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Abstract—Hydrogen and carbon 1sotope ratios of saponifiable lipids and cellulose mtrate from CAM, C;, and C,
plants that grew near one another were determined The deuterium/protium (D/H) ratios of cellulose mitrate from CAM
plants were much higher than those of cellulose nitrate from C; and C, plants, as has been observed previously In
contrast, the D/H ratios of saponifiable lipids from CAM plants did not differ from those of the same fraction from C,
and C, plants These observations indicate that deuterium enrichment 1n cellulose of CAM plants 1s not caused by any
metabolic or physiological process which would lead to deuterium enrichment 1n all biochemical fractions

INTRODUCTION

A considerable body of research done during the past two
decades has demonstrated that carbon 1sotope ratios of
plant matter differ for plants having different photo-
synthetic modes [1-3] More recently, 1t has been shown
that hydrogen isotope ratios of whole plant matter and of
cellulose nitrate also depend on photosynthetic modes
[4-8] 4D values (see Experimental for the definition of &
values) of cellulose nitrate from CAM plants are about
100 %, greater than the 8D values of cellulose nitrate from
C; and C, plants that grew nearby [6-8]

There are several hypotheses that could explain the
deuterium enrichment of cellulose from CAM plants
Amongst these, two that have been proposed predict a
proportional deuterum enrichment for all metabolic
fractions in CAM plants relative to the same fractions in
C; and C, plants [4] The first hypothesis, proposed by
Ziegler et al [4], involves the 1dea that the deuterium
enrichment in CAM plants 1s caused by deuterum
enrichment of plant water that occurs during evapotran-
spiration and the subsequent labeling of the organic
hydrogen by this enriched water [4] In the same paper,
Ziegler et al [4] proposed that enzymes associated with
photochemical production of NADPH 1n C, plants could
show hydrogen 1sotope effects different than those in C,
plants This hypothesis might also serve as an explanation
for the deuterium enrichment in CAM plants The CAM
chloroplast might produce NADPH enriched in de-
utertum which would eventually label the orgamcally
bound hydrogen of carbohydrates If either of the two
hypotheses 1s true, then all biochemical fractions of CAM
plants should show deuterium enrichment relative to the
corresponding fractions from C; and C, plants This
follows from two observations the water in the plant 1s
the ultimate source of the hydrogen available for cellular
biosynthesis, and hydrogen for all biochemical fractions
comes from photosynthetically produced NADPH, since
all metabolites 1n plants originate from carbohydrates
Other hypotheses, which explain deuterium enrichment in

CAM plants as being based on the segregation of source
metabolites 1nto separate pools with different extents of
deuterium enrichment, would predict different 1sotope
ratios for different metabolites

In this paper we report the analysts of hydrogen 1sotope
ratios of two different biochemical fractions, lipids and
cellulose, from CAM, C; and C, plants The results of our
study ehminate hypotheses which predict that all bio-
chemical fractions of CAM plants are enriched 1n de-
utertum relative to the same fractions from C; and C,
plants

RESULTS

6D values were determined for cellulose nitrate to
chminate the possibility that differences 1n isotope ratios
between different plants are due to differing proportions
of biochemical fractions or amounts of exchangeable
(non-carbon-bound) hydrogen between species [9]
Almost all hydrogen from saponifiable lipids are non-
exchangeable since they are carbon-bound, so that there
are virtually no problems assoctated with measurement of
exchangeable hydrogens in this fraction [10]

oD values of cellulose nitrate and saponifiable hipids for
plants having the three photosynthetic modes (C;, C, and
CAM) are shown in Fig 1 Some of the cellulose nitrate
data have been reported previously [7] The 8D values of
cellulose nitrate of CAM plants were about 100 9, higher
than those of C, and C, plants In contrast, the sap-
onifiable lipids from CAM plants were not enriched in
deuterium relative to saponifiable hpids of C; and C,
plants In all cases, the D values of the hipids were lower
than the 6D values of the cellulose nitrate, as has been
previously reported [9, 10]

613C values of cellulose mtrate and saponifiable lipid of
C;, C, and CAM plants are shown n Fig 2 §!3C values
of sapomifiable lipids for all plants were more negative
than the values observed for cellulose nitrate, as has been
reported previously [9, 10]
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Fig 1 4D values of cellulose mitrate and saponifiable ipids of
C;,C,and CAM plants Note shiding of the two D scales The C,
plants are Acacia nigidula (@), Lippa graveolens (A ), Penstemon
bacharifolius ( 8 ) and Prosopis glandulosa ( ® ) The C, plants
are Aristua wrightu (B ), Bouteloua hirsuta (A ), Hateropogon
contortus ( 4 ), and Pappophorum bicolor (®) The CAM plants
are Echinocereus enneacanthus (W), Ferocactus hamataeanthus
(@), Opuntia leptocaulis (A), and Yucca baccata (®)

DISCUSSION

The 8D values of saponsfiable lipids from CAM plants
are not substantially different from those observed for
saponifiable lipids of C; and C, plants, yet there are large
differences in the 6D values between the cellulose mitrate
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Fig 2 The 6'3C values of cellulose nitrate and sapomfiable
lipids of C,, C, and CAM plants The symbols are the same as
those used 1n Fig 1
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fractions of CAM plants and of C; and C, plants Analysis
of hydrogen 1sotope ratios 1n total hipids and in cellulose
nitrate from one CAM, one C; and C, plant species have
been reported previously [5] The differences in 6D values
of lipids from the three photosynthetic modes observed by
these workers were well within the variability we observed
within each photosynthetic mode, and thus no con-
clusions can be drawn from their observations

Our results ehminate two hypotheses, discussed above,
which have been advanced to account for deuterrum
enrichment in CAM plants CAM plants do not have
elevated D values because of deuterium enrichment in
plant water caused by evapotranspiration, because such
enrichment would also cause a relative deutertum
enrichment in the lipid fraction We have previously
reached the same conclusion based on the relationship
between the hydrogen 1sotope ratios of cellulose nitrate
and the oxygen 1sotope ratios of cellulose [6] Deuterium-
enriched NADPH produced by the CAM chloroplast
would also cause a proportional enrichment 1n the lipid
fraction We did not observe this proportional enrichment
in the hipids from CAM plants relative to the hipids of C,
and C, plants

Although our knowledge of the basis for hydrogen
1sotope fractionation 1n plants 1s rudimentary, our data
suggest that deuterium enrichment mn cellulose from
CAM plants ongmates from a deuterium-enriched
fraction which goes on to cellulose synthesis Further, the
deuterrum enrichment of cellulose in CAM plants does
not occur by some basic process which would affect all
biochemical components Any hypothesis that explains
the deuterium enrichment of cellulose from CAM plants
must account for the data presented here

We favor the following model Cellulose in CAM plants
comes from a deuterium-enriched carbohydrate pool
while the lipids are derived from a separate deuterium-
depleted carbohydrate pool The hipids are derived froma
carbohydrate pool which comes directly from the Calvin
cycle n all three photosynthetic types In CAM plants the
carbohydrate pool which provides PEP for carboxylation
and 1s regenerated via gluconeogenesis of pyruvate after
decarboxylation of malic acid [11, 12] 1s the pool of
carbohydrate available for cellulose synthesis Further,
the cycle of glycolysis to PEP and gluconeogenesis from
pyruvate enriches this carbohydrate pool in deuterium C,
plants do not have this deuterium enrichment of carbo-
hyrates because pyruvate, the product of the decarboxy-
lation, 1s reused for carbon fixation and does not enter the
gluconeogenic cycle

There are several aspects of this model which need to be
tested However, there are two observations which are
consistent with it The first 1s the observation of Deleens
and her coworkers [11, 12] that there are two distinct
carbohydrate pools 1n Kalanchoe blossfeldiana and
Bryophyllum daigremontianum, both of which are CAM
plants One carbohydrate pool 1s associated with a
starch-malate sequence and the other 1s associated with
the carbohydrate produced during the Calvin cycle Our
hypothesis departs from the conclusions of Deleens et al
[11] 1n that we propose that cellulose 1s synthesized from
carbohydrates of the starch-malate pool rather than from
the carbohydrate pool generated by the Calvin cycle The
other finding which supports our model 1s the observation
of Estep and Hoering [13] that the 6D value of total
orgamic matter for Chlorella fed on the acetate 1s mgher
than that of acetate by about 50%,, This suggests that the
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gluconeogenic cycle from acetate to carbohydrate and
other metabolites 1s a deuterium ennching process It
must be shown that deuterum enrichment also occurs
during gluconeogenesis from pyruvate to carbohydrate
Further, 1t would be important in the context of the
findings presented here to demonstrate that such enrich-
ment extends to the non-exchangeable hydrogen of the
carbohydrate fractions

One other hypothesis that 1s not inconsistent with the
results presented here has been proposed Ziegler et al [4]
suggested that NADPH generated by the malic enzyme
reaction during decarboxylation of malic acid 1s com-
partmentalized, enriched 1n deuterium and used n cellu-
lose synthesis Previously published results [8], although
inconclusive, suggest that CAM plants which have a
decarboxylation pathway alternate to the malic enzyme
pathway (namely the PEP-carboxykmase reaction) [14]
still have elevated cellulose nitrate D values relative to C,
and C, plants Thus this hypothesis may not be correct

Whatever causes deuterium enrichment in CAM plants,
the results presented here considerably narrow the choice
of models that can account for the phenomenon

EXPERIMENTAL

Samples were collected within 200 meters of one another in the
Pecos River area (Val Verde County, Texas) as reported by
Sternberget al [7] Samples were dried at 50°, then ground into a
fine powder in a Wiley mull Cellulose was prepared by the
method of Wise [15] and mtrated by the aceticanhydride method
as 1 DeNiro [16] Lipids were extracted and saponified by the
method described m Northfelt er al [10] Carbon and hydrogen
1sotope ratios of cellulose nitrate and saponifiable ipids were
determined by a modified version of the Stump and Frazer
method [10, 17] Isotope ratios are expressed as & values where

5(%) = [ RsampLe

- l] x 1000
STANDARD
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and R represents D/H for hydrogen and *3C/*2C for carbon The
standards were standard mean ocean water (SMOW) for hydro-
gen and the Peedee belemnite (PDB) carbonate for carbon The
precisions of 1sotopic analysis were +29%, for 6D values and
+02%, for §!3C values
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