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Abstract

Diurnal acid metabolism previously has been studied in detail in the submerged aquatic Isoefes
howellii Engelmann where it is clearly indicative of Crassulacean Acid Metabolism. Other studies
have shown it is widespread in the genus Isoetes. The present study shows that diurnal acid
metabolism does occur in submerged aquatic species outside the genus Isoetes, and in distantly
related families, but it is not common. A survey of thirty species distributed in seasonal pools
and lakes, ranging from oligotrophic to eutrophic conditions, has revealed two with marked
overnight acid accumulation: Crassula aquatica (L.) Schoenl. common in northern hemisphere
seasonal pools and Littorella uniflora (L.) Aschers a common component of the littoral flora of
oligotrophic lakes at high latitudes in Europe.

Crassulacean Acid Metabolism (CAM) recently has been demonstrated in the submerged aquatic
Isoetes howellii Engelmann (Isoetaceae) (Keeley 1981a). There is substantial net CO,-uptake
in the dark which is fixed into malic acid. Phosphoenolpyruvate carboxylase activities are suffi-
cient to account for net dark CO,-uptake rates which in turn are sufficient to account for over-
night rates of malic acid accumulation. Daytime deacidification results in a diurnal flux >100 p-
equivalents titratable acidity per g fresh matter. This carbon fixation pathway is shut off in the
light and dark-fixed carbon moves from organic acids into 3-phosphoglycerate (PGA) and other
C, pathway products. Isoetes howellii apparently lack functional stomata (as is the case in other
aquatics, Sculthorpe 1967) thus they lack a diurnal pattern of changes in stomatal conductance
typical of many terrestrial CAM plants. Isoetes howellii is capable of CO, uptake in the light
which is fixed directly into PGA. There is strong evidence that diurnal fluxes in carbon availability
in the seasonal pools I. kowellii inhabits limits daytime carbon assimilation and has selected for
nighttime CQO,-uptake.

1t is very likely that all aquatic Iscetes species possess this pathway, although only 15 of the
over 60 species in the genus have been surveyed (Keeley 1982). The species so far studied cover
the range of variation in the genus; these include ones from North America, Central America,
Europe, and Australia, from 10° to 53° latitude, 0 to 2850 m elevation, species permanently
submerged, ones seasonally submerged and ones diurnally submerged. The leaves of all these
aquatic species, while submerged, show marked diurnal changes in levels of titratable acidity
and malic acid. Upon emergence, acid metabolism is lost. Thus, it is not surprising that the
terrestrial Isoetes nuttallii A. Br. ex. Engelmann lacks acid metabolism even if artificially sub-
merged.

Diurnal fluxes in titratable acidity or malic acid (malate) have recently been reported for several
submerged aquatic flowering plants (Browse et al. 1980, Holaday and Bowes 1980, Beer and Wetzel
1981). The purpose of the present study was to survey submerged aquatic plants, covering a wide
phylogenetical and ecological range, for evidence of diurnal acid fluctuations.

* Received 5 February 1982.
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METHODS

Species were sampled either in the field or in a few cases transplanted to aquaria. In most cases
identifications were verified by outside sources (see acknowledgements). Vouchers have been
deposited in LOC.

Habitats: In all but one case, the aquatic habitats were characterized as follows. Photon fluence
rate was measured with a LiCor LI-188B integrating meter with LI-J90SB quantum sensor at,
and perpendicular to, the water surface. Specific conductance of the water was measured with
a YSI-33 conductivity meter at 25 °C. For pH determinations and titrations a Photovolt 126-A
pH meter with combination electrode was used. Carbon dioxide and total alkalinity were deter-
mined titrimetrically on water samples kept on ice till assayed (usually within an hour). Titra-
tions were done potentiometrically, at ambient temperatures, following procedures described
in APHA (1976). CO,-free 0.0227 N NaOH and 0.02 N H,SO, were the titrants for CO,
and alkalinity respectively. A pH 4.5 endpoint was used for total alkalinity on all samples except
those from Siesta Lake and Woahink Lake where a pH 5.1 endpoint was used because of the
very low alkalinity (as recommended by APHA 1976). Total CO, was calculated as described in
APHA (1976).

Plant assays: Leaf (and stem) samples were collected at 0600— 0700 h and 1700—1800 h and
kept on ice until extraction, usually within an hour. Leaf samples (0.2—0.5 g) were washed in
deionized water, blotted dry and weighed on an Ohaus 300 electronic balance. These were ground
in a Ten Broeck with 15.0 cm® cold CO,-free deionized water and centrifuged. A 1.0 cm® sample
of supernatant was deproteinized with an equal volume of 0.6 N perchloric acid and later assayed
for malic acid with the enzymatic procedure of Gutmann and Wahlefeld (1974). A 10. Ocm?
sample was immediately titrated with CO,-free 0.01 ¥ NaOH to pH 6.4 and pH 8.3. Any detect-
able diurnal change in acidity was - identical at the two pH endpoints; with one exception
which is discussed below.

Acknowledgements: I acknowledge the following: Sterling Keeley, Bryce Morton, Cindy Miller
Walker and R. Patrick Mathews for help in sampling, Paul Zedler for inadvertently sending
specimens of Lirtorella uniflora, Alan Grundman at the Jasper Ridge Preserve, and Malcolm
Nobs at the Carnegie Field Station at Mather for their excellent logistic support, Yosemite
National Park and Kacor Realty for permission to collect on their lands, and for ldentlﬁcatlons/
[verifications, John Thomas (Searsville Lake specimens), Cindy Galloway (mosses), and Vernon
Proctor (Chara). This work was supported by Occidental College and NSF grants DEB-80-004614,
SPI-80-26205, CDP-80-01910, and TFI-81-00529.

RESULTS AND DISCUSSION

Submerged aquatic plants were sampled frem two seasonal pools and five lakes. The lecalities
and characteristics of these aquatic habitats are shown in Table 1. Seasonal pocls typically show
marked diurnal fluxes in pH and inorganic carbon levels (Keeley unpublished, Bamforth 1962)
as seen for the ones in this study. The lakes involved in this survey represent the rarge from
oligotrophic to eutrophic conditions.

Out of thirteen species surveyed from seasonal pools (Table 2) only one showed a marked
diurnal change in titratable acidity and malic acid levels. This species, Crassula aquatica, is
a submerged aquatic annual common in California “‘verral pcels™ as well as seasonal pools
throughout North America and Eurasia (Munz 1974).
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Evidence of CAM in this member of the Crassulaceae family is perhaps not surprising. If the
aquatic habit was the derived condition in the family, CAM in Crassula aquatica could be a con-
servative trait which presently is of little adaptive value. Several observations argue against
this interpretation. As in all Isoefes species thus far examined (Keeley 1981b), overnight acid
accumulation dampens out as Crassula aquatica becomes emergent (Table 3). This is consistent
with the hypothesis that CAM has been selected-for in aquatic plants as a means of enhancing
carbon gain in certain carbon-limited aquatic environments (Keeley 1981a,b). Additionally,
apparently CAM is absent in the terrestrial taxon Crassula erecta (Table 3) which is very closely

Table 3

Overnight changes (x + S.D.) in levels of titratable acidity and malic acid in leaves and stems
of the aquatic €rassula aquatica and the closely related terrestrial Crassula erecta(H. & A.) Berger
(Crassulaceae); f.m. = fresh matter. Seeds were collected from dried pools (C.a.) or rock out-
crops (C.e.) on Mesa de Colorado, Riverside Co., CA, and plants were sampled in cultivation.

Titratable acidity Malic acid

Species fweqg™! (f.m.)]  [pmol g1 (f.m.)]
N PM AM PM AM

Crassula aquatica
Submerged since germination 4 9110 11249 174+5 5349

Emergent 2 weeks 2 241 304+£0 2641 3545
Crassula erecta

Drained soil (dry) 2 940 1341 1443 11 L£4

Submerged 1 week 2 241 340 941 1443

Submerged 1 month 2 10+ 1 9+ 1 144+ 3 842

related to C. aquatica (the major taxonomic distinction is in number of flowers/axil and seeds/
[carpel; in the vegetative state, under similar conditions, they are difficult to distinguish from one
another, Keeley pers. obs.). Crassula erecta does not exhibit CAM under natural drained condi-
tions or artificial submerged conditions which it survives quite well (Table 3). Crassula erectamay
be facultative CAM (Klugs and Ting 1978) though it has been tested under submerged condi-
tions (in which Crassula aquatica exhibits CAM) and in its natural state under the driest condi-
tions it is likely to be exposed to. Possibly the absence of CAM in the terrestrial C. erectais related
to the fact that this ephemeral annual is a drought avoider which completes its life cycle by mid-
spring. This would be supported by the observation that apparently the only other known instance
of a non-CAM member of the Crassulaceae is an annual species of Sedum (J. Teeri, unpublished).

The survey of aquatic plants from various lakes (Table 4) showed that out of 17 species as-
sayed only Littorella uniflora exhibited strong diurnal changes in titratable acidity and malic
acid. Littorella uniflora, an aquatic member of the Plantaginaceae family is a common component
of the littoral flora of soft-water (low carbon) oligotrophic lakes at high latitudes in North America
and BEurope. The restriction of L. uniflora to such habitats is consistent with the hypothesis that
CAM has been selected (in aquatic plants) as a mean of ephancing carbon gain under carbon
limiting conditions. However this species is known to take up CO, from the interstitial water
in the sediment and transport it from the roots to the leaves (Sondergaard 1979), thus the extent
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of carbon limitation is unknown. Littorella uniflora is commonly found in association with
Isoetes lacustris L. which also exhibits diurnal acid metabolism (Keeley 1982). Both species
have the “isoetid’’ growth form (den Hartog and Segal 1964) which suggests there may be a func-
tional relationship between the ‘‘rosette of quill-like leaves” and diurnal acid metabolism.

Scirpus setaceus (Cyperaceae) may have a limited capacity for overnight acid accumulation
(Table 4). Recently, a similar magnitude in diurnal fluctuation of malate was reported for Scirpus
subterminalis Torr. (Beer and Wetzel 1981). Other submerged aquatic species reported in the
literature to show diurnal acid fluctuations include Hydrilla verticillatza Royal (Holaday and
Bowes 1980) and Egeria densa Planch. (Browse et al. 1980).

In Egeria the accumulation of malate occurred during the day and levels decreased at night.
A similar phenomenon has been observed in this study for several species sampled from the
eutrophic Searsville Lake. Echinodorus berteroi, Potamogeton crispus, and Ceratophyllum demer-
sum (Table 4) showed distinct daytime accumulation of malate/malic acid of approximately
the same magnitude as observed for Egeria. For E. berteroi and C. demersum there was no diurnal
change in titratable acidity at either the pH 6.4 or pH 8.3 endpoint. Howevér P. crispus showed
a marked increase, during the day, in titratable acidity (measured at pH 8.3, PM = 60 + 21 vs.
AM = 16 4+ 3) and a marked diurnal change in extract pH (PM = pH 6.6—6.9 vs. AM = pH
8.1—8.2). Undoubtedly these patterns are unrelated to any sort of CAM pathway.

Scirpus subterminalis and Hydrilla verticillata thus represent the only reports, outside of Isoetes
(Keeley 1982) and the species from the present study, of overnight acid accumulation in sub-
merged aquatic plants. However, the level of acid accumulation in these two species is quite low
relative to Isoetes species, Crassula aquatica or Littorella uniflora (Table 5).

Table 5

Overnight changes (x 4+ S.D.) in levels of titratable acidity (to pH 8.3) and malic acid in sub-
merged aquatic plants previously reported to show overnight accumulation of acids. Isoetes
howellii and the two species from this study showing diurnal acid metabolism are included,
though titratable acidity is given for pH 8.3 and malic acid is expressed on a chlorophyll basis
for comparison with the other reports. PM (1500— 1800 h), AM (0600—0700 h).

Titratable acidity Malic acid
ineq g™ (f.m)] (umol mg™* (chD)]
N PM AM PM AM
Scirpus subterminalis 1 — — 3 28

(Beer and Wetzel 1981)
Hydrilla verticillata
(Holaday and Bowes 1980)

3 66 +- 1 67 + 1 — —
3 62 4 2 52+ 3 — —
3 3046 514+ 13 — —
3 40 4 2 5344 — —
Isoetes howellii 2 2841 211 +37 6346 244 4+ 42

(Keeley, unpublished) -

Crassula aquatica 4 514+ 6 144 + 16 46 - 13 143 - 24
(The present study)
Littorella uniflora 4 44 + 21 144 L9 57+ 38179 + 22

(The present study)
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CONCLUSIONS

Diurnal acid metabolism of the magnitude known in terrestrial CAM plants has previously been
shown to be widespread in aquatic species of Isoetes (Keeley 1982). The present study has shown
that diurnal acid metabolism does occur in aquatic species outside the genus Isoetes, and in
distantly related families, but it is not common.

Diurnal acid metabolism has been studied in great detail in Isoetes howellii where it is clearly
indicative of crassulacean acid metabolism. My working hypothesis is that CAM was selected
as a means of enhancing carbon gain in carbon limiting environments (Keeley 1981a, b). Evidence
to date is consistent with this hypothesis. Isoetes species are largely restricted to either shallow
seasonal pools or oligotrophic lakes (Keeley 1982), both of which are potentially carbon-limited
environments (Table 1). In seasonal pools free-CO, is often depleted during the day and the
consequent pH change means carbon is unavailable to those species unable to utilize HCO,;™
(Raven 1970). The extremely low inorganic carbon levels (for aquatic environments with a high
diffusive resistance to CO,) characteristic of oligotrophic lakes may likewise limit photosynthesis.
Both conditions could place a selective advantage on nighttime CO, uptake.

The results of the present study are consistent with this hypothesis. Crassula aquatica and
Littorella unifiora show marked diurnal acid metabolism; the former species is restricted to seasonal
pools and the latter to oligotrophic lakes. Even the literature reports on Scirpus subterminalis
and Hydrilla verticillata have implicated limiting carbon conditions as a possible explanation
for the small overnight acid accumulation observed in those species.
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