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Abstract:    To investigate effects of Zn on Cd uptake by spring wheat (Triticum aestivum, L.) in solution culture, long-time 
hydroponic experiment (1 month) (Experiment 1) and short-time Cd isotope (109Cd) tracing experiment (24 h) (Experiment 2) were 
conducted. In Experiment 1, spring wheat (cv. Brookton) was grown in nutrient solution at uniform cadmium concentration of 20 
µmol/L and 10 zinc concentrations (0, 1, 5, 10, 20, 100, 200, 500, 1000, 2000 µmol/L). In Experiment 2, spring wheat seedlings, 
pre-cultivated in complete nutrient solution, were treated with 109Cd of uniform activity and the same series of Zn concentrations as 
those in Experiment 1 for 24 h. Cd concentrations in shoots and roots in Experiment 1 increased marginally but not consistently 
with Zn increasing at Zn rates of 1~200 µmol/L, and then decreased significantly at high rates (>200 µmol/L). In Experiment 2, the 
response of 109Cd activities in shoots and roots to increasing Zn was greatly similar to the response of Cd concentrations to Zn 
increasing in Experiment 1. The results of the two experiments indicated that the short-time and long-time exposure of spring 
wheat to Zn had similar effects on Cd accumulation. 
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INTRODUCTION 
 

Cadmium is a probably nonessential element to 
human and animal, and is also a highly toxic heavy 
metal which can be absorbed readily by crops and 
accumulated in human body through the food chains 
and result in human body health problems (Schroeder, 
1965; Basta et al., 1998). With the addition of 
Cd-containing manures, fertilizers, sewage, biosolids 
and other soil supplements, Cd contamination exists 
in many agricultural soils, and is becoming serious 
and large in area. So how to minimize the concentra-
tion of Cd in plants has become a pressing problem 

for resolution. Many factors such as soil pH, soil 
redox potential, cation exchange capacity, plant spe-
cies, and fertilizer (nitrogen, phosphorus, potassium, 
zinc, etc.) application affect Cd transport in soil-plant 
system (Chaney and Hornick, 1978). Zinc, because of 
its chemical similarity to Cd, has long been a concern 
due to its effect on Cd uptake by plants (Chaney et al., 
1976; Abdel-Sabour et al., 1988; Oliver et al., 1994; 
Welch et al., 1999; Nan et al., 2002). But the results 
are unconclusive or contradictory, and the mecha-
nisms are not known yet. In the present project, two 
experiments were conducted: long-time hydroponic 
culture with a large range of Zn levels for studying 
Zn’s effects on Cd accumulation in spring wheat; and 
short-time Cd isotope (109Cd) tracing for studying the 
short-time effects of Zn (in the same range) on Cd 
uptake by spring wheat.  
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MATERIALS AND METHODS 
 
Experiment 1: long-time hydroponic experiment 

1. Plant culture 
Seeds of spring wheat (cv. Brookton), were 

sterilized in the solution (ρ(H2O2)=100 g/L) for 10 
min followed by thorough washing in deionized water, 
then allowed to germinate on moist filter paper for 2 d. 
Geminated seeds were planted in moist perlite, and 
grown for about 6 d. Then the seedlings were re-
moved from the perlite, and washed thoroughly and 
carefully under tap water to get rid of any adhering 
particles, then transferred to PVC pots containing 500 
ml nutrient solution (modified Hoagland nutrient 
solution containing: in mmol/L, KNO3, 4; Ca(NO3)2, 
4; MgSO4, 1.5; KH2PO4, 1.3; in µmol/L, FeEDTA, 50; 
CuSO4, 1; MnSO4, 5; H3BO3, 10; Na2MoO4, 0.5; 
CoSO4, 0.19; NaCl, 100). There were 10 treatments 
for a large range of Zn (ZnSO4) levels (0, 1, 5, 10, 20, 
100, 200, 500, 1000, 2000 µmol/L), with each treat-
ment having four replicates. Cd (CdCl2) was added to 
all the treatments at a uniform rate of 20 µmol/L. The 
nutrient solution pH was adjusted to 6.0 using 0.1 
mol/L KOH. All chemicals used for the experiments 
were of AR grade. The seedlings were grown in a 
growth chamber with 14/10 h light/dark cycles. Light 
intensity was about 280 µmol protons/(m2⋅s). The 
nutrient solution was renewed twice a week and aer-
ated continuously. The pots were randomly arranged 
several times during the growth period. After four 
weeks of growth, the seedlings were harvested. 
Seedlings roots were washed in deionized water, and 
blotted using rough filter paper, then the seedlings 
were divided into shoots and roots whose fresh 
weights were determined immediately. Plant shoots 
and roots were then oven dried at 70 °C for 48 h, and 
their dry weights were determined. 

2. Plant analysis  
Dried shoots and roots were finely ground in a 

muller. Sub-samples (0.25 g) of the dried ground plant 
materials were digested at 160 °C in 5 ml high-purity 
mixed acid (HNO3:HClO4=6:1). The digest was di-
luted to 50 ml using high-purity water, and the con-
centrations of Cd and Zn in the solution were deter-
mined by Atomic Absorption Spectrophotometry 
(Z-6100, Hitachi Co., Japan) 

 
Experiment 2: short-time 109Cd tracing experiment 

1. Plant culture 
Preculture of spring wheat seedlings was in 

complete nutrient solution like that in Experiment 1 
except that there was no Cd addition and Zn treatment. 
After ten days of growth, the seedlings were treated 
by Zn at different levels (same as Experiment 1) for 7 
d. 

2. Cd isotope (109Cd) tracing 
After 7 d of Zn treatment, 109Cd and Cd were 

added to each of the treatments, all the seedlings were 
equally exposed to 666 KBq/L 109Cd and 20 µmol/L 
Cd for 24 h. At the end of the 24 h, the seedlings were 
removed from the 109Cd-containing nutrient solution, 
and the seedling roots were immediately dipped thrice 
into 5 mmol/L CaCl2 solution for 30 min so that all the 
109Cd and Cd ions adsorbed on the surface of the roots 
were exchanged. 

3. Plant analysis 
After washing by 5 mmol/L CaCl2 solution, the 

seedlings were separated into shoots and roots and 
were blotted up. Then the dry weights of shoots and 
roots were determined immediately. The 109Cd ac-
tivities in shoots and roots were analyzed by γ spec-
trometry (Gi-2519+Accuspe, Canberra, USA) in the 
Institute for Application of Atomic Energy, Chinese 
Academy of Agricultural Sciences. 
 
 
RESULTS 
 
Plant shoots and roots dry weights  

In Experiment 1, dry weights of shoots and roots 
were affected significantly by the Zn treatments 
(p<0.001) (Table 1). At Zn levels of 1~100 µmol/L 
dry weights of shoots and roots were higher than 
non-Zn addition (0 µmol/L), and then decreased at 
high rates (above 100 µmol/L), especially at the 
highest rate of 2000 µmol/L when the shoot and root 
dry weights were reduced by almost two fold and by 
more than three fold. High Zn had more severe in-
hibiting effect on roots than on shoots. In Experiment 
2, the shoot dry weights were unaffected by Zn 
treatments probably because of the short-time expo-
sure, but the root biomass at high Zn rates (>500 
µmol/L) were reduced significantly.  
 
Cd and Zn uptake  

Data on plants uptake of Cd and Zn in Experi-
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ment 1 are shown in Table 2. Zn concentrations in 
shoots and roots increased significantly with in-
creasing of Zn levels. Cd concentrations in shoots and 
roots increased marginally but not consistently with 
Zn increasing at Zn rates of 1~200 µmol/L. While 
with the Zn rates increasing (>200 µmol/L), Cd con-
centrations in shoots and roots decreased significantly, 
from 142.0 mg/kg without Zn addition to 93.5 mg/kg  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

of 2000 µmol/L in shoots and 2534 mg/kg to 548.1 
mg/kg in roots. 
 
109Cd activities 

Table 3 shows the 109Cd activities in shoots and 
roots in Experiment 2. At Zn levels of 1~200 µmol/L, 
the 109Cd activities in shoots were changed marginally 
but not consistently (decreased at 1~100  µmol/L  and 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Shoot and root biomass of spring wheat grown in nutrient solution with different levels of  Zn (g DW) 
 

Experiment 1 Experiment 2 Zn concentrations (µmol/L) 
Shoots Roots Shoots Roots 

0  0.23±0.01 0.14±0.02 0.17±0.02 0.08±0.01 
1  0.40±0.03 0.21±0.01 0.15±0.02 0.11±0.01 
5  0.35±0.03 0.16±0.01 0.14±0.01 0.08±0.01 

10  0.36±0.05 0.20±0.01 0.15±0.01 0.09±0.01 
20  0.34±0.05 0.17±0.02 0.16±0.02 0.12±0.01 

100  0.29±0.06 0.16±0.01 0.17±0.01 0.11±0.01 
200  0.22±0.01 0.14±0.01 0.14±0.01 0.09±0.01 
500  0.22±0.01 0.14±0.02 0.16±0.01 0.11±0.01 

1000  0.24±0.01 0.12±0.01 0.13±0.01 0.07±0.00 
2000  0.15±0.01 0.04±0.00 0.12±0.02 0.05±0.00 

Analysis of variance p<0.001 p<0.001 Not significant p<0.001 

Table 2  Cd and Zn concentrations in shoots and roots of spring wheat grown in nutrient solution with different levels  
of Zn (mg/kg) 

Cd Zn Zn concentrations (µmol/L) 
Shoots Roots Shoots Roots 

0  142.0±7.6  2534±64.7   42.5±7.10 360.0±59.2 
1  159.5±6.2  2867±86.9 143.5±4.00 473.5±11.8 
5    145.0±13.7 2678±257 212.5±14.7  1770±76.4 

10    134.0±10.8 3015±169 288.7±14.5  3293±96.6 
20  127.0±4.7 2471±185 482.7±37.0 5595±467 

100  150.4±8.2 3028±164  1073±77.0 16109±1774 
200    155.4±10.7 3717±174  1384±89.6 24253±2311 
500  107.6±8.8 2287±571 2019±222 25308±1740 

1000   96. 9±8.3  1058±70.8 3087±210 24671±3017 
2000    93.5±2.2 548.1±41.3 7060±549 41509±1470 

Analysis of variance p<0.001 p<0.001 p<0.001 p<0.001 

Table 3  109Cd activities in shoots and roots of spring wheat grown in nutrient solution with different levels of Zn (106 Bq/L) 
Zn concentrations (µmol/L) Shoot Root 

0  2.67±0.28 18.38±1.14 
1  3.63±0.23 16.84±0.90 
5  3.31±0.19 16.51±0.97 

10  2.91±0.06 17.16±2.79 
20  2.87±0.37 17.66±1.15 

100  2.26±0.31 21.12±1.27 
200  3.00±0.22 25.55±1.67 
500  2.30±0.14 38.28±1.60 

1000  2.09±0.32 24.19±1.40 
2000  1.28±0.20 12.40±0.42 

Analysis of variance p<0.001 p<0.001 
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increased at 100~200 µmol/L) with Zn increasing, 
and then at high rates (>200 µmol/L) were reduced 
significantly, to less than half that of the control at 
highest rate of 2000 µmol/L (1.73×106 Bq/L vs 
2.66×106 Bq/L). In roots, the 109Cd activities did not 
decrease as rapidly as in shoots at high Zn rates. The 
data indicated that, in short time, the Cd uptake by 
spring wheat seedlings was similar to Cd uptake in 
long time in response to Zn supply (Table 2). 
 
Correlation between Cd accumulation for 
long-time and 109Cd activities for short-time 

In shoots, there was significant (r=0.80) positive 
correlation between Cd accumulation for long time 
and 109Cd activities for short time at different Zn rates 
(Fig.1), which indicated that the short time and long 
time exposure of spring wheat to Zn had similar re-
sponse to Zn concentrations. Furthermore, The 
short-time 109Cd tracing is a more direct and precise 
way for investigating the Cd accumulation in plants, 
moreover, it is relatively freer from effects of other 
factors which make the interpretation of plants re-
sponse to Cd-Zn interaction difficult. So the good 
regression line suggested the short-time data were 
also valid for the long-time experiment. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
DISCUSSION 
 

As an essential element, appropriate levels 
(1~200 µmol/L respectively in present hydroponic 
culture) can enhance plant growth compared to plant 

growth without addition of Zn, and can weaken inhi-
bition of plant growth by Cd, probably by alleviating 
Cd induced damage to plant cell. Zn has been shown 
to serve in cell membrane as a structure–stabilizing 
component by participating in controlling the lateral 
mobility of membrane lipids and membrane water 
permeability (Rygol et al., 1992). Aßmann et al. 
(1996) reported that, Zn2+ could alleviate 
Cd2+-induced damage (K+ loss) to yeast cell plasma 
membrane. However, high rates of Zn showed severe 
phytotoxic effects on spring wheat, and significantly 
inhibited its growth. High level of Zn is likely to de-
stroy the metabolic balance in plants, to result in dis-
order of other mineral nutrients states.  

Long-time and short-time experiments showed 
that Zn application in a large range of levels (espe-
cially high rates of Zn) had significant effect on Cd 
accumulation in shoots and roots, and that Cd con-
centrations (in Experiment 1) and 109Cd activities (in 
Experiment 2) in shoots affected by Zn levels were 
significantly correlated to the results of regression 
analysis (Fig.1). Therefore, it can be said that the 
short-time and long-time exposure of spring wheat to 
Zn have similar effects on Cd accumulation.  

It is supposed that Zn at three levels may in-
fluence Cd uptake by plants: soil chemical processes, 
cell membrane transport and phloem transport. On 
this experiment condition, the latter two may be 
mainly involved. Broad-range transport systems for 
essential trace metals such as Zn allow the cell to 
effectively accumulate trace elements for future need, 
but this poses the risk of cell uptake of toxic metals 
such as Cd (Nies, 1992). Hart et al. (2002) suggested 
that Cd and Zn share a common transport system at 
the root cell membrane in wheat plants. So Cd and Zn 
when they exist simultaneously would compete for 
the same membrane binding sites and transport sys-
tems. Experiments on animal (Endo and Shaikh, 1993) 
and yeast cell (Aßmann et al., 1996) showed that 
inhibition of Cd uptake by Zn is ascribed to competi-
tion of increasing Zn levels (being dominating ion) 
with Cd for membrane binding sites and transport 
systems. In case Cd had been absorbed into plant, Zn 
may inhibit Cd transport through the phloem. In-
creasing Zn level in stem tissue can limit Cd transport 
from phloem to grains (Welch et al., 1999; Olliver et 
al., 1997; Herren and Feller, 1997). The percentage of 
re-translocation of 109Cd in treated leaves appeared 
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Fig.1  The correlation between Cd accumulation and
109Cd activities in shoots for long-time and short-time
exposure respectively 
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negatively correlated to Zn concentrations. Zn inhib-
its the transfer of 109Cd from treated leaf to other parts 
(Cakmak et al., 2000). There are reports that Zn has 
synergistic and additive effect or has no effect on Cd 
uptake (Abdelilah et al., 1997; Grant and Bailey, 
1998). Above two phenomena existed in the present 
experiments. Although the short-time and long-time 
exposure of spring wheat to Zn showed similar re-
sponse to Zn concentrations, the effects of Zn were 
some what complicated. We suppose that there is 
probably another complicating factor-phosphorus (P) 
that should be taken into consideration. Many evi-
dences have been reported on the effects of P on Cd 
and Zn uptake by plants. A 3-yr field study by Grant 
and Bailey (1998) indicated that Cd concentrations of 
durum wheat increased with applications of phos-
phorus and nitrogen fertilizers. Yang et al.(1999) 
found, in solution culture, Cd concentrations in wheat 
corn increased with P supply at pH 5.0. Maier et al. 
(2002) reported that P fertilization significantly in-
creased tuber Cd concentrations of potato in glass-
house and field experiments. P-Zn interaction was 
more complex and had long been studied (Loneragan, 
1951; Grant and Bailey, 1993; Bogdanovic et al., 
1999; Zhu et al., 2001; Li and Zhu, 2002). So we 
suggest that the reason why the Cd-Zn interaction is 
so complicated is that, besides the known factors such 
as soil properties, plant species and Cd/Zn ratio, etc., 
phosphorus may be a important factor, especially in 
low P or high P medium. In our present experiments, 
the P level in the nutrient solution was quite high. So 
under lower rates of Zn, P is likely to be the dominant 
factor affecting Cd uptake. It may be the direct or 
indirect influence of Cd uptake that affect Zn uptake 
by plants. With the increasing of Zn application, Zn 
became the dominant factor instead and P has little 
effects on Cd uptake, and competed with Cd for 
membrane binding sites and transport system, so that 
Cd levels decreased in plants significantly.  

Further studies are needed to investigate the 
relationship of P, influencing both Cd and Zn uptake 
by plants, to the Cd-Zn interaction, then to get further 
understanding of the mechanisms of Cd-Zn interac-
tion. 
 
 
ACKNOWLEGMENT 
 

The authors thank Dr. S.B. Chen and Prof J.C. 

Yang from the Institute for Application of Atomic 
Energy, Chinese Academy of Agricultural Sciences 
for providing instruction and kind help during the 
short-time 109Cd tracing experiment. 
 
References  
Abdelilah, C., Mohamed, H.G., Ezzedine, E.F., 1997. Effects 

of cadmium-zinc interactions on hydroponically grown 
bean (Phaseolus vulgaris L.). Plant Sci, 126:21-28. 

Abdel-Sabour, M.F., Mortvedt, J.J., Kelsoe, J.J., 1988. Cad-
mium-zinc interactions in plants and extractable cadmium 
and zinc fractions in soil. Soil Sci, 145(6):424-431. 

Aßmann, S., Sigler, K., Höfer, M., 1996. Cd2+-induced damage 
to yeast plasma membrane and its alleviation by Zn2+: 
studies on Schizosaccharomyces pombe cells and recon-
stituted plasma membrane vesicles. Arch Microbiol, 
165:279-284. 

Basta, N.T., Raun, W.R., Gavi, F., 1998. Wheat grain cadmium 
under long-term fertilization and continuous winter wheat 
production. Better Crops, 82:14-15(19). 

Bogdanovic, D., Ubavic, M., Cuvardic, M., 1999. Effect of 
phosphorus fertilization on Zn and Cd contents in soil and 
corn plants. Nutrient Cycling in Agroecosystems, 
54(1):49-56. 

Cakmak, I., Welch, R.M., Erenoglu, B., Römheld, V., Norvell, 
W.A., Kochian, L.V., 2000. Influence of varied Zn supply 
on re-translocation of Cd (109Cd) and Rb (86Rb) applied on 
mature leaf of durum wheat seedlings. Plant Soil, 
219:279-284. 

Chaney, R.L., Hornick, S.B., 1978. Accumulation and Effects 
of Cadmium on Crops. Cadmium 77: Proceedings of 1st 
International Cadmium Conference, San Francisco; Metal 
Bulletin Ltd, London, p.125-140. 

Chaney, R.L., White, M.C., Tienhoven, M., 1976. Interaction 
of Cd and Zn in Phytotoxicity to and Uptake by Soybean. 
Agron. Abstr. American Society of Agonomy, Madison, 
WI, p.21. 

Endo, T., Shaikh, Z., 1993. Cadmium uptake by primary cul-
tures of rat renal cortical epithelial cells: influence of cell 
density and other metal ions. Toxicol App Pharmaco, 
121:203-209. 

Grant, C.A., Bailey, L.D., 1993. Interaction of zinc with 
banded and broadcast phosphorus-fertilzer on the con-
centration and uptake of P, Zn, Ca and Mg in plant-tissue 
of oil seed flax. Canada J Plant Sci, 73(1):17-29. 

Grant, C.A., Bailey, L.D., 1998. Nitrogen, phosphorus and zinc 
management effects on grain yield and cadmium con-
centration in two cultivars of durum wheat. Canada J 
Plant Sci, 78(1):63-70. 

Hart, J.J., Welch, R.M., Norvell, W.A., Kochian, L.V., 2002. 
Transport interaction between Cd and Zn in roots of bread 
wheat and durum wheat seedlings. Physiol Plant, 
116(1):73-78.  

Herren, T., Feller, U., 1997. Transport of cadmium via xylem 
and phloem in maturing wheat shoots: Comparison with 



Zhao et al. / J Zhejiang Univ SCI   2005 6A(7):643-648 648

the translocation of zinc, strontium and rubidium. Annals 
of Botany, 80(5):623-628. 

Li, H.Y., Zhu, Y.G., 2002. The effects of different phosphorus 
and zinc fertilizers on production and absorption in two 
barley species. Chinese Journal of Eco-Agriculture, 
10(4):51-53 (in Chinese). 

Loneragan, J.F., 1951. The effect of applied P on the uptake of 
Zn by flak. Aust J Sci Res, 34:108-114. 

Maier, N.A., McLaughlin, M.J., Heap, M., Butt, M., Smart, 
M.K., 2002. Effect of current-season application of cal-
citic lime and phosphorus fertilization on soil pH, potato 
growth, yield, dry matter content, and cadmium concen-
tration. Communications in Soil Science and Plant 
Analysis, 33(13-14):2145-2165. 

Nan, Z.R., Li, J.J., Zhang, J.M., Cheng, G.D., 2002. Cadmium 
and zinc interactions and their transfer in soil-plant sys-
tem under actual field conditions. Sci Total Environ, 
285:187-195. 

Nies, D.H., 1992. Resistance to cadmium, cobalt, zinc, and 
nickel in microbes. Plasmid, 27:17-28. 

Oliver, D.P., Hannam, R., Tiller, K.G., Wilhelm, N.S., 1994. 
The effects of zinc fertilization on cadmium concentration 
in wheat grain. J Environ Qual, 23:705-711. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Oliver, D.P., Wilhelm, N.S., McFarlane, J.D., Tiller, K.G, 
Cozens, G.D., 1997. Effect of soil and foliar applications of 
zinc on cadmium concentration in wheat grain. Aust J Exp 
Agric, 37:677-681. 

Rygol, J., Arnold, W.M., Zimmermann, U., 1992. Zinc and 
salinity effects on membrane transport in Chara con-
nivens. Plant Cell Environ, 15:11-23. 

Schroeder, H.A., 1965. Cadmium as a factor in hypertension. J 
Chronic Dis, 18: 647-656.  

Welch, R.M., Hart, J.J., Norvell, L.A., Sullivan, L.A., Kochian, 
L.V., 1999. Effect of nutrient solution zinc activity on net 
uptake, translocation, and root export of cadmium and 
zinc by separated sections of intact durum wheat (Triti-
cum turgidum L. var durum) seedlings roots. Plant Soil, 
208:243-250. 

Yang, Z.M., Zheng, S.J., Hu, A.T., 1999. Effects of different 
levels of P supply and pH on the content of cadmium in 
corn and wheat plants. Journal of Nanjing Agricultural 
University, 22(1):46-50 (in Chinese).  

Zhu, Y.G., Smith, S.E., Smith, F.A., 2001. Plant growth and 
cation composition of two cultivars of spring wheat 
(Triticum aestivum, L.) differing in P uptake efficiency. 
Journal of Experimental Botany, 52(359):1277-1282. 

Welcome contributions from all over the world 
http://www.zju.edu.cn/jzus 

 
♦ The Journal aims to present the latest development and achievement in scientific research in 

China and overseas to the world's scientific community; 
♦ JZUS is edited by an international board of distinguished foreign and Chinese scientists. And 

an internationalized standard peer review system is an essential tool for this Journal's 
development; 

♦ JZUS has been accepted by CA, Ei Compendex, SA, AJ, ZM, CABI, BIOSIS (ZR), 
IM/MEDLINE, CSA (ASF/CE/CIS/Corr/EC/EM/ESPM/MD/MTE/O/SSS*/WR) for ab-
stracting and indexing respectively, since started in 2000; 

♦ JZUS will feature Science & Engineering subjects in Vol. A, 12 issues/year, and Life Science 
& Biotechnology subjects in Vol. B, 12 issues/year; 

♦ JZUS has launched this new column “Science Letters” and warmly welcome scientists all over 
the world to publish their latest research notes in less than 3−4 pages. And assure them 
these Letters to be published in about 30 days; 

♦ JZUS has linked its website (http://www.zju.edu.cn/jzus) to CrossRef: http://www.crossref.org 
(doi:10.1631/jzus.2005.xxxx); MEDLINE: http://www.ncbi.nlm.nih.gov/PubMed; High-
Wire: http://highwire.stanford.edu/top/journals.dtl; Princeton University Library: 
http://libweb5.princeton.edu/ejournals/. 

 


