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SUMMARY

The isoetid life-form was originally defined on morphological grounds; subsequent physiological investigations
showed that all of the isoetids examined took up a large fraction of the inorganic C fixed in their leaves from the
root medium under natural conditions, and that some of them carried out much of their assimilation of inorganic
C via a CAM-like mechanism. Root-dominated uptake of inorganic C appeared to be unique to, and ubiquitous
in, the isoetids. However, a large capacity for CAM-like metabolism in submerged vascular plants is not universal
in 1soetids, nor is it restricted to this hife-form, being also found in Crassula aquatica.

The work described here shows that submerged specimens of the North American Eriocawlon decangulare have
a high fraction of their dry weight in the root system, a trait characteristic of isoetids but uncommon in other
submerged vascular plants. E. decangulare has vesicular-arbuscular mycorrhizas, as do other flowering plant
isoetids but not, generally, submerged fsoetes spp. Under conditions of natural supply of morgame €, K
decangulare, like other isoetids, takes up most of its inorganic C through its roots. Uptake of inorganic C by both
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roots and shoots involves CO, rather than HCO, : photosynthesis at high external pH values does not exceed the
rate of uncatalysed HCO, to CO, conversion in the medium and there is no detectable extracellular carbonic
anhvdrase activity.

Measurements of titratable acidity and of malate content of leaves sampled at dawn and at dusk showed that
E. decangulare, growing and tested under either emersed or submersed conditions, did not exhibit CAM-like
behaviour. CAM was also absent from three non-isoctid aquatic macrophytes (Amphibolis antarctica, Ecklonia
radiata and Vallisneria spiralis) which were examined. E. decangulare thus resembles all other isoetids tested in
acquiring much of its inorganic C via the root svstem. E. decangulare also resembles most of the isoetids which
are not members of the Isoetaceae (e.g.) [, septangulare, Lobelia dortmanna and Subularia aquatica) but differs
from submerged Isoetaceae and Littorella uniflora in lacking CAM.

The ecological significance of uptake of 0, via the roots and, where it occurs, of CAM in isoetids may be
related to either inorganic C or, via improved N use efficiency, inorganic C as a limiting resource.

The isoetid life-forms has evolved independently in at last five different families of vascular plants; it probably
derived fairly immediately from terrestrial or amphibious ancestors with a similar rosette form, Emergent
Isoetaceae with acquisition of CO, via roots and CAM probably evolved from submerged isoetids,

Key words: Crassulacean Acid Metabolism; carbonic anhydrase; malic acid; permeant C species; titratable acidity.

I. INTRODUCTION

The isoetids (Den Hartog & Segal, 1964; Hageweg & Brenkert, 1969 ; Hutchinson, 1975; Richardson, ef al.,
1984; Farmer & Spence, 1985, 1986: Boston, 1986; Boston & Adams, 1987) are a life-form of usually
submerged aquatic rhizophyvtes (Luther, 1949). This life-form was named after the genus Isoetes but in this
paper, the term is used to mean a plant of the isoetid life-form, regardless of whether or not it is a member
of the genus [soetes. Isoetids are characterized by relatively small size, with roots comprising a large fraction
of the fresh weight, dry weight, volume and surface area of the plant, and with leaves arranged in a rosette.
A large fraction of the volume of the plant is gas space. The plastids in the leaves are mainly in cells
surrounding gas spaces, even in submerged specimens. This contrasts with most aquatic macrophytes where
plastids are typically aggregated mainly in the epidermis. These morphological and anatomical characteristics
can be related fairly readily to a large, and often predominant, supply of CO, to the plastids from the
sediment 7a the roots and the intercellular gas spaces (see Raven, Osborne & Johnston, 1985). Less readily
discerned from their anatomy is the CAM-like behaviour of some submerged, and emergent but astomatous,
isoetids (see Raven et al., 1985).

The term ‘isoetid” will be used in a limited sense in this paper following the usage of Richardson et al.
(1984) and Farmer & Spence (1985). The organism considered to be 1soetids and which have been used in
ecophvsiological studies are listed in Table 1. Juneus bulbosus 1.., Eleocharis acicularis (1.). Roem and Schult
and Ranunculus reptans 1. are not included ; this contrasts with the usage of Hutchinson (1975, p. 130) and
of Kansanen & Niemi (1974). The status of the Centrolepidaceae and Hydatellaceae (see table 7 of
Hutchinson, 1975; Morlev & Tocelken, 1983 ; Dahlgren, Clifford & Yeo, 1985) as isoetids is not clear. From
the ecophyvsiological point of view, it 1s important to remember that isoetids are typically inhabitants of
oligotrophic lakes and are evergreen perennials. However, some isoetid inhabitants of oligotrophic lakes are
annuals (e.g. Subularia aquatica). Furthermore, many members of the genus Isoetes which have the isoetid
life form are inhabitants of seasonal pools and do not share all of the characteristics discussed in this paper
for the inhabitants of oligotrophic lakes (Keeley, 1987 and personal communication).

Relativelv little work has been carried out on the submerged isoetid examples of the genus Eriocaulon with
respect to acquisition of CO, by roots and CAM-like metabolism. Eriocaulon 1s a predominantly tropical

Table 1. [soetids which have been used in ecophysiological investigations on acquisition of carbon

Class of Tracheophyvta Family Organism Distribution
Lveopsida Isoetaceae Isoetes echinospora Duricu Europe, N. America
Isoetes lacustris 1., Europe
Isoetes macrospora Duricu N. America
Isoetes howellti Englemann N. America
Isoetaceae Stvlites (= lsoetes) andicola Amstutz Peru
Magnoliopsida Brassicaceae Subularia aguatica 1. Europe
Plantagimaceac Littorella wniflora (1..) Aschers Europe, N. America
L.obeliaceae Labelia dortmanna 1. Furope, N. America
Eriocaulaceae Eriocaulon septangulare With. Lurope, N. America

Eriocaulon decangulare 1., N. America
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genus centred in the new world; several species frequently grow submerged and have the 1soetid life-form
(Tomlinson, 1969; Hutchinson, 1975; Godfrey & Wooton, 1979; Dahlgren & Clifford, 1982; Dahlgren et
al. 1985). Farmer & Spence (1985) reported the absence of CAM-like behaviour in Scottish populations of
E. septangulare, while Raven et al. (1985) indicated the absence of CAM, and the predominant acquisition
of CO, through the roots under ‘natural’ conditions, for Florida populations of E. decangulare. T'his paper
gives more details of the two sets of observations on E. decangulare, and further data on quantitative anatomy
and morphology, C and N contents, occurrence of mycorrhizas, carbonic anhydrase activity and the form
of inorganic C that is taken up, which are relevant to the acquisition and handling of inorganic C by the
plant,

IT. MATERIALS AND METHODS

Submersed and emersed specimens of FE. decangulare were collected from pine sloughs in Palm Beach
County, Florida and stored in natural substratum and overlying water at 22 °C and 200 gmol m *s!
(400-700 nm) photon flux density in a 12 h light-12 h dark regime. The pH of water above the sediment in
which submersed plants were growing and of the water in the sediment or soil in which submersed and
emersed plants were growing, was measured using a glass combination electrode; inorganic C was
determined by Gran titration (Mackereth, Heron & Talling, 1978).

Plants were sampled for fresh weight of leaves, stems and roots. Subsamples were dried to constant weight
at 80 °C; some of the dried samples were analysed for C, H and N in a Carlo-Erba C, H, N analyser. Fresh
subsamples were used to find surface area and volume per unit fresh weight, or to measure chlorophyll @ and
b by extraction in 909, acetone, using the equations of Jeffrey & Humphrey (1975), or for anatomical
investigations.

The contributions of inorganic C from the root medium and the shoot medium under natural conditions
were determined by measuring O, exchange in the presence of ‘natural’ and ‘unnatural’ concentrations of
inorganic C around the root and the shoot. Plants of E. decangulare which had grown submersed were
incubated in filtered water from the plant’s natural habitat with the concentration of inorganic C adjusted
to the required level; roots and shoots were incubated in separate compartments. The concentration of
inorganic C was adjusted by acidification to pH 45 with HCI followed by sparging for two hours with
CO,-free air. The pH was then readjusted to 6:0 with 10 m *mol MES (N-morpholino-enthanesulphonate)
and inorganic C-free NaOH solution (500 mol m ). The required volume of 100 mol NaHCO, m * was
added and the pH readjusted to 6:0 with HCI, The incubations were carried out for two to five h in a glass
apparatus which separated the medium around leaves and roots. The ‘shoot’ and ‘root’ compartments each
had a volume of 15107 m* (15 em®) and could be manipulated separately via sampling ports sealed with
‘Suba Seals’ (Fig. 1); the space between the stem and the apparatus was sealed with (non-toxic) Blu-Tac,
preventing external communication between the two compartments, Incubation was at 20-25 °C in the dark
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Figure 1. The apparatus used to incubate roots and shoots of Eriocaulon decangulare in different solutions,
Q.1
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(aluminium foil around root and shoot compartments) or in the light [250 gmol photon m *s ' (400-700 nm)]
from fluorescent tubes, with no Al foil round the shoot compartment. 02 concentration in samples of the
solution at the start of the incubation, and of the solutions from the two compartments at the end of the
incubation, were measured by the Winkler method. This method involves consumption of O, from a
solution in oxidizing Mn' to Mn'" in alkaline conditions. Acidification in the presence of 17 allows the
Mn'" to oxidize I to 1,, which is determined by titration with standard Na,S,0, (see Grasshoff, 1983, for
a detailed discussion). No attempt was made to correct the O, changes in the bathing media for the
accumulation (in the light) or depletion (in the dark) of gaseous O, in the intercellular gas spaces so that the
rates of photosynthesis and respiration are under-estimates. The presence of these lacunae influence
estimates of photosynthesis and respiration in intact submersed vascular plants by net O, (Sorrell &
Dromgoole, 1986), net inorganic C (Sondergaard, 1979) and "C (Sondergaard & Sand-Jensen, 19795)
methods. The incubation solutions were not stirred.

Computation of the (uncatalysed) rate at which a solution of inorganic C at high pH (< pK,. of the
CO,/HCO, system) can supply CO, followed Miller & Colman (1980), Cook, Lanaras & Colman (1986) and
Johnston & Raven (19864a). Equation (11) of Miller & Colman (1980), with the same numerical values for
the first and second dissociation constants for the inorganic carbon system as used by these workers (zero
ionic strength, 25 °C), is given here as equation (1)

d[CO,]  [DIC](1+525x 10*[H'])

di 1+ [ ]+469x 1011’
445x 10 7[H']

(1)

5000 x (

where concentrations and equilibrium constants are expressed in mol dm ™ (= kmol m™*), [DIC] is the total
inorganic C connection, and d[CO,]/d/ is the maximum rate at which HCO, can be converted to CO, in
units of kmol CO, m?s™'. Correction of the ‘infinite dilution’ input rate constants and equilibrium
constants for the small ionic strength of the medium was not made (see Johnson, 1982); such corrections are
important for seawater and even for carboxylase assay media, as well as for carboxylases in vivo (McNeil et
al., 1981; Besford, 1984; Yokota & Kitaoka, 1985).

An attempt to define the upper limit on the unstirred layer (diffusion boundary layer) thickness for CO,
uptake by F. decangulare roots was made using equation (2) of Raven, Beardall & Griffiths (1982), a
relationship obtained from Crank (1956). This equation is given here as equation (2):

" (,—i-}) _ ?Jff(('}:‘— (}), )

r

where r = radius of a cvlindrical organ (m), x = thickness of boundary laver round cylindrical organ (m),
[ = length of organ (m plant '), D = diffusion coefficient of CO,/m* s !, C, = CO, concentration in the bulk
phase/mol m *, €, = CO, concentration at surface of organ/mol m*, F' = Rate of net CO, uptake the organ/
mol CO, plant™'s7',

This equation is used to put an upper limit on x by using a value of I which corresponds to a limiting’
bulk CO, concentration (', and setting C, = 0. These assumptions imply that boundary laver diffusion is
the only process limiting the rate of CO, entry to the plant organ. Total carbonic anhydrase activity was
measured on homogenates, using the methods of Weaver & Wetzel (1980). Extracellular carbonic anhydrase
was determined using the same electrometric assay as for the total enzyvme, but on intact plant parts.

The titratable acidity of leaf, stem and root extracts of E. decangulare were determined on 1 g samples
taken from plants held under natural (outdoor) conditions for four day periods in November 1984 in Miami,
i.e. with a photoperiod of ~ 12 h. Samples of the relevant tissue of 1 g were taken at dawn and dusk, cut
finely with scissors and ground in distilled water in a pestle and mortar. The homogenate was made up to
5 10 " m* with distilled water, its pH was measured, and titration with 10 mol NaOH m™* was conducted
to pH 6:0 and pH 7:0. Some measurements were made on material held in the 12 h light:12 h dark regime
used for storage. Titratable acidity measurements were also made on the seagrass, Amphibolis antarctica, and
the phaeophyte macroalga, Ecklonia radiata (L.aminariales), collected from Victor Harbor and Port Elliot,
South Australia, and stored out of doors in seawater at Aldgate, South Australia. Samples of leaves of A.
antarctica and of the mature, apical, parts of the blade of E. radiata, were assaved for titratable acidity
as described above for E. decangulare. Vallisneria spivalis was grown in a heated glasshouse in Dundee;
during the experimental period in which titratable acidity was measured it was given 12 h light:12 h dark
regime, with day-length extension and supplementary light supplied by sodium lamps giving ~ 100 gmol
photon m s ' at the water surface during the daylength extension. Malate content of plant extracts was
determined by parallel with the titratable acidity, using the spectrophotometric method of Mollering (1974),
used also by Johnson & Raven (1986b).
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Carbon isotope analysis followed the methods used by Richardson et al. (1984). Results are expressed as
AC e (Ne), defined in equation (3):

l:1(..'zl I!(1

ron = TL.{

p=h x 1000, (3)

rnn

0

where subscripts ‘samples’ and PDB’ refer to the CO, derived from the plant or from the inorganic C in
its environment, and the standard carbonate of the Pee-Dee Belemnite respectively.

111, RESULTS AND DISCUSSION
I. Weights, areas and chemical composition

Table 2 shows some weight and area values for E. decangulare. Comparison with data for other isoetids
suggests that F. decangulare is fairly typical of this group.

The plants used here are similar in total and organ dry and fresh weight, and number per plant and length
per plant of leaves and roots to plants of Isoetes lacustris and Lobelia dortmanna used by Richardson et al.
(1984). 'Too much importance must not be placed on these values which pertain to the larger and older
plants in the populations, as is shown by the demographic studies of Moeller (1978) on North American
populations of L. dortmanna, but they do indicate that the plants approach similar sizes. The emergent,
astomatous Stylites (= Isoetes?) andicola investigated by Keeley, Osmond & Raven (1984) is larger than
E. decangulare.

The larger fraction of the dry and fresh weight of E. decangulare which is present in the roots is
characteristic of the isoetids (Table 3). Isoetids usually have at least 0:30 of their dry weight in roots,
although one report on Iseetes lacustris shows that roots plus stems may only comprise 0:20 of the total dry
weight, while non-isoetids have less than 0-30 of their dry weight in roots or rhizoids. There is thus little
overlap between the non-isoetids with the highest root fraction and the isoetids with the lowest root fraction.
This point is taken up later in relation to evolution of isoetids (Section I116).

The data on leaf area per unit dry or fresh weight, and on chlorophyll per unit area or per unit dry or fresh
weight in E. decangulare (‘Table 2) may be compared with those for other isoetids (Sand-Jensen, 1978;
Keeley & Busch, 1984) and for non-isoetid aquatic plants (Spence & Chrystal 1970). As a non-isoetid
baseline, we use the data of Spence & Chrystal (1970) on two species of Potamogeton grown under sun and
shade conditions; the range of chlorophyll contents is 2:6-12:6 umol chlorophyll a per g d. wt. The data of
Keeley & Busch (1984) in 1. howellii leaves suggest 12-1 gmol chlorophyll a+b per g d. wt, and 0:66 gmol

Table 2. Number per plant, freshwater, drv weight, carbon, nitrogen, ash, external surface area, and chlorophyll
a and b content, of leaves, stems and roots of submerged specimens of Eriocaulon decangulare L.

Organ
Leaf Stem Root Total
Number per plant of leaves 11-2542-47 1 52-754+11-9814 n.a.
and roots > 10 mm long
Fresh weight per plant/mg 5614119 379+ 151 904 + 195 1844 +389
Dry weight per plant/mg 37:04+ 75 412+ 157 67:0+139 145-24 301
Leaf and root length per plant/mm 785+ 174 n.a. 1797 +183 2528
Leaf and root area per 4121 +414 n.a. 70234703 11144
plant/mm? (leaf area = both sides)
Carbon/mmol (g dry wt)! 26-0, 255 314, 299 29-1, 30-3 (28-9)
Nitrogen/mmol (g dry wt) ' 14117, 1-18 1:24, 1-27 1-27, 1:33 (1-26)
Chlorophyll a/pmol (g dry wt) ! 74408 0 0 1:89+0-21
Chlorophyll b/umol (g dry wt) ! 27403 ' 0 0 0-68 007
Chlorophyll a+b/ gmol 0666 +0-073 0 0 020240022
(g dry wt) !
Chlorophyll a+b gmol 91 n.a. n.a. n.a,
(m* both side leaf) !
Leaf area (m* (g f. wt)! 00073 s n.a. n.a. n.a.
(both sides of leaf) ,
Leaf area/m* (g d. wt) ! 0111 n.a. n.a. 0-028 (per g d. wt of
(both sides of leaf) (per g d. wt of leaf; leaf area ratio)
specific leaf area)
Leaf+root area/m* (g d. wt) ! n.a. n.a. n.a. 0-078 (leaf + root
(leat area = both sides) area ratio)

n.a., not applicable.
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Table 3. Fraction of total dry weight of plant parts in sediment*, and of roots and rhizoids, in various submersed
aquatic rhizophytes (and the partially emersed, astomatous Stylites andicola)

Fraction of dry Fraction of dry

weight in plant weight in roots

Plant speciest parts in sediment or rhizoids Reference

Clara hispida 1.. 0-022 0-022 Andrews (1982)

Elodea canadensis Rich in Michx., ? 0-026 Westlake (1965)

Eriocaulon decangulare 1..1 0-74 0-46 Table 1

Heteranthera dubia (Jacq) MacM. ? 0-055 Laczy, et al. (1983)

Isoetes lacustris 1.1 0-20-0-63 0:36 Kansanen & Niemi (1974);
Sand-]Jensen et al. (1982);
Richardson et al. (1984)

Lobelia dortmanna 1..1 0-42-0-73 0-30-0-52 Kansanen & Niemi (1974);
Richardson et al. (1984)

Myriophyllum spicatum 1. ? 0:10-0-13 Waisel et al. (1982); Laczy et al.
(1983)

Najas marina L. ? 0-30 Waisel et al. (1982)

Potamogeton lucens 1. ? 0-10 Waisel et al. (1982)

Potamogeton perfoliatus 1.. ? 0:10 Waisel et al. (1982)

Ruppia occidentalis S. Wats. < (43 < 018 Husband & Hickman (1985)

Stylites andicola Amstutz] 0-75 0-31 Keeley et al. (1984)

Svringodium filiforme Kutz. 0-52 0:062 Raven & Handley, unpublished;
cf. Raven et al. (1985)

Vallisneria americana Michx. ? 018 Laczy et al. (1983)

Zostera marina L. 0-48-0-56 0:12-0-26 Pregnall et al. (1987)

* Plant parts in sediment = roots or rhizoids, with, as appropriate, some or all of the stem of vascular plants.
+ All plants except the alga Chara hispida 1.. (Chlorophyta: Charophyceae) are Tracheophytes.
I Denotes isoetid life-form.

chlorophyll @+ b per g f. wt; Sand-]Jensen (1978) found about 0-7 and 1-0 gmol chlorophyll a+b per g leaf
f. wt for leaves of Littorella uniflora and 1. lacustris, respectively. These values are similar to the values for
Eriocaulon (10-1 umol g! d. wt and 0:67 gmol g f. wt).

The quoted values for leaf total surface area per g dry and fresh weight for 1. howellii (Keeley & Busch,
1984) are 0:082 m? g ' d. wt and 0:0044 m® g f. wt, respectively (corrected for a typographical error in the
paper: Keeley, personal communication). The data in figure 2 of Sand-Jensen (1978) may be used to
calculate surface area g™' leaf d. wt of 0-052 m? for I. lacustris and 0-049 m? for Littorella uniflora (note that
the specific leaf area quoted, i.e. 0:020 and 0-024 for Isoetes and Littorella respectively, presumably refer to
projected leaf area, not total surface area). The differences in m® g™! d. wt between the terete-leaved Isoetes
and Littorella and the flat-leaved FEriocaulon agree with their anatomical differences. The leaf area (both
sides) per unit fresh weight from FE. decangulare (000073 m*® g f. wt) suggests an average depth of 137 um of
hydrated plant material (density 10* kg m™) under the plant surface, in good agreement with the anatomy of
the plant (see below).

The root surface area per plant exceeds the leaf surface area (both sides) in E. decangulare, with a root:leaf
area ratio of 1-7. Values for Lobelia dortmmanna range from 1-6 (Sand-Jensen & Prahl, 1982) to 3-6 (Wium-
Andersen, 1971). For the non-isoetid alga, Chara hispida, the rhizoid area: green shoot area is not greater
than 0-3 (from data in Andrews, 1982).

Anatomical investigations (cf. Tomlinson, 1969) showed that stomata were confined to the abaxial leaf
surface. The abaxial surface of the leaves of emergent plants had 31:34+0:89 (# = 10) stomata mm *; the
submerged plants had only 3-89 41:36 (n = 10) stomata mm™*, The stomata of the submerged leaves seemed
to be permanently closed ; opening could not be induced by light, low external CO,, or fusicoccin. The leaves
of the submerged plants had longitudinal and transverse septa (together with large, colourless, epidermal
cells and small, chlorophyllous hypodermal cells) delimiting the large gas spaces. The hypodermal plus
epidermal layer is up to 100 gm thick. The longitudinal septa are up to 530410 (# = 7) gm apart and consist
of one vascular bundle set in two vertical files of large, colourless cells that lack gas-filled intercellular
spaces.

The traverse septa lack vascular bundles, are uniseriate and chlorophyllous, and are perforated by gas
spaces that are ‘shared’ by adjacent cells having adjacent gas-filled invaginations of their longitudinal walls.
The transverse septa are 939 4+ 30 (n = 10) gm apart toward the base of the leaf and 624413 (n = 7) ygm apart
near the middle. The perforations are ~ 10 um long (at right angles to the longitudinal cell walls) and
1-2 pm wide in the plane of the cell wall. The leaves are less than 1 mm thick.
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Roots of submerged E. decangulare are, except at the apex, cvlindrical with a diameter of 979+ 12 (n =
8) yim. The root was alternating radial annuli of long longitudinally elongated, and short radially expanded,
cortical cells; the former contribute most of the cortical volume and have the large air spaces where the cells
are radially and tangentially separated. The short cells form transverse septa similar to those of the leaves,
but lacking chlorophyll, with a similar size of pore. The transverse septa are, in ‘mature’ parts of the root,
403 +10 (n = 16) pm apart; within 3 mm of the tip they are less than 100 gm apart. The emergent plants
have similar, but larger roots (diameter of mature regions 1693459 (n = 10) ym; transverse septa 456+ 15
(n=10) gm apart).

A large fraction of gas space in the plant body is a common feature of submerged aquatic vascular plants,
and especially, of isoetids (Hutchinson, 1975; Sculthorpe, 1967). The occurrence of septate diaphragms
across the longitudinal gas lacunae in both leaves and roots of E. decangulare may be compared with their
presence in leaves (but not roots) of Iseetes spp., and in neither organ of Lobelia dortmanna. The role(s) of
the lacunae, and of the perforate diaphragms, is discussed further in Section IT1.2 below. An excellent
illustrated account of the anatomy of the genus Eriocaulon, including F. decangulare, may be found in
Tomlinson (1969).

When roots of emersed plants of . decangulare were stained (see Brundett, Piché & Peterson, 1984), the
presence of vesicular-arbuscular mycorrhizas (VAM) was demonstrated. Farmer (1985) found VAM in E.
septangulare and in two other British isoetids (Littorella uniflora and Lobelia dortmanna), but not in Subularia
aquatica or I. lacustris. S. aquatica lacked root hairs, but these were present on I. lacustris. The observations
on I, lacustris, Littorella uniflora and Lobelia dortmanna confirm those on Danish material, (Sondergaard &
Laegaard, 1977). The occurrence of a low level of infection with VAM fungi in submerged Isoetes has,
however, been reported for New Zealand material of I. kirkii A. Braun (Clayton & Bagyaraj, 1984). It
should be noted that submerged aquatic plants of a variety of life forms are more generally mycorrhizal than
was thought a decade ago (Harley & Smith, 1983; Clayton & Bagvaraj, 1984; Harley & Harley, 1987).

2. The role of roots in acquisition of inorganic C

Table 4 shows O, exchange by roots and shoots, in darkness and in saturating light, as a function of inorganic
C concentration around roots and shoots. Net photosynthesis is less rapid than the dark respiration rate
when both roots and shoots are supplied with 0:1 mol inorganic C m™, i.e. the concentration appropriate to
the shoot medium in nature. The inorganic carbon-saturated rate of net photosynthesis is not quite achieved
when 2 mol inorganic C m ® i.e. the concentration appropriate to the root medium in nature, is supplied to
both roots and shoots, with almost ten times the rate of O, evolution than when 0-1 mol inorganic Cm*is
supplied to both roots and shoots. Five mol inorganic C m ¥ round both root and shoot saturates net
photosynthesis at 2424+ 2:5 (# = 4) nmol g ' d. wt s '. When the ‘natural’ inorganic C levels are supplied
(01 mol m™) around the shoots, 2 mol m™® around the roots) almost as high a net photosynthetic rate is
achieved as with 2 mol m ™ around both roots and shoots. Comparison of the whole-plant rate with that seen
with only 0-1 mol m # inorganic C around both roots and shoots shows that, under ‘natural’ conditions, the
plant obtains most of its inorganic C (more than 859, assuming that the photosynthetic quotient i.e.
mol O, evolved mol CO, fixed of O, evolved in net photosynthesis is independent of the supplied inorganic
C concentration) via the roots. It is, however, clear that substantial inorganic C uptake and assimilation can
occur from the medium round the shoot, since the whole-plant rate of photosynthesis with 20 mol m™
inorganic C round the shoots and 01 mol m* round the roots is little lower than when the concentrations
round root and shoot are reversed. However, the high CO, concentration round the shoot but low
concentration round the root is not likely to occur in nature!

Neither root or shoot medium was stirred (cf. fig. 4 of Sondergaard & Sand-]Jensen, 1979). While a
stagnant medium around the roots is an acceptable approximation for the roots in their natural habitat, there
is likely to be more movement of the medium around the shoots under natural conditions. However, the
sloughs from which submersed E. decangulare was collected flowed but slowly (< 10 mm s™'); this would
reduce the diffusive restriction on uptake of inorganic C from the limiting concentrations of inorganic C
found in nature by lowering unstirred layer thicknesses, although the reduction would not be saturated at the
in situ flow rate (see Madsen & Sondergaard, 1983). Thus the conclusion as to the fraction of inorganic C
acquired, under natural conditions, by the roots of Eriocaulon may be slight over-estimates.

The fraction of inorganic C acquired by FE. decangulare which enters through the roots under the near-
natural conditions (~ 85%,) is compared in Table 5 with values for other astomatous submerged or
amphibious isoetids, and with values for submerged aquatic plants of other life forms. The values were
obtained by measuring inorganic C-dependent O, evolution or, more usually, HM(-labelled inorganic C
fixation. It will be seen that the isoetids acquire the majority of their inorganic C from the sediment; the
exception was 1. lacustris, where flooding of the (damaged) roots probably restricted access of root-medium
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Table 4. Rates of O, exchange in light and darkness by roots and shoots of Eriocaulon decangulare supplied with
various (CO,+HCO) concentrations in the medium surrounding roots and shoots

O, exchange [nmol (g d. wt of whole plant) ' s '] by roots,
shoots and whole plants when roots (R) and shoots (S) are
supplied with (CO,+HCO,) at 0-1 or 20 mol m ¥ at pH 60

R 01 R 01 R 2:0 R 20

S5 01 520 S 01 520
Net photosynthetic O, evolution by
Shoot 08+0-4 48406 704+ 0-8 86+11
Root 14+ 04 62407 88410 10-0+4+1-3
Shoot + Root 22406 11-0+09 158413 18-6+17
Dark respiratory O, uptake by
Shoot 1-1240-2 14 +0-3 17403 1-34+0-2
Root 1-8+0-3 [-:54+0-3 220402 1:940-3
Shoot 4+ Root 30+04 29+04 37404 32404
Gross photosynthetic O, evolution by
Shoot 2:0+06 6:240-8 8:7+10 994 1-2
Root 32407 774109 10084+1-1 119+ 14

Shoot + Root 52409 139412 195415 21-8+1-9

Experimental conditions: Filtered slough water acidified to pH 4-5 with HCI, sparged for 2 h with CO,-free air,
readjusted to pH 6:0 with 10 mol m * MES + NaOH, and the appropriate volume of 100 mol NaHCO, m * added. Light
250 pmol photon m™* 57! (400 —700 nm) from fluorescent tubes. 4 plants per treatment.

inorganic C to the shoots. The non-isoetids, by contrast, obtain most of their inorganic C from the shoot
medium (contrast the early work of Brown, 1913). The highest root contribution (< 359,) is for Yuncus
bulbosus which Wetzel et al. (1985) term a cyperid but which is regarded by some others as an isoetid
(Hutchinson, 1975; cf. Farmer & Spence, 1985). It is not certain what fraction of the biomass of ¥, bulbosus
is present in roots; published data appears to include some stem material in the ‘roots’ and the rest of the
stem material in the ‘leaves’ (Roelefs et al., 1984). The ‘root’: ‘leaf’ ratio (dry weight) is 1:3-7'5 in the isoetid
Littorella uniflora while, by similar criteria, it is only 0:15-0-76 in . bulbosa (Roelefs et al., 1984). For those
parts which are definitely in the non-isoetid group listed in Table 4, the fraction of inorganic C entering via
the roots is less than 59,.

Turning to the absolute rate of photosynthesis, light and CO,-saturated photosynthesis at 22 °C is
276429 (n =4) mol O, g ' d. wt s™"in E. decangulare. This compares with rates of 27 nmol O, g™ ' d. wt s
for Lobelia dortmanna, and 155 nmol O, g ' d. wt s™! for I. lacustria, at 15 °C (Sand-Jensen et al. 1982);
rather lower C fixation rates were recorded for these two species (probably not light-saturated) at 7-5-8 °C
(Richardson et al., 1984). On a chlorophyll basis, the rate of light- and CO,-saturated photosynthesis at
22 °C is 2273 mmol O, (mol chlorophyll) ' s ' in . decangulare. For comparison, at 10 °C, Littorella uniflora
and Isoetes lacustris achieve 8:6 mmol O, (mol chlorophyll)™' 7' and 3:44 mmol O, (mol chlorophyll)™' s°!
respectively (Sand-Jensen, 1978), while 1. howellii reaches 20-8 mmol CO, (mol chlorophyll)™! 57! at 25 °C
(Keeley & Bowes, 1982). With the exception of the high 1. howellii values, the E. decangulare data agree with
the other 1soetid data. On a total plant area (leaves + roots) basis, the maximum rate of gross photosynthesis
in Smol CO,m™ is 354 nmol O, m *s™'; this is much less than the values for submerged aquatic
macrophytes of other life forms (see table 57 of Raven, 1984 a) when the appropriate plant surface area
\‘:l]ucs are USL'(_I.

Thus the rate of photosynthesis by F. decangulare resembles that of many other isoetids, but is lower (on
various bases) than that of many other submerged aquatic macrophytes of other life-forms.

A further aspect of the O, exchange data relates to the fraction of total O, evolved in the light which
emanates from the roots. Tables 5 and 6 show that this varies from 0:54-0:64 of net photosynthesis for
I, decangulare when air-equilibrium levels of O, were initially present around both root and shoot. Table 6
shows data from the literature on the fraction of total O, production which is lost via the roots in a number
of 1soetid and non-isoetid submerged rhizophytes. External O, concentrations used in the experiments
ranged from 0 to 625 mmol m™, Where asymmetric O, concentrations were used, i.e. low around roots, high
around shoots, O, release by roots would be favoured relative to symmetrical O, treatments since the
concentration difference between plant and medium which drives diffusive O, efllux is increased for roots
relative to shoots. Furthermore, the data quoted in T'able 6 are not corrected for root respiration in the light;
such corrections increase the low values more than the high ones (Sand-Jensen et al., 1982) but still leave
the large gap between the low, non-isoetid and high, isoetid values seen in T'able 6. Thus the plants classified
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Table 5. Fraction of inorganic C assimilated by aquatic plants which enter via the roots or rhizoids when near-
natural concentrations of inorganic C are supplied to roots or rhizoids and to shoots. Life-forms listed are IR
(rhizophytes of the isoetid life-form), NR (rhizophytes not of the isoetid life-form) and AP (acropleustophyies,
i.e. plants free floating at the water surface)

Fraction of inorganic C

Organism (Life-form) entering via roots or rhizoids  Reference

Isoetes lacustris 1. (IR) = (-39 Richardson et al. (1984)

Stylites andicola Amstutz (IR) > 095 Keeley et al. (1984); Sternberg et al.
(1985)

FEriocaulon decangulare 1.. (IR) > (-85 Table 3 of this paper.

Littorella uniflora (1..) Aschers (IR) > (-95 Sand-Jensen & Sondergaard (1978);

Sondergaard & Sand-Jensen
(1979a); Roelefs et al. (1984);
Madsen (1987 a)

Lobelta dortmanna 1. (1R) = ()99 Wium-Anderson (1971); Richardson
et al. (1971)

Chara hispida 1.. (NR)* < (-001 Andrews et al. (1984)

Heteranthera dubia (Jacq.) MacM. (NR) 0-003 Laczy et al. (1983)

Juncus bulbosus, 1.. (NR)t < (15 Roelefs et al. (1984)

< (035 Wetzel et al. (1985)

Myriophyllum spicatum 1.. (NR) 0-002-0:011 Laczy et al. (1985)

Penicillus capitatus Lamarc. (NR)* < 005 Raven and Handley, quoted by
Raven et al. (1985)

Syringodium filiforme Kutz. (NR) < 005 Raven and Handley, quoted by
Raven (1986)

Thalassia testudinum Koenig (NR) 0017 Wetzel & Penhale (1979); Penhale &
Thaver (1980)

Vallisneria americana Michz. (NR) 0013 Laczy et al. (1983)

Zostera marina 1.. (NR) 0-01-0-03 Penhale & Thaver (1980); Wetzel &
Penhale (1979)

Eichhornia crassipes (Mart.) Solms. (AP){ 0:08-0-11 Ultsch & Anthony (1973)

Spirodela polvrrhiza (1..) Schleid (AP)§ < 005 IEshel & Beer (1986)

* Apart from the two algae (Chara hispida 1..: Chlorophyta: Charophyceae and Penicillus capitatus lamarc:
Chlorophyta: Ulvophyceae), all of the organisms are Tracheophytes.

t This organism is classified by some authorities as an isoetid (see Text, Section 2 of Results and Discussion).

1 Data for adult, free-floating plant, obtaining the bulk of its C from the atmosphere. Classified as a pleusto-helophyte
by Den Hartog & Segal (1964).

§ Eshel & Beer (1986) discuss other data on the Lemnaceae ; most of this favours as low a contribution of uptake of
inorganic C by roots as is quoted for Spirodela polyvrrhiza.

Table 6. Fraction of total O, produced by submerged rhizophytes in the light which is lost from the plant via the
rools
Initial O, concentration

(mmol m *) around
- - Fraction lost

Plant Roots Shoots via roots Reference

Eriocaulon decangulare 1. (1)* ~ 250 ~ 250 (-54-0-64 T'able 3

Isoetes lacustris 1., (1) ~ 0 ~ 250 0-39 Sand-Jensen et al
(1982)

Littorella uniflora (1..) Aschers (1) ~ 0 ~ 250 0-28 Sand-Jensen et al.
(1982)

~ 30 ~ 30 (-23-0-39 Roelefs et al. (1984)

Lobelia dortmanna 1., (1) ~ 0 ~ ) 1-0 Sand-Jensen et al.

(1982)
90625 90-625 0-90 Sand-Jensen & Prahl

(1982)

Suncus bulbosus 1. (17) ~ 30 ~ 30 0-:025-0-03 Roelefs et al. (1984)

Potamogeton 1.. spp. ~ 0 ~ 250 0-02-0-04 Sand-Jensen et al.

(4 species, 5 experiments)

Sparganium simplex Huds. ~0 ~ 250 0-03 Sand-Jensen et al.
(1982)

Zostera marina 1. ~ 0 ~ 250 001 Sand-Jensen et al.
(1982)

* (I) denotes isoetid.
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here as isoetids evolve 0-23-1-0 of their total photosynthetic O, produced via their roots, while the non-
isoetids only evolve 0.04 of their O, via their roots,

It is clear, from a comparison of Table 5 and 6, that the high fraction of CO, uptake via the roots in
isoetids broadly parallels the high fraction of O, evolution via the roots. Yuncus bulbosus is a difficult case.
It 1s classified by Hutchinson (1975) as an isoetid, yet the data of Roelefs et al. (1984) show relatively low
0, efflux, and CO, influx via the roots during photosynthesis. However, the data of Wetzel et al. (1985) show
a much greater role for roots in CO, uptake. None of the clearly non-isoetid plants have a large CO, influx
or O, efflux via their roots during photosynthesis (Tables 5 and 6).

While a broad correlation between fractional CO, influx and O, efflux via roots in illuminated plants is to
be expected, a perfect correlation under near-natural conditions is not. If all of the gas exchange is by
diffusion, and HCO, is not involved in CO, transport (see Section I11.3) we can apply Fick’s law to transport
between the root and shoot media which serve as CO, sources and O, sinks and the leaf plastids which are
CO, sinks and O, sources. With an assumed O,/CO, quotient of 1-0 for net photosynthesis, and an assumed
D'.,,:H),,k of -85, for both the gas and aqueous phase parts of the pathways, the very large difference between
the solubility of O, and CO, means that solution-phase concentration differences which are in the same ratio
for roots

[CO,] root medium —[CO,] plastid)
[O,] plastid —[O,] root medium

and leaves

[CO,] shoot medium —[O,] plastid
[O,] plastid — [O,] root medium

would not lead to an equal fraction of total plant exchange via roots for O, as for CO,. Since the gas-phase
is likely to be a larger fraction of the total pathway for root than for shoot exchange, the case outlined above
would give roots a greater fractional share in whole-plant O, efflux than in whole-plant CO, influx (see
Samish, 1975; Raven, 1977 a; Sand-Jensen & Prahl, 1982). The ‘natural’ CO, and O, concentrations in
water around roots and shoots are, morecover, unlikely to yield the symmetrical situation indicated above
(Wium-Anderson, 1971; Wium-Anderson & Andersen, 1972a, b Roelefs et al., 1984; Christensen &
Serenson, 1986). .

The anatomy of the gas spaces in E. decangulare is not as obviously capable of supporting a low-resistance
gas-phase root-to-leaf CO, flux and leaf-to-root O, flux as is the case of Lobelia dortmanna, which lacks septa
or diaphragms in the lacunae, or even Iseetes spp. which have diaphragms in their leaves, but not their roots.
The presence of diaphragms with pores of the order of 1 gm diameter may represent a compromise between
a low resistance to gas flow and damage limitations. Flooding of one compartment at the maximum depths
at which isoetids oceur (< 10 m) would not allow liquid water to pass through the pores to the adjacent
compartments in view of the < 100 kPa (above atmospheric) pressure of water, the pore diameter, and the
surface properties of the walls (see Williams & Barber, 1961; Milburn, 1979). The situation in Eriocaulon
relative to that in Lobelia with respect to putative ‘efficiency ' and ‘safety’ of gas transport tempts comparison
with liquid water transport in, respectively, xylem consisting entirely of tracheids, and xylem with long and
wide vessels (Zimmermann, 1983).

Direct evidence for gas-phase movement of CO, from roots to leaves, or of O, in the opposite direction,
in the lacunae of illuminated isoetids is, apparently, lacking, although movement in solution in xylem or
phloem seems very unlikely (chapter 9 of Raven, 1984.a; cf. Kemp & Murray, 1986). While Smith, Dennison
& Alberte (1984 ; cf. Pregnall, Smith & Alberte, 1987) find that O, movement from leaves to roots at the onset
of illumination of the non-isoetid Zostera marina is, apparently, too fast to be accounted for by gaseous
diffusion alone, the thermo-osmotic mechanism of mass How of gases would not seem to be feasible for an
astomatous submerged aquatic, even though the presence of diaphragms and pores of an appropriate size
would otherwise favour it (Schroder, Grosse & Woerman, 1986). Furthermore, mass flow, unless it was
bidirectional in a single plant, could not accommodate the net movement of CO, and O, in opposite
directions which occurs in isoetids. Further investigation of CO, and O, transport within isoetids is clearly
required to determine if diffusion in the gas phase is adequate to account for the observed fluxes.

3. The form in which inorganic C enters the plant

]

The question asked here is ‘does inorganic C enter E. decangulare during photosynthesis as CO,, as
HCO,, or as both’. In view of the pH values around roots and leaves of E. decangulare in situ (i.c. less than
the pK,. value of CO,/HCO;) which makes CO, the dominant external inorganic C species in the medium,
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Table 7. Net rates of photosynthesis bv submersed Eriocaulon decangulare
with limiting inorganic C concentrations supplied to roots and leaves at
PH 60 and at pH 80, and the rate at which HCOj can be converted to
CO, in the bathing medium at the higher pH value

Net O, produced by  Rate of CO,pro-

Inorganic C supply* the whole plantf duction from HCO,1

S 10molm?® pH 6 108 4+0-12 —=
R 005 mol m™#, pH 6
S

0-05 mol m™#, pH 6 1674019 st

R 1:0 mol m¥, pH 6
S Smolm™ pHE8 0254003 91
R 01 mol m*®, pH 8
S 01 molm? pH8 0424005 91
R Smolm? pH 8

* (Total inorganic C coneentration/mol m™*) at the specified pH value, to
shoot (S) or root (R) compartment.

t Mean dry weight of plants = 1697+ 12:6 (n = 16), nmol O, plant ' s

I Assuming all CO, produced is immediately assimilated, in media where
[HCO,] exceeds [CO,], in the compartment with the higher inorganic C
concentration/nmol compartment ' 5!,

and the high CO, permeability of many biological membranes (chapters 5 of Raven, 1984 4), it might be
expected that CO, is the C species entering the plant.

The data in Table 7 do not require HCO; to enter the plant in order to account for the observed O,
evolution which is dependent on the provision of exogenous inorganic C (Table 4). The inorganic C
assimilation rate, assumed to be equal to the rate of O, efflux, is lower at high (pH 8:0) than at low (pH 6-0)
external pH values. This conclusion is independent of whether inorganic C is supplied via the roots or the
shoots. While the total inorganic C concentration is higher in the pH 8 treatment, the CO, concentration,
and the net rate of photosynthesis, is lower. However, per unit total CO, concentration, the net
photosynthetic rate is rather higher (about 1'5 times the low pH value) at the higher pH value, although
inorganic C supply restricts the rate of photosynthesis at both pH values (cf. Table 4). Such data are
frequently found for plants unable to use HCOyj, i.e. in which inorganic C enters the cells as CO,, and no
catalysis of the HCOj to CO, conversion occurs outside the cell. Plants which use HCO; have increases of
about 10 fold in the photosynthesis per unit (limiting) CO, concentration increase at high pH 8 relative to
that at pH 6.

The third column in Table 7, when compared to the entries in the same row in the Table, shows that there
should be no shortage of CO, production in the medium: in each compartment the rate of HCOj conversion
to CO, is ~ 100 times greater than the rate of C assimilation at pH 8:0. The CO, produced in the whole of
the compartment may not be available to the root or leaf; what might occur in the minimal thickness of
unstirred layer around the organ (see Johnston & Raven, 1986b). However, attempts to estimate the
unstirred layer thickness by the method described in Materials and Methods, assuming that all of the
limitation on CO, fixation from inorganic C supplied to the roots resides in the root unstirred layer (C, in
equation (2) = 0) yielded values which, when converted to volumes of solution by multiplying by total root
area, very substantially exceeded the volume of the root compartment when the data in row (2) of Table 7
was employed. This at least confirms that, under the experimental conditions, most of the limitation of
photosynthesis occurs within the plant when inorganic C is supplied to the roots (Section (2) above).

Thus the rate of photosynthesis at high external pH values does not require the use of HCO,, either by
HCOyj influx or by external, catalysed, conversion of HCOj; to CO,. Intact leaves and roots of E. decangulare
do not exhibit carbonic anhydrase activity (cf. Price et al., 1985). The activity of carbonic anhydrase in
extracts of the E. decangulare leaves ('Table 8), corresponding to intracellular activity (plus any extracellular
activity), are much lower than those of many terrestrial C, plants, exemplified by Spinacia oleracea. Such
differences are commonly found when submerged aquatic macrophytes are compared with terrestrial C,
plants (Weaver & Wetzel, 1980; Graham, 1982; Salvucci & Bowes, 1983). The mixing experiment, with a
mixture of equal fresh weight of leaves of Eriocaulon and Spinacia, suggests that the low activity in the extracts
of aquatic leaves are not a result of the presence of endogenous inhibitors (see table 11 of Weaver & Wetzel,
1980). The very low carbonic anhydrase activity of Eriocaulon roots (Table 8) is typical for the roots of
terrestrial plants (p. 226 of Graham, 1982); other published data on carbonic anhydrase activity of the roots
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Table 8. Activity of carbonic anhydrase of whole organs, and of homogenates of the organs, of submerged plants
of Eriocaulon decangulare and, for comparison, of homogenates of leaves of Spinacia oleracea

Carbonic anhydrase
Organ and =

Organism treatment 10" E.U* (molchl) ' E.U, (g f. wt)'
Eviocaulon decangulare 1.. Intact leaf 30475 245
Eriocaulon decangulare 1.. Leaf homogenate 132418 88412
Eriocaulon decangulare 1.. Intact root - = 3+6
Eriocaulon decangulare 1.. Root homogenate - 13 E(a
Spinacia oleracea L. Leaf homogenate 36504440 4880+ 590
Spinacia oleracea L., Leaf homogenate 2440 4+ 340 22404310

plus Eriocaulon decangulare 1.
(equal fresh weight of each)

* The enzyme unit (E.U.) quoted above is derived from the equation E.U., = 10(t, /1, —1), where ¢, is the time taken for
the solution to change from pH 80 to pH 7:0 using a boiled extract (or a boiled plant part), and ¢_1is the time taken for
the pH change using a non-inactivated extract (or plant part). The terminology of enzyme for carbonic anhydrase is
discussed by Yang, Tsuzuki & Miyachi (1985).

of aquatic plants are scarce. The low activity in the roots of Eriocaulon may be involved in inorganic C
(CO, +HCO,) transfer across tissues in the root which separate the CO, source in the medium and the gas
phase in the cortex (sections IT11.1 and 4; and Raven & Glidewell, 1981). In seeking an explanation for a
lower permeability to CO, than to O, in tissues separating gas lacunae and medium in Littorella uniflora and
Lobelia dortmanna, Madsen (1987 a, b) suggests that interconversion of CO, and HCO, reduces the CO,
permeability coefficient, an unlikely occurrence even in non-steady-state conditions (cf. Raven & Glidewell,
1981 ; Cowan, 1986).

The lack of *HCO; use’ in E. decangulare accord with the data on other isoetids, i.e. Lobelia dortmanna
(Wium-Anderson, 1971), Littorella uniflora (Sondergaard & Sand-Jensen, 1979 a; Maberly & Spence, 1983
Boston & Adams, 1986; Madsen, 1987 a). I. howellii (Keeley, 19814, 1983) and 1. macrospora (Boston &
Adams, 1986). Of these reports, Sondergaard & Sand-]ensen (1979 a), Boston & Adams (1986) and Madsen
(1987 a) provide no details of their experimental techniques. Wium-Andersen (1971) used split leaves of
Lobelia dortmanna and, as he points out, only showed that the leaf cells were apparently unable to use
HCO, supplied directly to those cells in the intercellular spaces. These data do not bear directly on the use
of HCOj supplied to the outer surface of the plant. The other data generally use the criterion of more rapid
photosynthesis, at a given, limiting, total inorganic C concentration at low relative to high pH, or relatively
small effects of pH on the rate of photosynthesis at a given, limiting, free CO, concentration. The strictest
criteria previously applied were those used by Maberly & Spence (1983) in their work on Littorella unifiora.
The data on E. decangulare (Tables 7 and 8) provide evidence based on the strictest of the criteria of
HCO); use (see Walker, Smith & Cathers, 1980); no HCO; use was discernible.

For comparison with root uptake of inorg-:‘\n'-i'c C by isoetids, little evidence is available on the form in
which inorganic C enters other non-green plant cells; work on Awena coleoptiles, using an isotope
disequilibrium technique, suggests that inor;ﬁnic C enters as CO, (Johnson & Rayle, 1976).

A footnote to this work on the form in which C enters the plant relates to the 0'*C values for the E.
decangulare plants and for their source of inorganic C. The leaves of submerged E. decangulare have 6"'C
= 300+ 0:65%, (n=25), while roots +stems have §”C = —=288+0-129, (# = 3). These values are not
unexpected for isoetids (e.g. Richardson et al., 1984; Keeley, et al., 1984; Sternberg et al., 1985; Keeley, de
Niro & Sternberg, 1986; Raven, MacFarlane & Griffiths, 1987). [Problems with sampling (by J. A.R.) of the
source inorganic C means that no reliable 8'*C values for the source CO, are available, so little can be made
of the plant 8" C values as an indication of limiting processes in inorganic carbon acquisition (cf. Raven,

MacFarlane & Griffiths, 1987)].

4. Measurements of titratable acidity and malate content at dawn and dusk

This section presents results on the lack of Crassulacean acid metabolism in E. decangulare and discusses the
occurrence of CAM in other isoetids and in non-isoetid agquatics.

A significantly higher titratable acidity and malate content at dawn than at disk is a sine qua non of classic
Crassulacean acid metabolism (Cockburn, 1985; Winter, 1985). Table 9 records that neither submersed nor
emersed specimens of E. decangulare show diel variations in either titratable acidity or malate content of their
leaves. E. decangulare thus resembles E. septangulare (Farmer & Spence, 1985), Lobelia dortmanna (Boston
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Table 9. Measurements at dawn and dusk of pI, titratable acidity, and malate content, of homogenates of leaves
of Eriocaulon decangulare L.

Titratable acidity

Initial pH (to pH 7:0) Malate content
Material conditions of extract [rmol HY (g f. wt) '] [pmol (g fowt) Y]
Submerged plants held outdoors; 53040006 (8)* 13:8+0-5 (8) 111408 (8)

measurements at dawn, 4 and 5

November 1984
Submersed plants held outdoors; 5334+ 004 (8) 13:0+0:5(8) 12:2409 (8)
measurements at dusk, 4 and 5§

November 1984

Emersed plants held outdoors; 5394005 (8) 13-5+0-8 (8) 10-540-9 (8)
measurements at dawn, 4 and 5

November 1984

Emersed plants held outdoors; 528+ 0:05 (8) 146+09 (8) 9-8 409 (8)
measurements at dusk, 4 and 5

November 1984

* PFigures within parentheses are number of replicates.

& Adams, 1983 ; Richardson ef al, 1984; Farmer & Spence, 1985) and Subularia aquatica (Farmer & Spence,
1985) in being an isoetid which, when growing submerged (as well, wherever tested, as when growing
emerged) do not exhibit CAM. Submerged specimens of Isoetes spp. and Littorella uniflora, in contrast, show
substantial CAM-like diel variations in titratable acidity and malate content of their leaves (Keeley,
1981 a, b, 1982, 1983, 1987, Keeley et al., 1981; Keeley & Morton, 1982; Boston & Adams, 1983; Aulio,
1985, 1986; Farmer & Spence, 1985; Madsen, 1985, 1987 a; Boston & Adams, 1985; Smith, Boston & Adams,
1985). It is clear that CAM-like metabolism can make a substantial contribution to net C acquisition under
natural conditions in Isoetes spp. and Littorella uniflora (Madsen, 1985; Boston & Adams, 1986). When
growing in air unsaturated with water vapour, most genotypes of Isoetes spp. and Littorella uniflora do not
exhibit CAM-like behaviour (Keeley & Busch, 1984 ; Aulio, 1985, 1986; Farmer & Spence, 1985). This is
not the case for Stylites (= Isoetes?) andicola and various [soetes species which resemble Stylites in habitat
and morphology; these organisms have CAM, but never produce stomata and always obtain most of their
CO, via the roots (Keeley et al., 1984; Keeley, 1987).

We thus see that more genera of isoetids (defined morphologically, and in terms of substantial root uptake
of CO,) lack CAM-like behaviour than have it, even in Stylites is recognized as distinct from Isoetes. (cf.
Fuchs-Eckert, 1982). Outside the isoetids, CAM-like behaviour involving diel changes in titratable acidity
in excess of 30 gmol H' ¢! f. wt is apparently limited, in submerged aquatic plants, to Crassula aquatica
(Keeley & Morton, 1982; Raven et al., 1985; Table 10 of this paper). In many cases, reports of the absence
of CAM are based entirely on measurements of titratable acidity while in some (notably Keeley & Morton,
1982; Boston & Adams, 1983, 1986) malate content was also measured. The absence of diel changes of malate
as well as of titratable acidity rules out the possibility that dark CO, fixation into malate, followed by
CO, release from malate in the light with subsequent refixation via RUBISCO can occur without changes in
titratable acidity via a mechanism resembling that in Figure 2(B). In this (hypothetical) variant on CAM the
2H* generated, along with malate® | when dark CO, fixation occurs, is exported to the medium in exchange
for 2K'; malate® is then stored in the vacuole along with 2K' rather than with the 2H" in ‘normal” CAM.
In light deacidification, the scheme in Figure 2(B) involves 2K" plus malate® efflux from vacuole to
cytoplasm, with 2K* efflux at the plasmalemma in exchange for 2H" permitting (malate®” +2H") metabolism
as in conventional CAM (Fig. 2(A)). The absence of diel malate* changes when titratable acidity does not
change suggests that the mechanism of CAM indicated in Figure 2(B) does not occur in the plants
investigated by Keeley & Morton (1982) and in the species listed in Tables 9 and 10. We note that the
suggestion of CAM-like phenomena in Vallisneria spiralis, based on "C-labelled inorganic C assimilation
patterns (Helder & Harmelan, 1982) and stable isotope studies (Sternberg, De Niro & Keeley, 1984) is not
supported by the data presented here. CAM-like behaviour was also absent from the brown macroalga
Llcklonia radiata (LLaminariales) (‘Table 10). This finding accords with data for British brown macro-algae
(Laminariales, and the fucoid Halidrys siliquosa) which do not normally suffer air exposure, and contrasts
with data for British and Australian fucoids which are usually air-exposed during the tidal cycle and which
exhibit low-amplitude CAM-like behaviour (Johnston & Raven, 1980b; Raven et al. 1985).

The possibility that CAM-like C fixation can occur without changes in the titratable acidity of aquatic,
but not of terrestrial, plant extracts, relates to the presence of a large extracellular (extraplant) aqueous sink
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(A) 'Conventional’ CAM
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Figure 2. Representations of a ‘conventional” CAM (Fig. 2A) and a CAM-like process based on H'-IK*
exchange with the bathing medium (Fig. 2B).

around the green tissue with which H' exchange could take place. Raven (19775, 1986) discusses the lack
of biochemical or phloem transport mechanisms for the disposal of H produced at rates appropriate to
primary ammonium assimilation in the shoots; these arguments apply a fortiori to H* production in
terrestrial CAM-plants. We note that suggestions of the occurrence of a ‘within-leaf’ variant on the scheme
of Figure 2(B) (Bloom, 1979) has not been upheld by subsequent work (Winter, Edwards & Holtum, 1981).
In aquatic plants there is the possibility of K'/H" exchange between leaves and their aqueous medium,
although, in at least some isoetids, the diffusion barrier at the leaf surface which restricts, O, and CO,
exchange might well also act as a barrier to ion transport and exchange (Sand-Jensen & Prahl, 1982; Keeley
et al., 1984 Schuurkes, Kok & Den Hartog, 1986; cf. Madsen, 19875).

Measurements were also made of the titratable acidity and malate content of the stems and roots of
E. decangulare (data not shown). Diel changes were not detected for either organ, thus eliminating the
possibility of a spatial separation of the acidification/deacidification cycle from photosynthetic refixation of
the type recently found to account for 30%, or more of CAM acid fluctuation in three terrestrial plants
(Earnshaw, Carver & Charlton, 1987; Nishio et al., 1987).

On a historical note, Allsop (1951), investigating the sugars and non-volatile organic acids of
Archegoniates, noted that I. echinospora Durieu had malate levels similar to those found in the terrestrial
CAM plant Bryophyllum calycinum Salisb. However, he did not investigate diel changes and it was left to
Keeley (1981a, b; 1982, 1987; Keeley et al., 1981) to discover the CAM-like behaviour of submerged species
of Isoetes. Allsop (1951) also noted that Platycerium alicorne (= P. bifuratum (Cav) C. Chr.) had high
concentrations of malate: however, Platycerium spp. lack CAM-like characteristics (Winter et al., 1983;

Winter, 1985).
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Table 10. Measurements at dawn and dusk of pH, titratable acidity, and malate content, of homogenates of leaves
or blades of Amphibolis antarctica, Ecklonia radiata and Vallisneria spiralis (see also table 2 of Raven et al.,
1985 ; Farmer & Spence, 1985 ; Boston & Adams, 1983 : Keeley, 1982 Keeley & Morton, 1982 ; Aulio,
1986 )

Titratable acidity

Initial pH (to pH 7:0) Malate content
Materials and conditions of extract [rmol H* (g f. wt) '] [pmol (gl “t) 4
Amphibolis antarctica (Labill) Sond. & Aschers 0114003 (6)* 7144042 (6) 5(6)
(‘Tracheophyta, submerged in seawater)
Measurements at dawn, 11, 12, September, 1986
Amphibolis antarctica (Labill) Sond. & Aschers 6:16+0-03 (6) 680+ 0-34 (6) +54+ 04 (6)
Measurements at dusk, 10, 11 September, 1986
Ecklonia radiata ('Turn.) J. Agardh 6-36+0-07 (6) 590+ 022 (6) 69+ 08 (6)
(Phaeophyta, submerged in seawater)
Measurements at dawn, 11, 12 September, 1986
Ecklonia radiata (‘Turn.) ]. Agardh 644+ 002 (6) 5-4040-25 (6) 52408 (6)
Measurements at dusk, 10, 11 September, 1986
Vallisneria spiralis 1., 648 +0:05 (6) 9:2240'55 (6) 32403 (6)

(‘Tracheophyta, submerged in freshwater)
Measurements at dawn, 17, 18 December, 1986

Vallisneria spiralis 1.. 6054+ 0-05 (6) 8:21 4055 (6) 2:8+03 (6)
Measurements at dusk, 17, 18 December, 1986

* Figures within parenthesis are number of replicates.

5. Significance of universal occurrence of substantial acquisition of CO, by roots in astomatous isoetids

The CO, concentration in the root medium of isoetids is higher than that in the shoot medium; this,
however, is also true of essentially all rhizophytes under natural growth conditions. Gravity leads to the
accumulation of particulate organic mater in the sediment in which the roots (or rhizoids) occur: microbial
activity produces CO, which, due to restricted mass flow of fluid (water or, for terrestrial soiled, water 4+ air)
also accumulates in the sediment. This relative lack of mass flow in the sediment (or soil) decreases the
availability of CO, there by comparison with the bulk fluid phase round the shoot. The relative lack of bulk
phase fluid movement in the environments of astomatous isoetids (stagnant or slowly Howing water or, for
emergent Stylites which has leaves almost flush with the soil surface, the atmospheric boundary layer)
imposes a constraint on CO, supply from the leaf medium qualitatively similar to that seen for the root
medium. This constraint on the bulk phase CO, supply is greater than that found (per unit plant biomass)
for many non-isoetid rhizophytes, especially in a non-stagnant environment; a further increment in
inorganic C supply could arise from use of I ICO, in alkaline media. Isoetid environments are generally, but
not necessarily, biased toward a high CO, availability in the sediment relative to that in the bulk water when
compared with habitats not dominated by isoetids (cf. Brown, 1911; Farmer & Spence, 1985; Boston, 1986).
The greater availability (potential flux sensu Raven, 19844, chapter 1) of CO, to roots relative to leaves on
a total plant biomass basis is, then, to a substantial degree a product of the larger root area per unit plant
biomass than is the case for other life-forms of rhizophytes in a similar environment.

It is worth asking if the large root surface area per unit biomass in the isoetids, with the concomitant
increase in potential flux of CO, to the root surface per unit biomass, might have some other, selective,
rationale. Two obvious possibilities relate to acquisition of other resources (N, P, K, Fe: Christiansen, Fries
& Sondergaard, 1985) or to oxygenation of the rhizosphere; (Sand-Jensen et al., 1982; Carpenter & Lodge,
1986 Christensen & Sorensen, 1986; Kemp & Murray, 1986). Clearly these two possibilities are not
mutually exclusive: mineralization of organic matter might occur faster in the presence of higher 0,
concentrations, although P may thereby be immobilised (see Richardson et al., 1984). At all events, the
presence of mycorrhizas, a condition which favours acquisition of P, but is probably not effective in
inorganic C acquisition (Harley & Smith, 1983 ; Raven 1984a; Tanner & Clayton, 1985), does not scem to be
notably lower in isoetids than in other submerged aquatics (Sondergaard & lLaegaard, 1977; Clayton &
Bagyaraj, 1984; Farmer, 1985).

A third possible function of the large root surface area per unit biomass of isoetids is in anchoring the plant
in the sediment (Williams & Barber, 1961; Westlake, 1965). The | arge fraction of the plant occupied by air
spaces gives the whole plant a density well bcIO\\- 10° g m™®, and the root surface provides frictional
interaction preventing the rhizophyte from becoming a pleustophyte (Williams & Barber, 1965). Any water
movement relative to the substratum would also tend to uproot the plants (cf. the occurrence of Isoetes spp.
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in tidal creeks: Keeley, 1987). However, non-isoetid rhizophytes in similar habitats clearly survive uprooting
despite the larger buoyancy or water movement forces per unit root surface area; attachment is therefore
likely to be a general role of this increased root surface area per unit biomass in isoetids relative to non-
1soetids.

The absence of CAM from manyv genera of isoetids requires consideration. The presence of CAM in
submersed Littorella uniflora and Isoetes spp., and in terrestrial evergreen [soetes spp. (Keeley & Morton,
1982; Keeley, 1987) represents a temporal extension to net C gain, as well as a potential means of increasing
the N use efficiency of C acquisition (see above) and is additional to the spatial extension of net C gain and,
perhaps, of increasing N use efficiency, suggested for the root acquisition of CO, in almost all isoetids.
Additionally, CAM could help the C economy by recycling respiratory CO, as well as by fixing exogenous
CO, in the dark. What resource costs, or other constraints, could be invoked to explain the lack of CAM
in many isoetids? Are there selectively unacceptable costs of possessing, transcribing, translating and
regulating extra genes (e.g. for the catalyst of malate transport at the tonoplast, or for the enzyme
phosphate, pyruvate dikinase) which are invoked in CAM ? Has the previous evolutionary history of the
non-CAM isoetids resulted in some genetic change inimical to the evolution of CAM ? We do not know the
answer to these questions,

We suggest that the high root area per unit biomass in isoetids is probably related, selectively, to increasing
the inorganic C supply to photosynthetic cells by increasing the input from sediments. A similar argument
could be made for the selective advantage of CAM-like behaviour in those isoetids which possess this trait.
This suggestion is supported by Madsen (1987 ¢) who showed that the capacity for CAM in Littorella uniflora
was reduced by ‘high CO,’ treatment; the added CO, also reduced the in vivo affinity of the plants for
exogenous CO,,

It is also possible to argue (cf. Richardson et al., 1984) that the increased CO, supply to the photosynthetic
apparatus is related to nitrogen use efficiency (mol C fixed (mol N in plant)™' s7'; see Agren, 1985). The
rationale here is that rRuBISCO is one of the largest individual N users among the plant catalysts, so that
increasing the [CO,], and [CO,]/[0,], at the site of RUBISCO activity would, by increasing the net CO, fixation
rate per unit N in RUBISCO, permit a given rate of CO, fixation per unit biomass at a lower [N] per unit
biomass. This suggestion has been made for terrestrial C, and CAM plants (Osmond, Winter & Ziegler,
1982 Pearcy & Ehleringer, 1984 ; Edwards, Ku & Monson, 1985; Winter, 1985). For aquatic CAM plants,
Madsen (1987¢) showed that sub-optimal nutrient (including N) supply to Littorella uniflora slightly
deereased the capacity for CAM ; this could be construed as contradicting the above suggestion,

It is not possible to critically evaluate the ‘N suggestion’ on the basis of present data. However, we note
that the N use efficiency of photosynthesis (adjusted to 20 °C assuming a Q,, of 2) with ‘natural’ CO, supply
at light saturation is lower for . decangulare (C,) (15 pmol C (mol N) 's N, and for (perhaps not light-
saturated) data of Richardson et al. 1984, on I. lacustris (CAM) (~ 12 gmol C (mol N) ' s™') and Lobelia
dortmanna (C,) (~ 20 gmol C (mol N)! s ') than for the haptophytic freshwater red alga Lamanea mamillosa
Kutz. (C,) from a fast-flowing stream (24-36 gmol C (mol N)™' s™') (Raven et al., 1987).

While root CO, uptake (with or without CAM) may be important in allowing isoetids to exploit their
habitat, these C-acquisition mechanisms do not result in high productivities, or high relative growth rates
in situ (Boston & Adams, 1987; Farmer & Spence, 1987).

6. Evolution of the isoetid life-form

Conventional wisdom on the evolution of submerged aquatic vascular plants holds that they were derived
from terrestrial vascular plants via emergent wetland plants (e.g. Raven, 1984 a). This return to the aquatic
environment occupied by their algal ancestors (cf. Stebbins & Hill, 1980) meant that their stomata, cuticle
and mechanical (compression-resistant) tissue were not very selectively useful, so were either lost or (in the
case of stomata of some aquatic vascular plants) became non-functional. Gas spaces, initially used in the
intraplant gas transport of fully terrestrial plants, became more important as the root medium become more
anoxic, so increasing the demand for O, supply to the roots. We can thus envisage an ‘isoetid precursor’ with
roots in sediment and shoots with non-funetional (or no) stomata in the bulk water phase, and a large fraction
of its volume occupied by gas spaces. As with all submerged vascular rhizophytes, these plants would have
had not only phloem but also xylem tissue. Phloem would have been necessary to supply photosynthate from
leaves to root. Xylem would have been necessary for the root to shoot transfer, using a root pressure
mechanism, of sediment-derived N, P, K, Fe ete. (see chapter 9 of Raven, 19844a). The xylem’s original
major role in transfer of water from roots to shoots, with much of it lost in transpiration, would no longer
be required ; nor would its later role in mechanical support as a compression-resistant element of plants with
their shoots growing up into the air (see Raven, 1977¢, 19845, 1985). It is not easy to see how the xvlem,
with its wall containing lignin which, in emergent plants, resists collapse of the xylem elements when the
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solution in the lumen is under tension due to transpiration, could have evolved except in a transpiring,
emergent plant. A similar case can be made for the cuticle and, especially, the stomata. Even for astomatous
isoetids (e.g. the often emergent Stvlites) the occurrence of cuticle and xvlem is more consistent with an
ancestry embracing a previous terrestrial existence as a homoiohydric vascular plant (Raven, 1977 ¢, 19845,
1985). The astomatous isoetids are thus considered to be secondarily aquatic or, in the case of Stylites,
secondarily terrestrial following a second aquatic interlude (cf. Keeley et al., 1984; see Keeley, Osmond &
Raven, 1985).

Knowledge of extant and fossil relatives of the present-day isoetids shows that at last some have close
relatives which are (or were) emergent plants of wetlands. This is certainly true of E. septangulare and
. decangulare (see references in Introduction). Lobelia dortmanna also has relatives which grow i wetlands
(e.g. the arborescent Lobeliaceae of Hawaii). Littorella uniflora has Plantago maritima L. as a coastal wetland
(as well as an upland) member of the same family (Godwin, 1975), while the Andean Plantago rigida H.B. H.
(classified as a cushion plant by Hedberg & Hedberg, 1979) can be found in close association with the
emergent astomatous isoetid Stvlites (Isoetes) andicola (Sternberg et al., 1985). Finally, Subularia aquatica
is related to a number of Brassicacious emergent hydrophytes, as well as to the almost conspecific Afro-
alpine S, monticola which grows in East Africa with a number of large Lobelia spp. (Hellberg, 1957, 1969;
Hiltner, 1986); cf. the circumboreal isoetids S. aquatica and Lobelia dortmanna. However, it is also clear
that most tracheophyte families with many wetland or submerged aquatic members have not produced
representatives with the isoetid life-form (see Hutchinson, 1975). Indeed, it is the exception rather than the
rule for a genus containing one or more isoetid species to have also a non-isoetid submerged aquatic species
in it; such an exception is Eriocaulon with the Australian E. setacea (Aston, 1973). It is, however, also clear
that many aquatic plants with non-isoetid adults have isoetid-like seedlings (see Sculthorpe, 1967;
Hutchinson, 1975; Godfrey & Wooton, 1979, 1981). An example is Eichhornia crassipes, in which the seeds
germinate at the margin of bodies of freshwater (either submersed or emersed) to produce an attached
rosette-form seedling. This seedling produces 4-8 ligulate leaves in 30-40 days, followed (30-40 days from
germination) by ‘float’ leaves which, apparently, ultimately make the plant so buoyant that, if submerged,
either the roots can no longer attach the plant to the sediment, or root abscission is enhanced, thus producing
the free-floating interfacial pleustophvtic adult (Gopal & Sharma, 1981; Richards, 1983). Figure 3 shows
(for emersed seedlings) that the roots of Eichhornia crassipes occupied over 30", of the dry weight of the
plant at the youngest developmental stage investigated, and that this fraction fell as the seedling continued
its rhizophytic (as opposed to its adult, pleustophytic) stage (see Fig. 3). There appear to be no data on the
role of roots in C acquisition by voung rhizophytic submersed Eichhornia crassipes; the adult pleustophyte
may be able to fix as much C via the root medium as it produced in root respiration (Table 5). It is possible
that the isoetid life-form in adult plants can, in some cases, represent the variant of paedomorphosis known
as progenesis (Guerrant, 1982). It is not clear if the habitat of isoetid-like seedling of aquatic plants which
do not have this growth form as adults is, in general, more like the oligotrophic habitat usually occupied by
isoetids than are the habitats of the adult plant. The possible selective advantage of isoetid-like seedlings has
not been explored.

This speculation as to the origin of isoetids is not, as far as the flowering plants go, constrained by the
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occurrence of a sufficiently lengthy and detailed fossil history. This is not to denigrate the utility for other
purposes of the existing fossil record, e.g. the quarternary remains of Littorella uniflora, E. septangulare and
8. aquatica in the British Isles (Godwin, 1975),

The most detailed fossil record of an isoetid genus is that of Isoetes (including Stylites: Fuchs-Eckert,
1982). It has long been recognised that there are important anatomical similarities between Isoetes and many
Carboniferous, arborescent Lycopsids, especially with respect to their roots which may be more nearly
homologous with leaves than with roots of other Lycopsids (Karrfalt, 1980; Rothwell & Erwin, 1985).
However, it is likely that the closest fossil relatives of the extant Isoetes are not the trees with Stigmaria
Brongniart, 1822, underground organs, but such organisms as Protostigmaria Jennings, 1975 (Lower
Carboniferous), Chaloneria Pigg and Rothwell, 1983 (upper Carboniferous), Pleuromeia Conda 1852,
(‘Triassic), Isoetites Munster 1842 (upper Triassic onwards) and Nathorstiana Richter 1909 (Cretaceous) (see
Ash, 1980; Karrfalt, 1980, 19844, b; Paolillo, 1982; Jennings et al., 1983; Pigg & Rothwell, 19834, b;
Rothwell, 1984; Thomas & Brack-Hanes, 1984; Thomas & Spicer, 1987). Protostigmaria, Chaloneria and
Pleuromeia were small arborescent plants; at least Protostigmaria and Chaloneria grew in rather wet habitats.
Chaloneria had well-characterized stomata; the preservation of Protostigmaria does not, alas, permit the
presence of stomata to be assessed, and the same is true for Isoetites. On the basis of fossil evidence, then,
arborescent relatives of Isoetes with secondary thickening, cuticle and stomata preceded the more Isoetes — like
Lsoetites; this evidence favours the secondarily aquatic nature of the predominant, submersed of Isoetes and
the secondarily terrestrial nature of such members of the Isoctaceae as Isoetes (= Stylites) andicola (evergreen,
astomatous) and Iseetes durien (summer deciduous, with stomata which are presumably functional: see
Keeley (1987) for details of the habit and habitat of members of the Isoetaceae). Dr ], E. Keeley (personal
communication) points out that the ubiquitous occurrence of four lacunae in the leaves of all Isoetes species
(including all of the terrestrial species) further suggests an aquatic origin for the terrestrial species. It is
tempting to relate the four leaves lacunae of the Isoetaceae to the (two) parichnos strands (aerenchymatous)
entering the leaves of Lepidodendrids (see references in Thomas & Brack-Hanes, 1984; Thomas & Spicer,

1987).

IV. CONCLUSIONS

Il decangulare is, when growing submerged, morphologically a typical isoetid. It also shares with all the
isoetids which have been investigated a very substantial contribution of the roots to net inorganic C
acquisition under natural C supply conditions. CO, rather than HCOj is the form in which inorganic C
enters both roots and shoots. . decangulare lacks external carbonic anhydrase activity and does not exhibit
CAM.

It scems most likely that the selective significance of root C acquisition relates to a limited availability of
C in the bulk water phase relative to the availability of other resources. An additional factor could be an
increased N use efficiency consequent on the improved C supply to the significant N-sink, runisco.

Isoetids may have arisen by progenesis as derivatives of wetland vascular plants of larger stature, a view
for which fossil evidence is only available for the Isoetaceae. The astomatous isoetid Stylites (= lsoetes)
andicola is almost certainly derived from submerged ancestors which had, in turn, originated from

conventional terrestrial vascular plants with functional stomata.
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NOTE ADDED IN PROOF

Since this paper was accepted for publication, two very significant papers concerning CAM and root CO,

uptake in aquatic vascular plants have appeared. These are:

Boston, H. L., Apams, M. S. & Pienkowski, T. P. (19874). Utilization of sediment CO, by selected North
American isoctids. Annals of Botany 60, 485-494,

Boston, H. L., Apams, M. S. & PieNnkowski, T. P. (19875). Model of the use of root-zone CO, by selected
North American isoetids. Annals of Botany 60, 495503,
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