channels (Boston et al.
1987a, b; Richardson etal. 1984; Sendergaard and
Sand-Jensen 1979a). An internal daytime CO, supply
is also regenerated following dark fixation (Crassulacean
acid metabolism, CAM: Robe and Griffiths 1988), re-
sulting in high lacunal CO, concentrations ([CO,];:
Madsen 1987a, b; Robe and Griffiths 1988).

Several studies have investigated the effect of varying
external CO, concentrations on CO, uptake, CAM and
[CO,]; in plants of the isoetid life form (Boston et al.
1987a, b; Madsen 1987a, b; Richardson etal. 1984;
Roclofs etal. 1984; Sendergaard and Sand-Jensen
1979a). However the effects of variation in light intensity
have been poorly characterised (see Farmer 1987; Sand-
Jensen 1978). L. uniflora grown under low photosynthet-
ically active radiation (PAR: 400-700 nm) showed a
[CO,]; sufficient to saturate daytime carboxylation and
a relatively high in vitro light saturation requirement
(Robe and Griffiths 1988) suggesting that light rather
than CO, supply is the major factor limiting photosyn-
thesis in deep water or shaded habitats. L. uniflora is
also common in shallow water (Spence 1967) and is often
found growing with water barely covering the leaf tips



or even fully exposed. Although under higher PAR it
seems likely that CAM activity will increase (see Boston
and Adams 1985; Madsen 1987¢) as in terrestrial CAM
species (Nobel 1982), resulting in increased CO, regener-
ation in the light, much of the CO, fixed at night and
released during the day may be of respiratory origin
(Keeley and Busch 1984; Madsen 1987b). The high
[CO,]; measured under low PAR (Robe and Griffiths,
1988) should suppress ribulose bisphosphate carboxylase
(RUBISCO) oxygenase activity (Osmond 1981), but
under higher light intensity internal O, concentrations
may increase {see Hartman and Brown 1967; Sand-Jen-
sen and Prahl 1982; Sorrell and Dromgoole 1986) al-
though photosynthetically generated O, is released over
both shoots and roots (Sand-Jensen et al. 1982). High
rates of photorespiration, measured as CO, release, have
been reported for L. uniflora (Sendergaard 1979), but
there have been no measurements of [0,}; or [CO,);/
[O,]; ratio in these plants.

A complicating feature of isoctid studies to date is
that measurements of CO, and O, exchange, CAM and
[CO,]; have generally been made in separate studies and
under various experimental conditions which differ from
those under which the plants had been growing (e.g.
Boston et al. 1987a, b; Madsen 1987a, b, c). These ex-
perimental manipulations disrupt CO, and O, gradients
between lacunae and incubating medium and the storage
and recycling of lacunal gases (Sand-Jensen and Prahl
1982; Sendergaard 1979; Sendergaard and Sand-Jensen
1979b; Sorrell and Dromgoole 1986), and the measure-
ments made may reflect a response to perturbation.

We have therefore undertaken an integrated study,
with experimental manipulations similar to natural
growing conditions, to investigate the effect of two PAR
regimes on C; and CAM photosynthesis of L. uniflora.
Plants were grown under 50 and 300 pmol m ~? s~ ! with
identical sediment and bulk water CO, supply. Mor-
phology and whole plant CO, and O, exchange fluxes
across roots and shoots were compared with CAM activ-
ity, [CO,]; and [O,]; in intact L. uniflora, and with CO,
and PAR response characteristics of leaf sections (Robe
and Griffiths 1988).

Materials and methods

Littorella uniflora growing in 0.25-0.4 m of water was collected
from Esthwaite Water, Cumbria, U.K. (0.S. Grid Ref. SD 358969)
in October 1986. Under common cloudy and breezy conditions
PAR at the leaf tips was 100-200 pmol m ™2 s~ ! at midday, al-
though the range of PAR measured was 20-740 ymol m~™2s7 1.
Plants were transferred in blocks of their own sediment, 9 cm deep,
into perspex tanks and maintained with lake water 2 cm above
the leaf tips. Plants were grown on under two PAR regimes: 50
and 300 pmol m™? s~ !, subsequently referred to as ‘low PAR’
and ‘high PAR’ respectively (temperature 19-20° C; natural and
reverse 12/12 photoperiods). Light was provided by warm white
fluorescent tubes (low PAR) and Wotan neutral white metal halide
lamps (high PAR). Measurements were made during March-July
1987.

Sediment interstitial water sampling was carried out using in
situ dialysis (Robe and Griffiths 1988). Determinations of O, and
pH were carried out using a modified O, electrode chamber, and
of total inorganic carbon and CO, using the headspace/IRGA
method described in Robe and Griffiths (1988).
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Light transmission through leaves of L. uniflora was measured
by laying either leaves split down the centre or leaf epidermis over
a quantum sensor, completely covering the surface, under illumina-
tion of 50 and 300 pmol m ™2 s~ * (PAR).

For measurement of CO, and O, exchange low and high PAR
grown L. uniflora of similar fresh weight were chosen. Plants were
very carefully removed from the sediments so that roots and shoots
were undamaged. Sediment was washed from the roots, and any
epiphytes gently removed from the shoots. Plants were positioned
in glass containers similar to those described in Raven et al. (1988)
with shoots and roots in separate compartments (volume, 18-20
and 13-18 ml respectively) made water and gas tight with a seal
of non toxic adhesive (Blu-Tack: Bostik Lid., U.K.) covered with
petroleum jelly. Shoot medium was filtered lake water buffered
with 50 mol m ™3 MOPS (pH adjusted to that of the lake water
with NaOH). Root medium was filtered lake water buffered with
60 mol m~® MES (pH adjusted with NaOH to that in sediment
interstitial waters). The O, concentration was reduced to that of
interstitial waters by sparging with nitrogen, followed by addition
of an aliquot of HCOJ to bring the CO, concentration up to
that in sediments. Root compartments were covered with alumin-
ium foil. Control containers, without plants, were prepared in the
same way. The proportion of control containers to those with
plants was 3:1, 3:2, or 3:3.

Prior to gas exchange measurements plants were pre-incubated
for 12 h. During this period the medium in the root containers
was slowly circulated through a 500 ml reservoir, using a peristaltic
pump, so that the CO, and O, concentrations surrounding the
roots remained identical to those in the sediments. At the end
of the pre-incubation period root and shoot containers were re-
filled with fresh media and the plants incubated for a further 7-9 h.
Incubations were made at a temperature of 19-20° C and under
a light intensity of 50 pmol m~?s~! (low PAR plants) and
300 pmol m~?s™*! (high PAR plants), without stirring. Control
containers were incubated under exactly the same conditions. At
the end of the experimental period containers were gently inverted.
Aliquots of 2.5 and 0.7 ml were taken from shoot and root media
respectively, immediately placed into nitrogen-filled (CO,-free),
gas-tight, serum bottles and analysed for total inorganic carbon
and CO, concentration using the headspace/IRGA method de-
scribed in Robe and Griffiths (1988). An additional 10.0 m] was
extracted into a glass syringe for O, and pH analysis, carried out
using a modified O, electrode chamber as described in Robe and
Griffiths (1988). There was no change in pH in plant or control
containers during the incubations. Exchange of CO, and O, by
plants was calculated as the difference between concentrations in
control media and plant media. During the experimental incuba-
tions CO, concentration in the media round the plant roots was
reduced by 11-13%. In the light, O, concentration in the shoot
media increased by 40-50% and in the root media from 0.05 to
0.25 mol m~3,

For determination of lacunal CO, and O, concentrations gas
samples were collected during the 2 h before the end of dark and
light periods. Plants were gently eased from the sediments taking
care to keep shoots and roots undamaged. All healthy leaves were
carefully removed from the plant. The ends previously attached
to the stem, and the entire leaf surface, were immediately sealed
with a thin coating of petroleum jelly and the leaves inserted into
a short section of rubber tubing, which was flushed with helium
and sealed. Lacunal gases were expelled by pressure sufficient to

 flatten the leaves. With half the tubing clamped, samples of 400 ul

were collected in two gas-tight syringes reducing the pressure in
the tubing to its original level. Control samples were extracted
in the same way, from tubing without leaves.

Concentrations of CO, and O, were determined using a Shi-
madzu GC-8 APT gas chromatograph fitted with a thermal con-
ductivity detector. For O, analysis samples of 200 pl were injected
onto a column of molecular sieve (13 x 80-100 mesh) and for CO,
analysis samples of 200 pl were injected into a column (12'x
1/8” OD) of *Chromasorb’ (102, 60/80 mesh). Both columns were
fitted to the same instrument and maintained at 40° C with helium



130

as the carrier gas flowing at 15 cm® min~*. Analysis was based
on the integrated area under the peaks. Reference standards were
200 pl of outside air (0.04% CO;; 21% O.,). The response of peak
area was linear to injections of increasing volumes of air (up to
200 w!) and to injections of 200 pl of prepared concentrations of
CO, and O, (up to 5% and 21% respectively). The GC was cali-
brated before and after measurements each day. Analysis of the
control samples showed that the technique described above was
completely successful in excluding atmospheric CO, (there was
none present) and almost completely successful in excluding O,.
Correction was made for the O, in the controls when calculating
the concentration in the plant samples, at ambient temperature.
Lacunal volume was determined by displacement of water as de-
scribed in Robe and Griffiths (1988).

For titratable acidity determination samples were collected at
dawn and then at four hourly intervals until dusk, with analysis
carried out on freeze-thawed material as described in Robe and
Griffiths (1988). Malate and citrate were determined enzymatically
as described by Hohorst (1965) and Méllering (1985) respectively.

CO, and PAR response curves were determined using the tis-
sue slice method described in Robe and Griffiths (1988). The
numbers of sections used to make up the 50 mg batches were:
37, low PAR plants; 51, high PAR plants.

Results

Physico-chemical conditions and plant morphology

Concentrations of CO, and O,, and pH in bulk water
and sediment interstitial water were almost identical for
the two PAR regimes (Table 1), and little changed from
those in the field (in preparation). Concentrations of
CO, in sediments were much higher than in bulk waters.
Sediments were also relatively anaerobic compared with
bulk waters, which were slightly supersaturated with ox-

ygen.

Plants under both PAR regimes were healthy and
producing new leaves and ramets. High PAR plants were
smaller with shorter leaves but proportionally more root
growth (Table 2). Sections through leaves of high PAR
plants were smaller in diameter, with reduced lacunal
transverse section area (Table 2). Expressed per unit
fresh weight (fwt), leaf internal lacunal surface area and
volume were lower (149 compared with 194 cm? g~ ! and
0.75 compared with 1.09 cm® g~ !: data not shown).
Shoot and root fresh:dry weight ratio in high PAR
plants (10.4 and 7.3 respectively) were also reduced com-
pared to the low PAR regime (15.3 and 13.6 respectively:
data not shown).

Leaves of high-PAR-grown plants contained 38%
less chlorophyll a (Table 2), altbough chlorophyll a/b
ratios were identical under both treatments (1.54: data
not shown). Average light intensity within leaves, illumi-
nated from omne side, was only 26% of incident PAR
(Table 3). Morphology of high PAR leaves allowed
slightly greater light penetration when illuminated under
300 pmol m ™% s~ . It should be noted that Ieaves grow-
ing in their natural orientation would intercept fewer
photons per unit area (Osborne and Raven 1986), al-
though they would be more uniformly illuminated from
all sides.

Whole plant gas exchange

The direction of whole-plant CO, and O, exchange
fluxes were similar under the two PAR regimes (Fig. 1).
Rates of exchange were generally increased under high
PAR (Fig. 1), particularly the rate of O, loss from
shoots in the light. However, CO, fluxes over shoots
were reduced.

Table 1. Physico-chemical conditions for Litiorella uniflora grown under two PAR regimes

Low PAR*® High PAR

COo, 0, pH CO, 0, pH

(mol m~%) (mol m~?)
Bulk water 0.06+0.17 0.31+0.03 7.00+0.13 0.04+0.02° 0.3040.00° 7.38+£0.02°¢
Sediment
interstitial water 1.174+0.11 0.05+0.03 5.904-0.27 0.974+0.13¢ 0.07+0.02"° 5.81+0.09°
Sediments were 9 cm deep. ® mean +SD 5 determinations; ® mean +SD 4 determinations; ° mean +SD 3 determinations
Table 2. Morphology of Littorella uniflora grown under two PAR regimes
Growth Fresh weight (g)* Leaf section® Lacunal® Chlorophyll &°
regime diameter TS area (mg g~ ! fwt)

Shoots Roots Shoot/root (mm) (mm?)
ratio

Low PAR 0.36+0.12 0.07 £0.005 5.1 1.934+0.16 1.47+0.39 0.95+0.09
High PAR 0.20+0.05 0.11£0.03 1.8 1.58+0.16 0.74+0.22 0.59+0.05

2mean +SD for ten plants; ® measurements were made on transverse sections of the middle portions of the two most recent mature
leaves, values are mean +SD of measurements made on five leaf sections; ° mean +SD for determinations on four batches of tissue
sections
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Table 3. Light transmission through epidermis and split leaves of Littorella uniflora grown under two PAR regirpes. Leaves split down
the centre or leaf epidermis only were laid over a quantum sensor completely covering the surface, under illumination of 50 and 300 umol

m~? 5! PAR. Values are mean +SD of 5 determinations

Growth Incident PAR
regime (umolm™2s™ 1)
50 300
Leaf epidermis Split leaf Average internal Leaf epidermis Split leaf Average internal
PAR PAR
Low PAR 20.1+1.4 6.6+0.8 13 97.6+6.0 21.24+1.9 59
High PAR 23.6+1.5 89+1.7 16 126.0+8.2 332427 80
CAM activity acids are known to fluctuate as part of CAM (see Bor-

Plants grown under the high PAR regime showed con-
siderably greater CAM activity, as a result of a more
prolonged and faster rate of acidification and deacidifi-
cation (Fig. 2). Although dusk levels of titratable acidity
were similar (26 and 27 umol H* g~*! fwt), dawn minus
dusk titratable acidity (AH*) was almost three times
greater under high PAR (117 compared with 42 pmol
H* g' fwt for low PAR plants). The cell-sap of leaves
from high PAR plants sampled at dawn contained simi-
lar pools of malate and citrate (Table 4). Malic and citric

A.Low PAR

COZ Dark O2 COZ L\ghf OZ
{umol g™ fwt h {umol g™ fwt K

0.72 0.19
+0.04

0.20:0.08 0.61:0.15

0.72£0.42 0.015 0.60

+0.01 +0.45

0.88+0,13

BHigh PAR
co, Dark 0, co, Light 0,
(umol g™ fwt h™) (umol g™ fwt h

0.98 0.06

0.014£0.01 +0.074 0.04 1.20:0.28

0.93+0.20 013 0.69 0.98+0.074

Fig. 1A, B. CO, and O, exchange over shoots and roots of Littorel-
la uniflora expressed on a plant fwt basis. A Low PAR plants
and B high PAR plants were incubated with shoots and roots
in separate water- and gas-tight compartments with in situ CO,
and O, concentrations and under 50 and 300 umol m~2 s~ ' PAR
respectively. Values are mean +SD for 6 plants

land and Griffiths 1989). However, at dusk only malate
content was reduced to low levels (Table 4). A AMalic
acid of 52.9 pmol g™! fwt would require 105.8 pmol
H™* g~! fwt, so accounting for virtnally all the diurnal
variation in titratable acidity in the leaves sampled (Ta-
ble 4).

Lacunal CO, and O, concentrations

Despite the differences in morphology, gas exchange and
CAM activity, [CO,]; and [O,]; were generally similar
for plants under the two PAR regimes (Fig. 3). For low
PAR plants dawn and dusk [CO,]; were almost identical
(0.96 and 1.03 molm™3). In high-PAR-grown plants
[CO,]; increased during the day from 042 to
0.86 mol m~>. Expressed as a partial pressure and per-
centage, [CO,]; ranged from 1.0 kPa, equivalent to 1.0%
CO,; in air (dawn, high PAR plants), to 2.3 kPa, equiva-
lent to 2.3% (dusk, low PAR plants), or 25-57 times
atmospheric CO, concentration.

[O,]; increased by nearly 70% during the light period
(Fig. 3). For low PAR plants [O,]; increased from 2.9
to 4.3 mol m™3, and for high PAR plants from 2.6 to
4.1 mol m™?. Expressed as a partial pressure and per-
centage [O,]; ranged from 6.9 and 6.4 kPa, equivalent
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Fig. 2. Diurnal levels of cell-sap titratable acidity for Littorella unif-
lora grown under two PAR regimes. Values are mean + SD of deter-
minations on whole shoots of 3-6 plants
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Table 4. Comparison of H*, malate and citrate content of leaf
cell-sap extract from Littorella uniflora grown under the high PAR
regime. These results, obtained for the cell-sap of one plant at
dawn and one plant at dusk are representative of those obtained
for other plants

Titratable acidity Malate Citrate
(umol H* g~ ! fwt)
(pmol g~ fwt)
Dawn 141.1 571 58.1
Dusk 29.5 4.2 50.4
A 111.6 52.9 7.7
501 [0,]; (0];
Lof + rf
t30}
©
E20}
(COL 1C0y);
10}

c S = c
] Bl S 3 W
(o] o U 3 o D o 3
o O [mpy -} o o0 a o
Low PAR High PAR

Fig. 3. Interceltular CO, and O, concentrations, [CO,]; and [O,],,
for Littorella uniflora grown under two PAR regimes. Measure-
ments were made during the 2 h before the end of dark (dawn)
and light (dusk) periods, using all the healthy leaves from each
plant sampled. Values are mean +SD for 6 plants

to 6.8 and 6.3% O, in air (dawn), to 10.3 and 10.0 kPa,
equivalent to 10.2 and 9.9% (dusk). Dusk levels were
only half atmospheric O, concentration (21 kPa; 21%).

CO, and PAR response curves

In vitro CO, and PAR response characteristics (deter-
mined as O, evolution using 1 mm leaf sections with
rapid stirring) were also little affected by PAR regime
(Fig. 4). The CO, concentration required to saturate
photosynthesis was the same for both sets of plants;
0.5mol m 3 (Fig. 4A). Photosynthetic capacity (at sa-
turating CO, and PAR) expressed on a fresh weight
or internal surface area basis was also virtually un-
changed (45.5 umol O, g~ ! fwt h™*,0.53 pmol m 2 7!
for low PAR plants compared with 40.7 pmol g~ ! fwt
h~!,0.58 pmolm ™2 s~ ! for high PAR plants). Although
expressed as umol O, mg ™! chlorophyll a h~* maximum
rates were greater in high PAR plants (66.8 compared
with 47.2: data not shown) because of their lower chloro-
phyll content. Rate of dark respiration was 70% greater
under high PAR (4.1 compared with 2.4 umol g~ * fwt
h~!). However light compensation point (12 pmol
m~? s~ 1) and saturation requirement (850-1000 pmol
m~ 2 s~ ') were identical (Fig. 4B).
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Fig. 4. Photosynthetic characteristics of Littorella uniflora grown
under two PAR regimes determined as O, evolution. A CO, re-

sponse, B PAR response. Values are mean +SD for four 50-mg
batches of 1-mm leaf sections
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Discussion

The development under higher PAR of smaller leaves
with a lower chlorophyll content (Table 2) is similar to
the response of leaves of terrestrial plants (Bjorkman
1981; Boardman 1977) and has also been reported for
Lobelia dortmanna (Farmer and Spence 1987; Szmeja
1987) and other submersed macrophytes (Zostera and
Potamogeton: Dennison and Alberte 1982; Spence and
Crystal 1970) growing in shallow as compared with deep
water.

The direction of gas exchange fluxes (Fig. 1) were
very similar to earlier findings for isoetids, the majority
of CO, uptake being via the roots. At night 100% of
CO, uptake occurred via the roots, although shoot up-
take has been reported for Isoetes lacustris (Richardson
et al. 1984). In the light 76% and 92% of exogenous
CO, (low and high PAR plants respectively) was ac-
quired from the root medium, similar to the 80-99%
reported by Boston et al. (1987a, b). Roots were less
important in O, exchange, although approximately 50%
of O, lost went into the root medium, compared with
an earlier figure of 28% for Littorella uniflora (Sand-
Jensen et al. 1982).



Rates of gas exchange were at the low end of the
range previously reported for isoetids. For example, for
high PAR plants rate of dark CO, uptake by roots,
equivalent to 8.2 umol g™ ! plant dry weight h™*, com-
pares with 30, 70 and 100 pmol g ™! plant dwt h = (Mad-
sen 1987b). However, in Madsen’s study L. uniflora was
incubated with 0.7, 1.6 and 3.1 molm~2 CO, in the
root medium, after storage at a PAR of 500 pmol m™?
s7! for 3-12 h in lake water prior to experimentation,
which would have depleted lacunal CO, pools. The rate
of O, loss from shoots in the light, equivalent to
10.7 ymol g~ plant dwt h~!, compares with
25 umol g~ ! plant dwt h™! for Eriocaulon decangulare
incubated with air-equilibrated water in the root medi-
um, rather than water low in oxygen (Raven et al. 1988).
However rate of daytime O, evolution via roots, equiva-
lent to 8.6 umol g~ * plant dwt h™!, was only slightly
lower than previous measurements for L. uniflora incu-
bated under conditions more similar to those used in
the present study; with roots in O,-free water containing
2molm™* CO,, but PAR of 550 pmol m~2s !
(15.6 pmol O, g~* plant dwt h™!': Sand-Jensen et al.
1982). Our incubation of plants under near-natural con-
ditions of CO,, O, and PAR supply immediately after
removal from the sediments in which they had been
growing would have caused minimal disruption. The
comparatively low rates of exchange we measured
should therefore resemble those of rooted plants, and
indeed rates of net carbon incorporation agree well with
those found in the field (see below).

Carbon and oxygen balance over a 24-h period is
shown in Table 5. For low and high PAR plants, 39%
and 55% (respectively) of CO, uptake was acquired at
night, which agrees with Boston and Adams’ (1986) esti-
mate of the contribution of CAM to annual carbon gain
(40-50%). Over light and dark periods CO, uptake ex-
ceeded O, efflux, although in the light O, loss was
greater than CO, uptake. To explain this discrepancy,
CAM activity and natural recycling of CO, and O, with-
in the lacunae (Griffiths 1988; Sand-Jensen and Prahl
1982; Sendergaard 1979; Sendergaard and Sand-Jensen
1979b; Sorrell and Dromgoole 1986) need to be taken
into account. Gross photosynthetic evolution (net plus
dark respiration: 26 and 39 umol g~! fwt for low and
high PAR plants respectively) and gross CO, fixation
(net plus CO, regenerated from dark fixation: 27 and
46 pmol g~') agree almost exactly for low PAR plants;
the excess CO, fixation over O, evolution for high PAR
plants may reflect greater lacunal storage.

Expressed as carbon incorporation per unit dry
weight, CO, uptake over 24 h was equivalent to 3.4 pgC
mg~' dwt day~! (low PAR plants) and 2.2 pgC mg~*
dwt day~! (high PAR plants). These figures compare
very well with those for leaves of L. uniflora at Esthwaite
Water, Cumbria. Seasonal rates of net carbon incorpora-
tion (ug C mg~! dwt day ™~ !) were: May 0.8; June 4.4;
July 3.9; August 3.1; September 2.2; November 1.4, al-
though these rates would be higher if root growth were
taken into account Robe and Griffiths, in preparation.

The diurnal change in titratable acidity (Fig. 2) was
similar to that found in earlier studies with L. uniflora
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Table 5. 24-h carbon and oxygen balance sheet for Litiorella unif-
lora using the results in Fig. 1. (+) indicates uptake by shoots
or roots and (—) loss from shoots or roots.

Low PAR High PAR
Co, 0, Co, 0,
(umol g™ ! plant (umol g~ plant
fwt) fwt)
12h Net exchange + 9.5 —17.8 + 9.0 —26.2
Light
12h Net exchange  + 6.2 + 8.6 +11.0 +13.3
Dark
24h Total +15.7 - 92 +20.0 -12.9

Table 6. AH™*, ACO, and recycling of respiratory CO, in Littorella
uniflora grown under two PAR regimes

Growth AHY ACO, % Recycling  Absolute

regime (umol H*  (umol CO, recycling
g ! fwt) g7 ! fwt) GHY)

Low PAR 42 + 84 60 26

High PAR 117 +16.9 7 83

AH™* is the difference between dawn and dusk titratable acidity.
ACO, is net dark CO, uptake expressed on a shoot fwt basis,
0.5xAH")~ACO,

03 AR x 100 and abso-
lute recycling (JH*)is AH* —(2 x ACO,), assuming stoichiometry
of 2H™: 1 malate: 1CO,

% recycling is calculated as

and Isoetes spp. (Boston and Adams 1985; Keeley and
Busch 1984; Madsen 1985). When compared with AH™"
under 850 pmol m™2 s~ ! (140-160 pmol g~ * fwt: W.E.
Robe and H. Griffiths, unpublished data), the depen-
dence of overnight acidification on PAR corresponds
with that found in terrestrial CAM plants (Nobel 1982,
Fig. 1; Nobel and Hartsock 1983) and would explain
the seasonal variations in CAM activity of isoetids in
the field (Boston and Adams 1985; Keeley and Busch
1984; Robe and Griffiths, in preparation).

Malic acid appeared to be the only acid participating
in the diurnal cycle (Table 4), as also indicated by earler
studies (Farmer et al. 1986; Keeley and Busch 1984;
Keeley et al. 1981; Groenhof et al. 1988). Therefore, us-
ing the stoichiometry 2H™ :1mal:1CO, (see Griffiths
1988), 21 and 58 umol CO, g~ ' (shoot) fwt was fixed
at night and released during day within the leaves of
low- and high-PAR-grown plants respectively.

However, net CO, uptake (ACO,: Table 6) was less
than dark CO, fixation (see above). The difference
(0.5x AH™—~ACO,), 12.6 and 41.6 umol g~ * shoot fwt,
may be accounted for by fixation of respiratory CO,
as in terrestrial CAM plants (Griffiths 1988). We note
that dark respiration both in vivo and in vitro (Figs. 1,
4B) was almost twice the rate in high PAR compared
with low PAR plants. Expressed as a percentage, respira-
tory CO, fixation comprised 60% and 71% of total dark
CO, fixation for low and high PAR plants respectively,
at the upper end of the wide range previously determined
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mafic acid DAYTIME

e DAY TIME
decarboxylation| €02 SUPPLY oo

decarboxylation| €02 SUPPLY

0.25 1 1 D.o9
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from bulk water - from bulk water
[co2]; mol g-1 n~ '

0.82 pmol g-1 n-1
from roots

1.06 pmoi g-1 h-"
from roots

Fig. 5A, B. Potential components of daytime CO, supply and
[CO,]; in low- and high-PAR-grown Littorella uniflora. Rates of
influx are expressed in pmol CO, g™ * (shoot fwt) h™*, using the
data in Fig. 1. (1) exogenous CO, fixed at night, (EXF) respiratory
CO, fixed at night

for isoetids by the more direct method of measuring
overnight acid accumulation for leaves incubated in
CO,-free water (30-99% : Keeley and Busch 1984; Mad-
sen 1987b; Smith et al. 1985).

Lacunal CO, concentrations, [CO,l;, (0.42—
1.03 mol m~3: Fig. 3) were higher than recorded in a
previous studie with L. wuniflora (Madsen 1987a). In
Madsen’s study [CO,]; in detached leaves declined from
0.45 to approximately 0.03 mol m™? during a 10-h light
incubation following 12 h storage in lake water. The
[CO,]; values for both low and high PAR grown plants
in our study were close to or above the concentration
required to saturate carboxylation in vitro (0.5 mol m™3:
Fig. 4 A) as also found for L. uniflora grown with a range
of sediment CO, concentrations (Robe and Griffiths
1988). With PAR within the leaves (Table 3) being much
lower than required for saturation of photosynthesis
(850-1000 pmol m~? s~ ': Fig. 4B), light rather than
CO, supply seems to be the major factor limiting rates
of carbon fixation.

In Fig. 5 we have compared exogenous CO, uptake
and CO, regenerated from dark fixation as components
of CO, supply for photosynthesis and also of [CO,]..
We have not included photorespiratory CO, (see below)
or any daytime respiratory CO, component. CO, regen-
erated from CAM formed 62% of daytime CO, supply
under low PAR and 81% under high PAR ; the addition-
al dark fixation in high-PAR-grown plants being pre-
dominantly of respiratory CO, (see also Table 6). The
relatively small amount of CO, uptake as compared to
respiratory CO, fixation may be a factor in the slow
growth of these plants.

Values of [0,]; (5-10% in air: Fig. 3) were low com-
pared with previous measurements; 23-30% O, in air
for Lobelia dortmanna (but with roots in air equilibrated
water), Elodea and Myrophyllum (but with a lacunal sys-
tem which does not extend to the roots, or a smaller
root system: Hartman and Brown 1967; Sand-Jensen
and Prahl 1982; Westlake 1978), and up to 40% for
terrestrial CAM plants with stomata closed (Spalding
etal. 1979). For L. uniflora it seems that loss of O,
from relatively permeable leaves, and also via the lacunal
system into roots and then into anaerobic sediments,
could account for the low [O,]; values.

With high [CO,]; and low [O,]; (e.g. 0.86 and
4.1 mol m™? respectively for PAR plants: Fig. 3) pho-
torespiration should be suppressed. There is no data on
the kinetic parameters of RUBISCO in L. uniflora. How-
ever using the equation of Segal (1975) and with a K,
(0,) of 535 mmol m ™2 and a K,, (CO,) of 18 mmol m ™3
(at 15° C: MacFarlane and Raven 1989; Smith and
Walker 1980) inhibition would be 14% ; or with a lower
value of 4.38 mmol m 3 for K,, (CO,), 3.75%. The pre-
vious estimate of high levels of photorespiration in L.
uniflora may have been due to the release of CO, from
malic acid in the light (see Sendergaard 1979).

Since [CO,]; and [O,]; are known it is possible to
compare the rates of CO, and O, exchange with the
concentration gradients between lacunae and external
medium. For example for low PAR plants incubated
in the light the difference in CO, concentration is (0.04
to 0.21 mol m™3). Applying Fick’s equation for diffu-
sion, with a boundary layer one-eighth the width of the
container and with a root fresh weight to surface area
relationship of 1 g=78.2 cm? (15 roots), gives a rate of
influx of 0.14 to 0.76 pmol CO, g~ ! plant fwt h™* com-
pared with the measured rate of 0.60 pmol g~ ! fwt h™*.
However the diffusion resistance (permeability) of roots
would also need to be taken into account (see Madsen
1987b; Sand-Jensen and Prahl 1982). CO, loss from
shoots at night and O, efflux from roots also takes place
down a concentration gradient. Both CO, uptake in
light by shoots (also found by Boston et al. 1987a, b;
Madsen 1987a) and O, efflux by shoots, were ‘uphill’.
This may simply be due to concentration gradients ac-
ross the two or three cells between lacunae and external
medium. However the possibility of some interaction be-
tween an active inorganic carbon uptake mechanism and
leaf permeability needs further investigation (cf. Madsen
1987a).

To summarise, acclimation to growth under higher
PAR involved a reduction in plant size and in leaf chlo-
rophyll content, but almost no change in in vitro CO,
and PAR response characteristics. We found a small in-
crease in rate of whole-plant photosynthesis (measured
as O, evolution), with no accompanying increase in net
daytime CO, uptake, but three-fold greater dark fixation
mainly due to increased respiratory CO, fixation. With
[CO,]; maintained close to or above the concentration
required to saturate carboxylation, but a low internal
PAR compared with the light saturation requirement,
it seems that PAR rather than CO, supply was the major
factor limiting carbon fixation. CAM appears to have
an important role in the regulation of CO, supply for
photosynthesis in response to variation in light regime.

It is difficult to simulate exactly in situ CO, and
O, concentrations in the gas exchange experiments.
Changes in concentration occur during incubations and
although use of a flow-through system with stirring
would avoid this, fluxes would be overestimates since
plants were grown under unstirred conditions. However,
this is the first integrated study which has attempted
to investigate interactions between C; and CAM photo-
synthesis in an isoetid. We now need to study perfor-
mance of these plants under the higher light intensity



and fluctuating PAR found under natural conditions,
where CAM activity may also be modulated by CO,
and nitrogen supply (see Borland and Griffiths 1989;
Robe and Griffiths 1988).
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