
A possible interpretation of the pro- 
files for the production rates is that the 
onset (or the cessation) of flow and its 
subsequent continuation stimulate the 
cells by two independent mechanisms. 
This is best seen qualitatively in the 
expression for the production rate (Eq. 
2). The first term represents a transient 
decay in production after the initial per- 
turbation, with the rapidity of decrease 
determined by the time constant C - I .  

The step change in shear stress at the 
onset of flow may represent an acute 
stimulation in which cell response atten- 
uates within several minutes. The sec- 
ond term (D)  represents a constant pro- 
duction rate that dominates at long times 
(large values of CT). The continuation of 
flow provides a continuous stimulus, the 
degree of which is a function of the 
qualitative nature and possibly the mag- 
nitude of the flow. This may explain why 
the peak production rates for the two 
flow profiles with identical mean shear 
stresses were the same yet led to differ- 
ent steady-state rates. 

Using a nonrecirculating flow system, 
Grabowski et al. (5) found that cultured 
bovine aortic endothelial cells subjected 
to a step change in steady shear stress 
responded with a burst in the PG12 pro- 
duction rate that decayed within min- 
utes. Furthermore, the peak production 
rate was a function of the magnitude of 
the step change in the shear stress (5). 
These findings are consistent with our 
data. 

Our results suggest that production of 
PG12 by the vascular endothelium under 
physiologic flow conditions may be sig- 
nificantly higher than that reported in 
studies based on cells cultured under 
stationary conditions (9). Furthermore, 
the lower concentrations of PG12 report- 
ed for veins relative to arteries may be 
due to the relative lack of pulsatile flow 
and the lower shear stress in veins. Our 
findings provide further evidence that 
the qualitative nature of blood flow may 
have a controlling role in endothelial cell 
function. 
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Xylem-Tapping Mistletoes: Water or Nutrient Parasites? 

Abstract. Most mistletoes parasitize higher plants by tapping the xylem (a 
conduction tissue) of their hosts. Field observations of diurnal gas exchange 
parameters and carbon isotope ratios in xylem-tapping mistletoes from three 
continents support the hypotheses that water use eficiency and carbon isotope 
composition are related and that mistletoes which are parasitic for water are also 
nutrient parasites, differing in their water use eficiency relative to that of their hosts 
on the basis of host nitrogen supply in the transpiration stream. 

Mistletoes are obligate epiphytic para- 
sites of higher plant species (1). While a 
few mistletoes derive substantial nutri- 
tional benefits by connecting directly to 
the host's phloem tissues, most mistle- 
toes tap only the xylem tissues and de- 
rive no nutritional benefit from their 
hosts other than the small amounts of 
organic carbon and nutrients carried in 
the transpiration stream (1-3). 

While much is known about the anato- 
my and systematics of xylem-tapping 
mistletoes (1, 3, 4),  less is known about 
their carbon, water, and nutrient rela- 
tions (3), and several unusual physiologi- 
cal features of mistletoes have not been 
adequately explained (5). One such fea- 
ture is that mistletoe leaves tend to have 
transpiration rates several times higher 
than those of their hosts (1, 3, 5, 6). 
Another is that they accumulate large 
amounts of calcium, potassium, and 

phosphorus and smaller amounts of ni- 
trogen (1, 3, 5, 9. This holds true for 
autoparasitic mistletoes as well (8). Be- 
cause xylem-tapping mistletoes exhibit 
high species diversity in arid and semiar- 
id regions of the world (I), it is possible 
that this type of parasitism evolved prin- 
cipally as a means of water acquisition in 

'water-limited habitats. However, many 
of these regions are also extremely nutri- 
ent-poor, and xylem-tapping parasitism 
may have evolved principally as a means 
of nutrient acquisition. 

In this report we provide evidence, 
from many xylem-tapping mistletoe spe- 
cies at different global locations, that 
supports the hypothesis of Schulze et al. 
( 3 ,  namely that the unusually high tran- 
spiration rates of these mistletoes are in 
part a mechanism to acquire nitrogen, 
the nutrient potentially most limiting to 
their growth. To do this we compared 
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Table 1. Carbon isotope discrimination values (8I3C) in parts per thousand for mistletoe-host 
pairs from different arid regions in the United States (15), central Australia (16), and South 
Africa (17). The data are means ? standard errors. A more detailed analysis shows that the 
difference in carbon isotope ratio between mistletoe-host pairs is dependent only on host 
nitrogen content. 

Region Number 
of pairs Host Mistletoe 813C (mistletoe) 

- 813C (host) 

Nitrogen-jixing hosts 
United States 7 -26.29 -+ 0.50 -26.51 t 0.23 -0.23 t 0.41 
Central Australia 28 -26.87 -+ 0.21 -28.28 t 0.30 -1.41 -+ 0.33 
South Africa 4 -24.67 t 0.33 -25.73 t 0.96 -1.06 t 0.81 

Non5xing hosts 
United States 8 -23.43 t 0.10 -26.60 t 0.14 -3.18 t 0.19* 
Central Australia 19 -26.54 t 0.29 -28.83 t 0.21 -2.30 t 0.31* 
South Africa 11 -24.70 t 0.41 -26.91 t 0.56 -2.21 t 0.52 

*Significantly different from value for nitrogen-fixing hosts in same region (P 5 0.01, t-test). 

the performance of mistletoes growing 
on nitrogen-fixing hosts to that of mistle- 
toes growing on hosts that do not fix 
nitrogen, since the former tend to have 
higher nitrogen contents in their xylem 
sap (3, 7, 9).  

Surveys of the diurnal course of leaf 
performance under natural conditions 
and different water regimes in the spring 
were done to determine the relations 
between maximum photosynthetic rate 
during the day and leaf conductance (10) 
for mistletoe and host species in central 
Australia (Fig. 1). In all cases, for any 
photosynthetic rate, leaf conductance 
was higher in the mistletoe leaf than in 

the host leaf. Consequently, under these 
conditions, water use efficiency (molar 
ratio of C02  uptake as photosynthesis to 
water loss as transpiration) was lower in 
the mistletoe leaves. The slope of the 
photosynthesis to leaf conductance rela- 
tion (Fig. 1) describes the decrease in 
C02 concentration between the atmo- 
sphere and intercellular air spaces; 
therefore, these results also indicated 
that intercellular C02  concentrations 
were always higher in the mistletoes than 
in the hosts. 

Carbon isotope discrimination values 
(6I3C) were measured (11, 12) to further 
evaluate the relative differences in water 

150 200 250 300 

I n t e r c e l l u l a r  COz ( P P ~ )  

use efficiency between mistletoes grow- 
ing on hosts that fix nitrogen and those 
that do not. Farquhar et al. (13) pro- 
posed that the carbon isotope discrimi- 
nation ratio is a measure of the average 
daytime intercellular C 0 2  concentration 
of a leaf, and supporting evidence has 
been provided by several recent studies 
(12, 14). The carbon isotope discrimina- 
tion value of host or mistletoe leaf tissue 
(an integrated long-term estimate) was 
highly correlated with the measured av- 
erage intercellular C02  concentration 
during the day for that same tissue 
(based on single-day observations) (Fig. 
2A). Water use efficiency was negatively 
related to intercellular C02,  and there 
was also a significant relation between 
the carbon isotope ratio and the mea- 
sured daily water use efficiency of the 
leaf (Fig. 2B). To further examine these 
parasitic plants, we extended our obser- 
vations and used measurements of car- 
bon isotope discrimination ratios from 
plants at different locations to evaluate 
the relative differences in water use effi- 
ciency between mistletoes and their 
hosts. 

In this analysis we emphasize the dif- 
ference in water use efficiencies of the 
mistletoe and its host (differences in car- 
bon isotope ratio between parasite and 
host) rather than absolute water use effi- 

N i t r o g e n  c o n t e n t  o f  h o s t  
t i s s u e  ( r n g l g )  

0 -1 - 2 4 1  , , , , Fig. 1 (left). Relation between daily maximum 
0 200 400 rate of photosynthesis (A,,,) and the concom- 

Leaf  c o n d u c t a n c e  a t  A m a x  0 1 2 3 4 itant leaf conductance to water vapor under 
(rnmol/rn2-sec) 

A I E  ( m m o l / m o l )  field conditions for mistletoes and host plants 
in central Australia, September 1981. The 

data were collected by the method of Schulze et a / .  (19). Fig. 2 (middle). (A) Relation between carbon isotope ratio and average daytime 
intercellular C 0 2  concentration [C02], for mistletoes and host plants in central Australia, September 1981. The regression line is 
813C = -22.54 - 0.0226[C02], (P  5 0.01). Standard error of the slope is 0.0042. (B) Relation between carbon isotope ratio and daily water use 
efficiency [molar ratio of photosynthesis (A) to transpiration (E)] for mistletoe and host plants in central Australia. The regression line is 
8I3C = -29.46 + 0.863(A/E) (P  5 0.05). Standard error of the slope is 0.227. Fig. 3 (right). Relation of the mean difference in water use 
efficiency between mistletoes and host plants (as estimated by carbon isotope ratios) and mean nutritional status (as estimated by leaf tissue 
nitrogen content) for nitrogen-fixing and nonfixing hosts in Australia, South Africa, and the United States. The data are means t standard errors 
(r = 0.783 and P 5 0.05, one-tailed test). 

1480 SCIENCE, VOL. 227 



ciency. This is because plants were sam- cy (closer to that of its host) under (1975); J .  s. Pate, Encycl. Plant Physiol. N .  Ser. 
1, 451 (1975); in Transport and Transfer Pro- 

pled from many different locations; the conditions of higher nitrogen supply. In cesses in plants, I .  F. Wardlaw and J .  B. 
absolute growth rate or water use effi- such a situation, differential transpira- ~ ~ ~ ~ ~ ~ a ~ ~ ~ ~ ~ J ~ A ~ a d ~ ~ ~  yiii; 2::. 2::; 
ciency may be influenced by site differ- tion rates between mistletoe and host Physiol. 31, 313 (1980). 

ences in soil water availability and evap- could be regarded as a means of nutrient lo. Under cesses of photosynthesis conditions the and gas transpiration exchange pro- are 
orative demand. Negative differences in acquisition that was under mistletoe con- limited by diffusion through the stomates, and 

leaf conductance is a measure of the diffusion 
the carbon isotope ratio values between trol. Mistletoe stomates do close at night limitation, 
a mistletoe and its host indicate a nega- and in response to environmental fac- 11. L. L.  Tieszen, D. Hein, S .  Quortrup, J .  

Troughton, S. Imbamba, Oecologia 37, 351 
tive difference in water use efficiency. A tors, suggesting a strong control Over (1979); C. B. Osmond, H. Ziegler, W. Stichler, 
change in water use efficiency may be rates of water loss. P. Trimborn, ibid. 18, 209 (1975). 

12. G. D. Farquhar, M. C. Ball, S ,  von Caemmerer, 
caused by a lower photosynthetic rate or Schulze and Ehleringer (7) recently z. Roksandic, ibid. 52, 121 (1982). 

a greater transpirational rate or both. showed that growth rates of Phoraden- 13. ~ ; ~ ~ ~ ~ P , " , ~ ' ; . ~ ~ ; ~ ~ ~ ~ ~ ~ ' ~ ~ ~ ~ ~ ~ ~ ~  A. 
Measurements were derived from mistle- dron californicum, a xylem-tapping mis- 14. K. Winter, J .  A. M. Holtum, G. E.  Edwards, M. 

H. O'Leary, J.  Exp. Bot. 132, 88 (1982). 
toe-host pairs in arid and semiarid habi- tletoe in North America, were higher on 15, The following mistletoe-host were sampled 
tats in the western United States (15), nitrogen-fixing host species than on adja- in the deserts of western Arizona, southern 

California, and central Utah: Phorudendron ca- 
central Australia (16), and South Africa cent nonfixing species and that the dif- lifornicum o n ~ ~ ~ ~ i ~  greggii, p ,  culifornicum on 
(17). For all three continents the ferences in water use efficiency between $ ~ ~ ~ ~ ~ ~ , f l ~ ; ~ d ~ ~ ; ~ d ; ~ $ < ~ ~ n ~ ~ ~ n ~ ~ ~  
difference in carbon isotope ratio be- mistletoe and host were smallest when Juniperus osteosperma. 

tween mistletoe and host was smaller if the mistletoe grew on nitrogen-fixing 16. zhthf,"$$if ~ ~ ~ f ~ ~ ; I h " d " , \ ~ , " ~ ~ ~ " , " ~ , " ~ " , " , ~ ~ ~  
the host was a nitrogen fixer than if the hosts. The results of our study greatly baquei on Casuarinu cunninghumiuna, 

Amyema gibberulum on Grevillea wickhamii, A .  host was not a nitrogen fixer (Table 1). extend those initial water-use efficiency gibberulum on Hakea eyreana, line- 
This implies that, in each habitat, water observations to a much larger data set 

~ { ; ~ ; ; o ~ A ~ ~ ~ ~ ; ; ; ~ ; ~ , t ~ ~ ; ~ ~ ; ~ ; ; ~ ;  
use efficiency of the parasite was closer from three continents and indicate the on ~~~~i~ eoriaceu, A ,  muidenii on ~~~~i~ 

to that of its host if it grew on a host that importance of nutrient parasitism by xy- ~~2~~b,"k~~i~$,",~,2,"~2,k~~,"~~94,",; 
had a greater nitrogen supply in the lem-tapping mistletoes (5), which are in- 1iionAngophoru costuta,A, miqueliion ~ c a l y p -  

transpiration stream. Included in these herently dependent on their hosts for $ $ ~ ~ ~ f ~ ~ ~ A ~ i ~ $ ~ f ~ ~ ~ ~ ~ ~ / ~ ~ ~ ~ ~ ~ ;  
comparisons were individuals of the water as well. A.  quandang on Amyema bruchystachya, A. 

same species growing on both nitrogen- quandang on Acuciu papyrocurpu, Amyema 
J. R. EHLERINGER priessii on A.  brachysruchya, Amyemu sanquin- 

fixing and nonfixing hosts. Hosts dif- Department of Biology, University of eum on Eucalyptus sp.,  Dendrophthoe vitallina 
on Casuarina glauca, Diplutiu grundibracteata 

fered in carbon isotope ratio by 5.4 per Utah, Salt Lake City 84112 on Eucalyptus leucophloia, Lysiuna casuarinae 
mil depending on habitat. The carbon E.-D. s C ~ u ~ z E  on Gossypium robinsonii, L. casuurinae on ~ c a -  

cia acradenia, Lysiana exocarpi on A.  aneura, 
isotope ratios for the mistletoes differed Lehrstuhl fur Planzenokologie, L .  exocarpi on A.  brachystachya, L.  exocarpi 

by 3.1 per mil depending on habitat and Universitat Bayreuth, on Acacia tetragonophyllu, L .  exocarpi on Aca- 
cia victoriue, L .  exocarpi on Heterodendron 

host quality. 0-8580 Bayreuth, West Germany oleaefolium, L.  exocarpi on Myoporum platy- 

H. ZIEGLER 
carpum, L ,  exocarpi on Pittosporum phyllir- The leaf-tissue nitrogen contents from oides, L ,  exocarpi on Templetonia egenu, Ly- 

mistletoe-host pairs in the United States, Botanisches Institut der Technischen siunu murrayi on A. uneura, L. murrayi on A. 
brachystachya, L.  murrayi on A ,  kempeana, 

Australia, and South Africa were greater Universitaf, 0-8000 Munchen, Lysiana sputhulatu on A. aneuru, L. spathuluta 

when the host was a nitrogen fixer. The West Germany on A ,  cowleana, L ,  spathulata on A. coriaceu, 
L. spathulata on Acacia farnesianu, L ,  spathu- 

differences in water use efficiency be- 0. L. LANCE lata on A. monticola, L. spathulata on ~allitris 

tween a mistletoe and its host on all three Lehrstuhl fur Botanik II der columellaris, Lysiuna subfulcutu on Atulaya he- 
miglauca, L .  subfulcatu on Cassia oligophylla, 

continents appear related to the nutri- Universitat Wurzburg, and L. subfalcata on Ceriops tagal. 

tional quality of the host, since the differ- 0-8700 Wurzburg, West Germany 17. The following mistletoe-host pairs were sampled 
in the deserts of South Africa: Agelunthus dis- 

ences in carbon isotope ratio between G.  D. FARQUHAR color on Acacia rejiciens, A .  discolor on Rhigo- 
zum trichotomum, Odontellu welwirschii on 

parasite and host were strongly correlat- I. R. CowAR Boscia polyanthu, Phragmanthera glaucocarpa 
ed with the nitrogen content of the host Research School of Biological on Lannea discolor, Septulinu ghucu on Tu- 

marix sp.,  Tapinanthus oleifolius on Acaciu 
(Fie. 3) (18). Sciences, Australian National erubescens. T .  oleifolius on Acacia hereroensis. ~ - , ~ ,  

If xylem-tapping mistletoes were pro- 
vided with a higher rate of nitrogen sup- 
ply (through a change in hosts or in host 
quality), we might observe a faster 
growth rate but not any change in the 
difference in water use efficiency be- 
tween host and parasite. The mistletoe 
could thus be regarded as primarily a 
water parasite, gathering nutrients pas- 
sively for growth. We would also expect 
little or no control of the rate of water 
loss by mistletoe stomates. A second 
possibility is that the mistletoe could 
reduce its transpiration rate through sto- 
matal control or increase its photosyn- 
thetic rate (utilizing the increased nitro- 
gen supply to increase photosynthetic 
protein levels), either of which would 
result in an improved water use efficien- 

University, Canberra, ACT 2601 

References and Notes 

1. Mistletoes are members of the Loranthaceae 
and Viscaceae families [J. Kuijt, The Biology of 
Flowering Parasitic Plants (Univ, of California 
Press, Berkeley, 1969). 

2. 0. A. Leonard and R. J. Hull, Hilgardia 37, 115 
(1965). 

3. J .  A. Raven, Adv. Ecol. Res. 13, 136 (1983); M. 
Calder and P. Bernhardt, The Biology of Mistle- 
toes (Academic Press, New York, 1983), p. 185. 

4. J .  Kuijt and R. Toth, Ann. Bor. 40, 1121 (1976); 
J .  Kuijt, Annu. Rev. Phytoputhol. 15, 91 (1977). 

5. E.-D. Schulze, N. C.  Turner, G. Glatzel, Plant 
Cell Environ. 9, 293 (1984). 

6. Z. Kamerling, Ber. Dtsch. Bot. Ges. 32, 17 
(1910); 0. Hartel, ibid. 55, 310 (1937); V. Vares- 
chi and F. Pannier, Phyton 5, 140 (1953); G. 
Glatzel, Oecologiu 56, 193 (1983); D. Hollinger, 
ibid. 60, 396 (1983). 

7. E.-D. Schulze and J .  R. Ehleringer, Planta 162, 
268 (1984). 

8. J .  R. Ehlerineer and E.-D. Schulze. Am. J. Bor.. - 
in press. 

9. P. M. L. Tammes and J. van Die, Proc. K. Ned. 
Akad. Wet. Ser. C 69,655 (1966); J .  van Die and 
P. C. M. Willemse, Acta Bot. Neerl. 24, 237 

T,  oleifolius on ~ L c l e a  pseudobenus, T. oleifo- 
lius on Purkinsoniu africuna, Viscum capense 
on Antizoma miersiana, V .  capense on Boscia 
foetidu, V .  cupense on Zygophyllum divaricata, 
Viscum rotundifolium on B. foetida, V .  rotundi- 
folium on Ehretiu rigida and V .  rotundifolium on 
Mearua schinzii. 
The nitrogen content of the host xylem water 
was not measured; instead we measured the 
nitrogen content of the host leaf tissues as a 
measure of host nutritional quality. 
E.-D. Schulze, A. E. Hall, 0. L. Lange, H. 
Walz, Oecologia 53, 141 (1982). 
Supported by NSF grant 81-13136 and USDA- 
CRGO grant 82-CRCR-1-1152 to J.E.,  grant 
SFB 137 of the Deutsche Forschungsgemeins- 
chaft (DFG) to E.-D.S., a grant from DFG to 
H.Z., and by funds from the Australian National 
University. We thank L. L. Tieszen for carbon 
isotope analyses of the U.S. samples, S .  Ham- 
mond for nitrogen analyses of the U.S. and 
South African samples, W. Stichler for carbon 
isotope analyses of the South African and part of 
the Australian samples, Z. Roksandic for carbon 
isotope analyses of the remaining Australian 
samples, B. Weir and C. Kramling for nitrogen 
analyses of the Australian samples, and C.  Field 
for his constructive comments. 

September 1984; accepted 20 November 1984 

22 MARCH 1985 1481 




