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Abstract-Hydrogen and carbon isotope ratios of saponifiable hplds and cellulose mtrate from CAM, C3, and C4 
plants that grew near one another were determmed The deuternun/protmm (D/I-I) ratios of cellulose mtrate from CAM 
plants were much higher than those of cellulose rutrate from CJ and C4 plants, as has been observed previously In 
contrast, the D/H ratios of saporufiable lipids from CAM plants did not differ from those of the same fraction from Cs 
and C4 plants These observations mdlcate that deutermm enmzhment m cellulose of CAM plants IS not caused by any 
metabolic or physlologlcal process which would lead to deuterntm enrichment m all biochemical fractions 

lNTRODIJCTION 

A considerable body of research done durmg the past two 
decades has demonstrated that carbon isotope ratios of 
plant matter differ for plants having different photo- 
synthetic modes Cl-33 More recently, it has been shown 
that hydrogen isotope ratios of whole plant matter and of 
cellulose nitrate also depend on photosynthetic modes 
[4-83 6D values (see Experimental for the defimtlon of 6 
values) of cellulose nitrate from CAM plants are about 
100 %, greater than the 6D values of cellulose nitrate from 
CJ and C, plants that grew nearby 16-81 

There are several hypotheses that could explain the 
deutenum enrichment of cellulose from CAM plants 
Amongst these, two that have been proposed predict a 
proportional deutermm ennchment for all metabolic 
fractions m CAM plants relative to the same fractions m 
C3 and C, plants [4] The first hypothesis, proposed by 
Ziegler et al [4], mvolves the idea that the deutenum 
enrichment m CAM plants 1s caused by deutenum 
enrichment of plant water that occurs durmg evapotran- 
spuatlon and the subsequent labeling of the organic 
hydrogen by this enriched water [4] In the same paper, 
Ziegler et al [4] proposed that enzymes ass-ted with 
photochemlcal production of NADPH m C, plants could 
show hydrogen isotope effects different than those m C3 
plants This hypothesis mrght also serve as an explanation 
for the deutermm enrichment m CAM plants The CAM 
chloroplast might produce NADPH ennched m de- 
uterrum 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 deutmum ennchment relative to the 
corresponding fractions from C, and C, plants This 
follows from two observations the water m the plant 1s 
the ulttmate source of the hydrogen available for cellular 
biosynthesis, and hydrogen for all blochemlcal fractions 
comes from photosynthetically produced NADPH, since 
all metabohtes m plants ongmate from carbohydrates 
Other hypotheses, which explain deutenum ennchment m 

CAM plants as being based on the segregation of source 
metabohtes mto separate pools with different extents of 
deutenum enrichment, would predict different isotope 
ratios for different metabohtes 

In this paper we report the analysis of hydrogen isotope 
rahos of two different blochenucal fractions, hplds and 
cellulose, from CAM, C, and C, plants The results of our 
study ehmmate hypotheses which predict that all blo- 
chemical fractions of CAM plants are enriched m de- 
uternnn relative to the same fractions from C, and C, 
plants 

RESULTS 

6D values were determmed for cellulose nitrate to 
ehmmate the posslblhty that differences m isotope ratios 
between different plants are due to differing proportions 
of blochermcal 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 assocmted mth measurement of 
exchangeable hydrogens m this fraction [lo] 

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

613C values of cellulose mtrate and saponifiable hpld of 
CJ, C, and CAM plants are shown m Fig 2 6°C values 
of sapomfiable hplds for all plants were more negative 
than the values observed for cellulose nitrate, as has been 
reported previously Ip, lo] 
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Fig 1 SD values of cellulose mtrate and saponifiable hplds of 
C,, C, and CAM plants Note shdmg of the two 6D scales The C, 
plants are Acacia rtgldula (#, Llppza graueolens (A ), Penstemon 
bacharlfohus ( W ) and Prosop~s glaldulosa ( 0 ) The C4 plants 
are Arzstufza wrrghtzr ( H ), Bouteioua hrrsuta (A), Hateropogon 
contortus ( + ), and Pappophorum blcolor ( 0) The CAM plants 
are Echuwcereus enneacanthus ( n ), Ferocactus hamataeanthus 

(+), Opuntta leptocauhs ( A), and Yucca baccata (0) 

DISCUSSION 

The 6D values of sapontfiable llplds from CAM plants 
are not substantially different from those observed for 
sapomfiable hplds of C, and C, plants, yet there are large 
differences m the 6D values between the cellulose mtrate 

SAPO;lF;BLE 

Fig 2 The 613C values of cellulose mtrate and sapomtkble 
lipids of C,, C4 and CAM plants The symbols are the same as 

those used in Rg 1 

fractions of CAM plants and of C, and C, plants Analysis 
of hydrogen isotope ratios m total lipids and m cellulose 
nitrate from one CAM, one C, and C4 plant species have 
been reported previously [5] The differences m 6D values 
of hptds from the three photosynthettc modes observed by 
these workers were well within the vanahhty we observed 
wtthm each photosynthetic mode, and thus no con- 
clusions can be drawn from their observations 

Our results ehmmate two hypotheses, discussed above, 
which have been advanced to account for deutermm 
enrichment m CAM plants CAM plants do not have 
elevated 6D values because of deutermm enrichment m 
plant water caused by evapotransptratlon, because such 
enrichment would also cause a relative deutenum 
enrichment m the hptd fraction We have previously 
reached the same conclusion based on the relattonshtp 
between the hydrogen isotope ratios of cellulose nitrate 
and the oxygen isotope ratios of cellulose [6] Deutermm- 
enriched NADPH produced by the CAM chloroplast 
would aIso cause a proportional enrichment m the hpld 
fraction We did not observe this proportional enrichment 
m the lipids from CAM plants relative to the lipids of C, 
and C., plants 

Although our knowledge of the basis for hydrogen 
isotope fractionation m plants 1s rudunentary, our data 
suggest that deutenum enrichment m cellulose from 
CAM plants ongmates from a deutermm-ennched 
fraction which goes on to cellulose synthesis Further, the 
deutenum ennchment of cellulose m CAM plants does 
not occur by some basic process which would affect all 
btochemtcal components Any hypothesis that explains 
the deutenum ennchment of cellulose from CAM plants 
must account for the data presented here 

We favor the followmg model Cellulose m CAM plants 
comes from a deutenum-ennched carbohydrate pool 
while the hptds are derived from a separate deutermm- 
depleted carbohydrate pool The lipids are denved from a 
carbohydrate pool which comes dtrectly from the Calvin 
cycle m all three photosynthettc types In CAM plants the 
carbohydrate pool which provides PEP for carboxylatton 
and IS regenerated via gluconeogenests of pyruvate after 
decarboxylatlon of mahc acid [ll, 123 1s the pool of 
carbohydrate avatlable for cellulose synthesis Further, 
the cycle of glycolysls to PEP and gluconeogenests from 
pyruvate enriches thts carbohydrate pool m deutertum C, 
plants do not have this deutermm ennchment of carbo- 
hyrates because pyruvate, the product of the decarboxy- 
latlon, 1s reused for carbon fixation and does not enter the 
gluconeogemc 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 [ll, 123 that there are two dlstmct 
carbohydrate pools m Kalanchoe blossfeldtana and 
Bryophyllum da~gremtmtzanum, 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 
[ 1 l] m that we propose that cellulose IS 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 Hoe.nng [13] that the dD value of total 
organic matter for Chlorella fed on the acetate 1s higher 
than that of acetate by about 50 %, This suggests that the 
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gluconeogemc cycle from acetate to carbohydrate and 
other metabohtes 1s a deutermm ennchmg process It 
must be shown that deutenum enrichment also occurs 
durmg gluconeogenesls from pyruvate to carbohydrate 
Further, it would be important m 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 mconslstent with the 
results presented here has been proposed Ziegler et al [4] 
suggested that NADPH generated by the mahc enzyme 
reactlon durmg decarboxylatlon of mahc acid 1s com- 
partmentallzed, enriched m deutermm and used m cellu- 
lose synthesis Previously pubhshed results [8], although 
mconcluswe, suggest that CAM plants which have a 
decarboxylatlon pathway alternate to the mahc enzyme 
pathway (namely the PEPcarboxykmase reaction) [14] 
still have elevated cellulose nitrate 6D values relative to C, 
and C, plants Thus this hypothesis may not be correct 

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

EXPERIMENTAL 

Samples were collected wlthm 200 meters of one another m the 
Pecos Rwer area (Val Verde County, Texas) as reported by 
Sternberg et al [7] Samples were dried at 50”, then ground mto a 
fine powder m a Wdey mdl Cellulose was prepared by the 
method of Wlse [15] and mtrated by the acetrcanhydrlde method 
as m DeNlro [ 163 Lipids were extracted and sapomfied by the 
method described m Northfelt et al [lo] Carbon and hydrogen 
Isotope ratios of cellulose mtrate and sapomfiable hplds were 
determmed by a modified version of the Stump and Frazr 
method [lo, 171 Isotope ratios are expressed as 6 values where 

4 %.A = 
Rs~~~~~ 

-1 xl000 
RST~ND~~~ 1 

and R represents D/H for hydrogen and “C/“C for carbon The 
standards were standard mean ocean water @MOW) for hydro- 
gen and the Peedee belemmte (PDB) carbonate for carbon The 
preclslons of Isotopic analysis were f 2 %, for dD values and 
&02x, for 613C values 
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