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Abstmct-Ad&honal data IS presented to show tbat plants of genera which are known to follow the c*- 
d~carboxybc acid pathway m photosynthetic carbon &onde fixation have Sx3C values m the -10 to -20%. 
range. Plants which follow the Calvm cycle m photosynthesis have 8 13C values of -22 to -33yi Plants of 
famdles which show Crassulacean acid metabobsm also have many examples enriched in 13C. 

INTRODUCTION 

IN THE process of photosynthesis plants discriminate in favor of the light isotope of carbon, 
12C, with the result that all plants contam relatively less 13C than the atmosphere. The 
isotopic composrtion is conventionally expressed as V3C, the difference in per mil of the 
13C/12C ratio of the sample relative to a standard which in this work is carbon dioxide 
prepared from the Pee Dee belemnite (PDB) limestone> 

13C/12C sample 
’ *3CW = (13c,13c standd -’ ’ lo3 

In a prehmmary study of carbon isotope ratros in the Gramineae,Z it was found that 
there were two distmct groupings of 6 13C values. Grasses with 6 13C values in the -22 to 
--30yW range (compared to the PDB standard), the range in which the majorrty of the 
terrestrial plants previously analysed had ,been found 3--5 are grasses of subfamrhes reported 
to follow the Calvin cycle in photosynthetic carbon droxrde f%ation.6 Plants studred 
included specres of Dactylzs, Avena, Trzticum, Hordeum and Phleum. It was pointed out 
that2 grasses found to have 613C values m the -10 to - 19% range, relatively enriched in 
13C, the range previously considered to be characterrstic of marme plants, are members of 
subfamilies in which the C,-dicarboxyhc acid pathway is operative in photosynthetic carbon 
dioxide fixation.‘j The plants studied included the genera Saccharum, Sorghum, Zea, 
Paspalum, Digitarza, Setarza and Panicum, members of the Pamcold and Chloridoid- 
Eragrostoid sub-groups Several of the species were species whrch had been included m the 
photosynthetic studies. 

These results prompted the extension of such studies to additional plant families; 
species have again been found for which there is a parallel between carbon isotope ratio and 

1 H CRAIo, Geochm Cosmochrm Acta 3, 53 (1953) 
‘3 r wy BENDER, Radiocarbon 10,468 (1968) 

CKMAN, Geochrm. Cosmochrm. Acta 2,243 (1952) 
* G. CRAIG, J. Geol. 62, 115 (1954) 
5 R PARK and S. Em, Pkmt Physrol 36,133 (1961) 
’ M D HATCH, C R SLACK and H S JOHNSON, Blochem J 102,417 (1967). 
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the reported pathway of photosynthetic carbon dioxide tiation. In additron many plants 
of the famihes which show Crassulacean acid metabohsm also show ennchment in the heavy 
isotope of carbon. 

RESULTS 

The 6 l 3C values obtamed are summarmed in Tables 1 and 2. The grasses of the Panicord 
and Chlondoid-Eragrostord subfamilies whrch are enriched in l 3C are species of the groups 
which follow the C,-dlcarboxyhc acid pathway m photosynthesis.6*7 One particular 
specres, Cynodon dactylon,’ has been cited as a plant of high photosynthetrc capacity and is 
assumed to follow the C4 pathway. 

Three grasses were found to be divergent. Panrcum scribnerianum and P. pacifcum are 
depleted in 13C and they have already been shown to be exceptrons and to follow the Calvm 

TABLE 1 MASS mcr~or+m~~c ANAL,YSIB OF PLAN-B OF THE GRAMNINE 

Tllbe 

Arundmareae 
ZiZallleXJ 

Arllndin~ 
Stipeae 

Hordeae 

Aveneae 

Aeluromdeae 
meae 

Eragrosteae 

Chlondeae 

Andropogoneae 

Genus and species 
PCS 

relatwe to PDB 

Arundmana sp. 
Zwmops~s nuhacea Doe11 & Aschers 
Zizaniia aquatica L. 
Phrmtes commums Trm. 
Strpa qmrtea Ttm. 
S. comata Trm BE Rupr 
Oryzopsrs hymenodes (Roem & Schult.) Rxker 
Festuca rubra L. 
Bromus kalmu A. Gray 
B cathartrcus Vahl 
Elymus canachws~ L. 
E mollzsTrm. 
Agropyron mtermea%um (Host) Beauv 
Ammoph~la brevlgdata Fern 
Agrosns perennans (Walt ) Tuckerm. 
A se&a Wdld 
Dlstxhhs spicata (L.) Greene 
Spartma cynosuroides L. 
S pectmata Lmk 
Erwostis cilianenslr Lmk 
S’iobulus powettl (R & S ) zzltchc. 
Muhlenberma schreben J F. Gmel. 
Bouteloua &ads (H B. K ) Lag. 
B curt~petila (Ml&x ) Torr 
Buchloe dactylodes (Nutt.) Engelm. 
cy?w&tl &zctyknI L 
Panicum amardum Hitchc. & Chase 
P. virgatum L. 
P &chotonnjVorum MI&X. 
P pa&cum titchc & Chase 
P. &b&gu (Vasey) Scnb 
P scnbnerianum (Nash) Fem. 
Echinochloa crus-ialh (L ) Beauv. 
Andropogon glomeratus (Walt ) BSP 

-292 
-26 3 
-309 
-266 
-278 
-248 
-28 0 
-27 3 
-30 3 
-30 7 
-27 1 
-27 6 
-28 3 
-27.7 
-300 
-28 7 
-150 
-144 
-13 4 
-13 3 
-13 7 
-13 0 
-12 7 
-14 2 
-142 
-15.3 
-134 
-13 7, -14 8 
-13 2 
-33 2 
-26 4 
-32 1 
-13 1 
-14 2 

' T. M. CHEN, R. H. BROWN and C C. BLACK, JR, Phmt Physrol. 44,649 (1969). 
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TABLE 2. M.QS SPECTRO~~~~IC ANALYS@S OF PLANTSFaOMOlWERF- 

8’W~ 
F&Y Genus and species relative to PDB 

Commehnaceae 
JIUlCUXle 

Libaceae 

Polygollaceae 
Chenopodlaceae 

Amaranthaceae 

PorNacaceae 

crassulaceae 

Euphorbiaceae 

Umbelhferae 
Exaceae 
Asclepw&Iceae 

Typha angustifoha L. 
sctrpus cesp1tosus L. 
s. obtey1 Gray 
S vabdus Vahl 
S. robustus Pursh 
Ctium jamatceusis Crantz 
Eriophorum augusttfoluim Honc~eny 
Carex stncta Lam. 
C hacustris Wdld 
Eleochans pan& (R & S ) Link 
Cyperus odoratus L. 
c jkdmis vahl 
lhiescantla ohems Raf. 
Juucus roemenauus Scheele 
J. effi L. 
Yucca filamentosa L. 
Aloe arboresceus M111. Gard. Duct. 
Sansewna f@ckta Poupion 
Oxyria dgyna (L ) Hdl 
Atnpkx patuk L 
A. rosea L. 
A hastata L. 
Cheuopoduan album L. 
Haloxylon sahcondcum Bii 
Sakola foe&a Del 
Suae& fnrticosa (L ) Forsk. 
Aeroa jaoamca Juss. 
A. pseudotomentosa Blatt 
Pupaha kppacea Juss 
Amarauthus bhtouks S Wats. 
A retrojkxus L. 
Portukca okracea L. 
P. gnwuitjkra Hook 
Sempennvum cakareum Ford 
Se&m spunurn Bieb 
S spectabtk Bor 
S. rubrotmctum clawon 
K&%u&oe tubijkra Hamet 
l2Yteoeria cha whlie 

Crassula tomentosa L 
Glycme soja (L ) Sleb. & Zucc 
Lt4pmusperemus L. 
Anwpha caneseen hush 
Euphorbia pukherruna Wild eX Klotzsch 
E. corolhtta L. 
E. ttrucaU~ L. 
Peaihmthus ttthymalohks var. cuculhatus L. 
Ric1nlls communis L. 

Htukoma tomentosa Nuti 
Opuutta strobtbfomus A. Bexg. 
0. humtfwa Raf. 
Cereus peruvtauus Hort. ex Foerst 
fiyngiwn yacct~olium MI&X. 
Cassiope tetragoua D. Don 
Asckpias synaca L. 
Hoya carnasa R. Br. 
Stapeha semota N. E. Brown 

-310 
-28 1 
-29 1 
-28 0 
-26 9 
-286 
-276 
-270 
-278 
-21.6 
-13 2 
-13.3 
-26.1 
-28.6 
-30.1 
-27.1 
-24.5 
-17 1 
-27 2 
-31 6 
-19.4 
-32 1 
-28.1 
-145 
-12 4 
-122 
-13.3 
-14 5 
-244 
-141 
-13 3 
-12.1 
-114 
-16 8 
-27 6 
-26 6 
-13 8 
-14 a 
-18 1 
-18 9 
-28 9 
-285 
-27.9 
-294 
-26.1 
-15.3 
-15.9 
-302 
-28.4 
-15.7 
-13 8 
-15.2 
-275 
-27.9 
-286 
-167 
-176 
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TABLE 2.-cmr. 

Famdy Genus and species 
PC%, 

relative to PDB 

collvolvula~ 
Solanaceae 
Compositae 

co?lvohndus zepram L. -257 
Physalts heterophylla Rydb. -27.2 
Tqgetes sp. -289 
Artemma trzdentata Nutt. -28.8 
A abrotanum L. -29.7 
Seneno gregon (S Moore) Jacobsen -193 
Tragopgon pratems L. -29-l 

cycle.8*g P. leibergzz, also with a low 613C value, is a species of the same Dichanthelium 
subgenus as the preceding two grasses. 

The species of the other subfanulies of the Grammeae are depleted in 13C; grasses of 
these subfamilies were found to be Calvm cycle planta 

Several species of the Chenopodraceae and Amaranthaceae show enrichment in 13C. 
Atriplex rosea, which is known to follow the C,-drcarboxylic acid pathway,g is in the en- 
nched group; A. hastatag*lo and Chenopodizun album” are Calvin cycle plants and are 
depleted in 13C. One other example of a known Calvm cycle plant is Glycine sola whose 
8 1 3C value is m the expected low range. 

Photosynthetic studies on the Cyperaceae l1 showed that there were plants wrth both 
types of photosynthetic pathway in thrs family. While the mass spectrometric analyses are 
of tierent species than those used in the photosynthetrc studies, two groupings of 613C 
values have been found. 

A number of succulent plants and halophytes in the Portulacaceae, Crassulaceae, 
Cactaceae, and Asclepradaceae were also studied and found to be enriched in 13C. These 
are families in which the Crassulacean acid metabolism has been demonstrated.12 

DISCUSSION 

The results show a consistent difference in 13C values in the two groups of plants which 
follow the different pathways m photosynthesls and con&m the suggestion made previously. 
These determmatrons show a range for 8 13C of - 10 to -20x,, for plants which follow the 
C, pathway and -22 to -33x, for Calvin cycle plants. In general when comparmg plants 
of the two photosynthetic patterns whrch were grown in the same environment, there was an 
average drfference of 12-14x,, between the two groups. The Ammophila and Paniczun 
amarzdum which were grown m government Maryland research grounds differ by 14*3x,; 
the Atrzplex rosea and A. hastata, which are m the very low range of the two V3C groups, 
were both from Canada and the drfference between them IS 127x,,. The average of the 
Wisconsin samples m the enriched group IS - 13.5, in the depleted group -27~7%~. 

* J DOWNTON, J. BERRY and E B TRFGUNNA, Science 163,78 (1969). 
g W J S. DOWNTON, T BISALPUIXA and E B TRWJNNA, Cm J. Botany 47,915 (1969). 

lo C B OSMOND and P N. AVADHANI, Plant Physrol 45,225 (1970) 
I1 H S JOHNSON and C R SLACK, Phytochem 7,375 (1968) 
Ia S L. RANSON and M THOMAS, Ann Rev PIant Phymol 11, 81 (1960), J. H GAL.T, K. L REED and 

B D MEEUSE, Proc Kon Ned Akad Wetensch (C) 70,526 (1967). 
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It is of interest to note that iY3C values for two other Calvin cycle plants,‘j the banana 
(Musaceae)13 and Nicotiana tabacum14 have been published as -24.6 and -28*5y, respeo 
tively. 

The two groups of plants which differ m photosynthetic pathway have already been 
shown to differ in other characteristics such as leaf anatomy,‘s maximum photosynthetic 
rates,‘6 the effect of oxygen on photorespnatlon,17 and the effect of oxygen concentration 
on photosynthesis.l* It is not surprising then that the carbon isotope content of the plant 
groups is also different smce a dfierent sequence of reactions is involved in the utilization 
of atmospheric carbon dioxide. 

Analogies between plants which show the Crassulacean acid metabolism followed by 
many succulent plants and those which follow the C, photosynthetic pathway have already 
been published.10*15 The mass spectrometric analyses indicate an additional snmlarity. 
A large number of the plants enriched m l 3C are plants of tropical origin such as the tropical 
grasses, halophytes such as Haloxylon and Salicornia, and tropical succulents. Other 
workers have noted 13C enrichment m succulent xerophytes.lg This is in agreement with the 
hypothesis of Laetschls that the biochemistry and structure of the plants are adaptations to 
facilitate carbon 8xation m arid environments. 

It is clear from these results that terrestrial plants may have iY3C values in either of two 
groupings and it appears that the difference m the two groups is related to physiological 
variations. Because an emphasis has often been placed on the distinction between the 
6 13C values of land and marme plants,3*4*20*21 th e plants analysed for this study were 
obtamed from varymg environments and m particular a few examples were obtamed from 
marme environments such as coastal salt marshes, and a few examples were from the 
arctic. The Phragmites, Juncus, Cladurn and Typha were all grown m Louisiana salt marshes 
but all are depleted m 13C, while the Panrcum virgatum was enriched to the same extent 
whether grown m Wisconsm or m a salt marsh. Small differences m 8 value between species 
can be attributed to differences in growing conditions but the present results clearly suggest 
the large dfierences m values are due to physiological variations and not to variations in 
microchmate or environment. 

EXPERIMENTAL 

The carbon tsotope rattos were measured wrth a precmon of f0 1% m 8 13C on CO2 produced by 
combustron of the dned plant samples 111 a Parr bomb. The isotope measurements were made wrth the 
Nuchde Corporatton RMS6-60 isotope ratio mass spectrometer of the Umversity of Wrsconsm Department 
of Chermstry The results are corrected for the 0” contnbuuon to the mass 45 peak, cross eontammatron 
of the sample and standard gas, and for the fractton of mass 44 peak fallmg on mass 45 The correcttons are 
those described m detail by Craig zz 
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