
C A D M I U M  A C C U M U L A T I O N  AND BIOAVAILABILITY IN 

COONTAIL (CERATOPHYLLUMDEMERSUML.) PLANTS 

W. H. O R N E S *  

Department of Biology, University of South Carolina, Aiken, SC 29801, U.S.A. 
and 

Belle W. Baruch Institute for Marine Biology and Coastal Research, University of South Carolina, Columbia, 
SC 29208, U.S.A. 

and 

K. S. S A J W A N  

Savannah River Ecology Laboratory, P.O. Drawer E, Aiken, SC 29801, U.S.A. 

(Received December 2, 1991; revised July 10, 1992) 

Abstract. The aquatic vascular plant  (Ceratophyllum demersum L.) was investigated as a potential biological 
filter for removal  of  Cd from wastewaters. Plants were grown in and harvested weekly from 0.10 M 
Hoagland nutrient solutions containing concentrations of Cd from 0.01 to 1.03 gg Cd mL -1. Tissue 
Cd was positively correlated to increased concentrations of Cd in solution. Concentrat ion factors (CFs) 
of  Cd in plants after one week were 13.3 for the 0.01 ~g Cd mL -1 treatment;  451.4 for plants treated 
with 0.04 p.g Cd mL -a, and 506.5 for plants treated with 1.03 p~g Cd mL -1. Plants treated with 0.01 
p.g Cd mL -~ sustained tissue Cd concentrations almost 9-fold over those at week 1. However, after 
5 weeks tissue Cd concentration in plants exposed to 1.03 p.g Cd mL -1 had decreased 97% compared 
to the week 1 concentration. Growth measurements  of  dry weight, s tem lengths, and lateral shoot 
growth were nagatively correlated to increased Cd treatments.  Our results suggest that Coontail exposed 
to very low Cd concentrations (0.01 ~tg Cd mL  -~) can take up and accumulate Cd. However, plants 
exposed to Cd at 0.04 p.g Cd mL -I or above did not accumulate Cd past one week. 

1. Introduction 

The release of various heavy metals into aquatic and wetland environments is a 
worldwide problem of increasing magnitude. Primary sources of these metals are 
stack emissions and wastewater from zinc smelting, incineration of plated metals 
and coal fired power plants. Additional sources of these metals are sewage sludge 
and municipal wastewater that are contaminated through industrial soures. One of 
the heavy metals that is found in wastewaters and in the aquatic environment is 
Cd and it has been documented as a potentially toxic metal in the food chain 
(Lagerwerff, 1972; Page and Bingham, 1973; Logan and Chaney, 1983; Adriano, 
1986; Chaney, 1990). The primary producers at the base of many aquatic food chains 
are vascular plants. A chracteristic of the vascular plants found in aquatic and wetland 
environments is that they accumulate metals and other elements in excess of their 
physiological need. Several aquatic plants have been suggested for use in wastewater 
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renovation systems (Dymond, 1948; Ornes and Sutton, 1975; Sutton and Ornes, 
1977; Wolverton and McDonald, 1978; Sloey et al., 1978; Cooly and Martin 1979; 
Ornes and Wildman, 1979; Low and Lee, 1981; Jana and Chaudhury, 1984; Hardy 
and O'Keeffee, 1985). Coontail (Ceratophyllum demersum L.) has been suggested 
(Ornes and Wildman, 1979) and is one of the very common aquatic vascular plants 
worldwide. The plant's finely dissected or feathery leaves may enhance its potential 
as a living filter for treated effluents. However, information concerning the degree 
to which Coontail can accumulate Cd from wastewaters and its role in biomag- 
nification of Cd in aquatic food webs is lacking. An assessment of the accumulation 
of Cd as a pollutant in aquatic ecosystems is also important for establishing legal 
limits of this metal in natural waters. The objectives of this study were (1) to investigate 
the potential for Cd accumilation by Coontail and, (2) to assess the possibility 
of using Coontail plants to accumulate Cd from waters with Cd and nutrient con- 
centrations similar to those commonly found in wastewaters and treated effluents. 

2. Materials and Methods 

Coontail plants were grown for 7 d in modified 0.10M Hoagland solution as a 
pretreatment (Hoagland and Arnon, 1950). Selected plants were transferred into 
2800-mL Fernbach flasks containing fresh nutrient solution, prepared in deionized 
distilled water, with addition of Fe and C. The Fe source was Fe-330 Sequestrene| 
(Ciba-Geigy Co., Ardsley, New York). Carbon was added as NaHCO3. The 0.10M 
Hoagland solution contained nutrients in concentrations (mg L -1) of approximately: 
21.0 N, 3.1 P, 23.4 K, 20.0 Ca, 4.9 Mg, 6.4 S, 2.5 10 -2 B, 2.8 10 -2 Mn, 1.0 10 -3 Cu, 
5.0 10 -4 Mo, and 2.4 10 -3 Zn mg L -1. The Fe concentration was 2.0 and C was 
67.3 mg L -1. The 0.10M Hoagland solution was selected as having nutrients similar 
to those in a secondary treated sewage effluent (Ornes and Sutton, 1975; Sutton 
and Ornes, 1977; Gakstatter et al., 1978). 

At the end of the pretreatment period, plants were rinsed with deionized distilled 
water, weighed, and measured and cut to 10 cm lengths. Selected and prepared 
plants were then added to clean flasks (to which deionized distilled water, nutrients, 
and Cd treatments had been added) and allowed to grow for 1 week under growth 
chamber conditions of 16.8 hr light @ 400 _+ 40 f.c. and temperature of 24 +_ 2~ 
The Cd was applied as CdSO4. The Cd treatments were 0, 0.01, 0.04, and 1.03 
txg Cd mL i, and were replenished at weekly intervals based on preliminary studies 
monitoring solution concentrations. These levels were selected based on background 
(0.01 ~xg Cd mL <) and contaminated agricultural and urban wastewater that range 
from 0.01 to 1.03 jsg Cd mL -1 (U.S.EPA, 1978). All the flasks were arranged in 
a randomized complete block design with three replications. At the end of each 
week, plants were rinsed three times in deionized distilled water. Half of the plant 
material from each flask was harvested, measured, and kept for dry weight 
measurements and tissue analysis. Half was placed in fresh treatment solutions 
to avoid overcrowding and insure potential for vigorous growth. Harvested plant 
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TABLE I 

Dry weights (g m-2)a of Coontail plants 
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Concentration of Growth period (weeks) 
Cd in solution 
(Ixg Cd mL -l) 0 1 2 3 4 5 

0 9.42 A 12.83 A 15.40 B 15.66 B 15.39 B 11.34 B 
+0 _+2.11 +0.62 _+0.84 +1.23 +1.09 +1.29 

a b c c c ab 

0.01 11.12 A 15.85 B 18.30 C 19.31 C 18.42 B 11.91B 
+0.00 +2.07 _+1.07 =El .62 +2.14 +3.39 • 

a b c c c a 

0.04 12.34 A 16.74 B 17.85 C 17.45 C 15.59 B 14.30 B 
+0.01 +2.87 -+0.20 • -+0.91 • +2.81 

c bc d cd b ab 

1.03 11.52 A 13.15 A 10.41A 8.06A 6.53A 5.06A 
_+0.04 _+2.18 +1.43 _+1.04 +0.71 • • 

d e d c b a 

r 0.4852 c -0.9286 c -0 .95038 -0.9648 b -0.9342 c 

a Each value is the mean of three replications with standard deviation. Means followed by the same 
upper case letter within a column or the same lower-case letter within a row are not statistically different 
at the 0.05 level as determined by Duncan's Multiple Range Test. 
b p < 0.05. 
c Not significant at the 0.05 level. 

mater ial  was wrapped in paper  towels, placed in b rown  paper  bags, and  dried 

in an oven at 70 :t: 2 ~ to a cons tan t  weight. Dry  weights were doubled  to estimate 

total  b iomass  per flask and  converted to a m 2 basis with the surface area of the 

flask being 0.0283 m 2. Dried and  g round  p lan t  mater ial  was wet-digested with 

concent ra ted  nitr ic acid followed by perchloric acid ( Johnson  and  Ulrich, 1959). 

Digests were di luted to volume and  analyzed for Cd by flame atomic absorp t ion  

spec t rophotomet ry  with Cd detect ion limit of  --<0.005 Isg Cd g-1 d.w. Addi t iona l  

al iquots  were analyzed for P by a phosphomolybda te  method  (A.O.A.C. ,  1975). 

The concen t ra t ion  factor (CF) of Cd in plants  was calculated by dividing the 

concen t ra t ion  of Cd in the plants  by concen t ra t ion  of Cd in the solut ion.  NBS 

s tandard  tomato  leaf tissue (NBS No. 1573) and  citrus leaves (NBS No. 1572) were 

carried th rough  all analyses. One way analysis of variance was applied to compare  

t rea tment  within weeks and  also to compare  the effect of  t ime (weeks) within each 

t reatment .  The statistics of the experimental  design was conducted  by ANOVA 

and  D u n c a n ' s  New Mult iple  Range Test on the SAS computer  p rogram (SAS 

Inst i tute,  Inc.,  Cary, NC). Regression analysis of parameters  a mong  Cd t reatments  

were calculated by subst i tu t ing tissue parameter  (y) and  Cd concen t ra t ion  in solu- 

t ion  (x) into the predic t ion equa t ion  for a l inear,  exponent ia l ,  logari thmic,  or power  

curve fit. These equat ions  allow the invest igator  to detect whether or not  a tissue 
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TABLE II 

Concentrations of Cd (~g Cd g-a d.w.) ~ in Coontail plants 

Concentration of Growth period (weeks) 
Cd in solution 
(~g Cd mL -1) 0 1 2 3 4 5 

0 0CA 0A 0A 0A 0A 0A 
+0 _+0 --0 _+0 +0 +0 _+0 

a a a a a a 

0.01 0 A 0.13 A 0.68 A 1.28 A 1.21 A 1.23 A 
• _+0 _+0.13 +0.14 _+0.29 +0.08 _+0.56 

a a b c c c 

0.04 0 A 18.06 A 6.89 A 0.99 A 1.22 A 1.40 A 
�9 +0.01 _+0 +2.31 +1.31 _+0.12 _+0.16 _+0.44 

a c b a a a 

1.03 0 A 521.72 B 227.73 B 13.60 B 14.41 B 14.55 B 
_+0.04 _+0 _+169.37 _+52.64 _+1.64 _+0.62 _+2.11 

a c b a a a 

r -0.9999 b -0.9999 b -0.9973 b 0.9978 b -0.9976 b 

a Each value is the mean of three replications with standard deviation. Means followed by the same 
upper case letter within a column or the same lower-case letter within a row are not statistically different 
at the 0.05 level as determined by Duncan's Multiple Range Test. 
b p < 0.01. 
c Tissue concentrations of Cd were below the detection limits of 0.005 Isg Cd g-1 d.w. 

parameter  is directly related to Cd concent ra t ion  in solution.  

3 .  R e s u l t s  a n d  D i s c u s s i o n  

Tissue dry weights of control  plants  over time showed increases of 36 and  20% 

at weeks 1 and  2, respectively (Table I). F r o m  week 2 th rough week 4 there were 

no significant changes. F r o m  week 4 to week 5, a 26% decrease occurred. This 

decrease was p robab ly  due to crowding within the flasks evidenced by b rown ing  

of stem tips. Plants  exposed to 0.01 gg Cd mL -1 and  0.04 ~g Cd mL -1 showed 

a similar t rend over time, bu t  with dry weights greater than  controls.  This suggests 

a s t imulatory  effect of Cd at these levels. However,  dry weights of plants  exposed 

to 1.03 ~g Cd mL -1 increased from week 0 to week 1 and  thereafter decreased 

62% through week 5. This suggests that  the health of plants  exposed to the highest 

t rea tment  began to decline after only 1 week. In  general,  dry weights of plants  

over t ime within t reatments  showed increases th rough week 4 except in plants  exposed 

to the highest Cd t rea tments  that  decreased after week 1. Mayes (1975) observed 

similar  increases in dry weights of Coonta i l  except when tissue Cd levels approached  

20 ~tg Cd g-1 d.w. 

Dry  weights across t reatments  within weeks indicated plants  exposed to 0.01 
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TABLE III 

Cadmium Concentration Factors (CFs a) of Coontail plants 
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Concentration of Growth period (weeks) 
Cd in solution 
(gg Cd mL -I) 1 2 3 4 5 

0.01 13.03 A 68.0 A 127.7 B 121.3 B t22.8 B 
• • _+14.0 • _+7.6 +55.9 

a b c c c 

0.04 451.4 B 172.3 B 24.7 A 30.6 A 35.1 A 
• +57.7 -+32.8 +3.1 -+4.1 +10.9 

c b a a a 

1.03 506.5 B 221.1 B 13.2 A 14.0 A 14.1 A 
• _+164.4 -+51.1 _+1.6 • • 

c b a a a 

r 0.06065 b 0.7621 b -0.5976 b -0.6395 b -0.6682 b 

a Each value is the mean of three replications with standard deviation. Means followed by the same 
upper case letter within a column or the same lower-case letter within a row are not statistically different 
at the 0.05 level as determined by Duncan's Multiple Range Test. 
b Not significant at the 0.05 level. 

or 0.04 p.g Cd m L  -~ had significantly greater dry weights than controls,  except 

during weeks 4 and 5. However ,  plants exposed to the highest level o f  Cd resulted 

in significant reduct ion o f  dry weights after week 2 th rough  5. 

Cont ro l  plants were not  exposed to Cd and tissue levels were below the detection 

limits of  ~<0.005 ~g g-1 d.w. (Table II). In plants exposed to low levels of  Cd 

(0.01 gg Cd mL-1), tissue Cd concentra t ion increased th rough  week 3 and did 

not  change thereafter. However ,  in plants exposed to the higher levels o f  Cd (0.04 

or 1.03 p.g Cd m L  -1) tissue Cd concentrat ions were greatest at week 1 and thereafter 

decreased about  95% through  week 5. This suggests that  Coontai l  can tolerate 

tissue levels up to 18.06 Isg Cd g-1 d.w. Mayes (1975) reported that  Coontai l  plants 

exposed to natural  levels o f  Cd (0.01 gg Cd m L  -1) accumulated  Cd up to 6 weeks 

and thereafter tissue levels declined. 

Tissue Cd concentra t ions  across t reatments within weeks showed no significant 

differences in uptake  except in plants exposed to the highest Cd level (1.03 Ixg 

Cd mL-1), which showed many-fo ld  increases in tissue Cd. Regression analyses 

o f  tissue Cd concentra t ions  with increasing Cd treatments showed a linear model  

provided the best fit with positive correlat ion coefficients, significant at the 0.01 

level during each of  the 5 weekly harvests. 

The amoun t  o f  Cd  concentra t ion in the tissue f rom each t reatment  was calculated 

and presented in the fo rm of  concentra t ion factors (CFs). Plants exposed to only 

0.01 ~xg Cd m L  -I cont inued to concentrate  Cd through  week five, contrasted to 
CF  of  plants exposed to higher Cd treatments which decreased about  95% during 

this per iod (Table III).  This indicates that  Coontai l  exposed to this level of  Cd will 
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TABLE IV 

Concentrations of P (~g P g-~ d.w.) a in Coontail plants 

Concentration of Growth period (weeks) 
Cd in solution 
(p.g Cd mL -~) 0 1 2 3 4 5 

0 9082A 9706 B 17872 B 25233 B 20667 B 16471A 
+0 • • • 21360 • • 

a a b d c b 

0.01 9167A 15455 C 23131C 32501C 29139 C 26203 B 
• 2251 • • • • • 

a b c f e d 

0.04 9153A 15775 C 18563 B 21290A 1 8 3 7 9 A B  16915A 
+0.01 • • • • • • 

a b c d c b 

1.03 9037A 7418A 13157A 18954A 18108A 17989A 
• • • • • • • 

a a b c c c 

r -0.7283 b -0.8231 b -0.6377 b -0.4603 b 0.2121 b 

a Each value is the mean of three replications with standard deviation. Means followed by the same 
upper case letter within a column or the same lower-case letter within a row are not statistically different 
at the 0.05 level as determined by Duncan's Multiple Range Test. 
b Not significant at the 0.05 level. 

tolerate and  accumulate  Cd over time. Plants exposed to higher Cd treatments  did 

not  accumulate  past week 1 presumeably  because of metabolic  processes being affected 

by Cd. Similar pat terns of Cd uptake by Coontai l  grown in ponds  and  barrow 

pits in Cd con tamina ted  areas in Ind iana  have been documented  by Mayes (1975). 

The concen t ra t ion  factors (CFs) across t reatments  within weeks showed CFs in 

plants  exposed to 0.04 or 1.03 Isg Cd mL -1 dur ing week 1 and  2 were significantly 

greater than  plants  exposed to 0.01 ~g Cd mL -1. F r o m  week 3 th rough week 5, 

however,  CFs of plants  exposed to the 0.01 ~g Cd mL -1 were significantly greater 

than  those of exposed to 0.04 or 1.03 ~g Cd mL -1. This indicates that  plants  exposed 

to the 0.01 p.g Cd mL -1 t rea tment  were no t  saturated a n d / o r  inhibi ted as were 

plants  exposed to higher t reatments .  Regression analyses showed l inear correlat ions 

provided the best fit between CFs and  concent ra t ions  of Cd in solut ion but  were 

slightly below the 0.05 level of significance. 

Plants  were analyzed for P as an indicator  of p lan t  vigor (Table IV), because 

P is a major  nu t r ien t  required for numerous  metabol ic  c ompounds  and  path-  

ways. Tissue P in control  plants  increased f rom week zero th rough week 3, and  

thereafter slightly decreased (similar to dry weights). This decrease in tissue P sug- 

gests a na tura l  loss in p lan t  vigor associated with crowding within the flasks. 

Plants  exposed to 0.01 and  0.04 Ixg Cd mL -~ showed a similar t rend to that  of 

control  plants.  Tissue P in plants  exposed to 1.03 ~g Cd mL -1, followed a similar 
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trend over time but with less accumulation of E 
Tissue P, in general, decreased with increased Cd treatment. An exception to 

this trend was plants exposed to 0.01 ~tg Cd mL -1 whose tissue P remained above 
controls throughout the growth period. This suggests a stimulatory effect on tissue 
P by Cd at low levels and a supressing effect on tissue P by Cd at high levels. 
This latter effect has been reported by Sajwan et al., 1990. 

Stem lengths of control plants increased through week 2 and did not change 
from week 2 through week 4 (Figure 1). Stem lengths of plants exposed to 0.01 

~g Cd mL -1 were similar to those of controls. Plants exposed to 0.04, also showed 
a significant increase over time. Plants exposed to 1.03 ~tg Cd mL -1 showed no 
significant change in length over time. This suggests that stem lengths could be 
a more sensitive parameter than dry weights. 

The number of lateral shoots on control plants increased from week 1 to week 
2 and thereafter did not change significantly. The number of shoots on plants exposed 
to 0.01 ~xg Cd mL -1 did not change significantly after week 3 (Figure 2). Plants 
exposed to 0.04 ~xg Cd mL -1 produced very few lateral shoots. Plants exposed 
to 1.03 ~xg Cd mL -1 produced no lateral shoots. Thus, lateral shoot production 
also was a relatively sensitive bioassay for Cd. 

The lateral shoot lengths of control plants and plants exposed to 0.01 ~tg Cd 
mL -1 increased through week 2 and remained at those lengths through week 5 
(Figure 3). Plants exposed to 0.04 txg Cd mL -~ did not increase lateral shoot lengths 
over time. There were no lateral shoots produced in plants exposed to 1.03 ~tg 
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Cd m L  -1. Regression analyses of  lateral shoot  lengths with increasing Cd treatments 

showed a negative correlat ion slightly below the 0.05 level o f  confidence. The growth  

parameters  in Figures 1, 2, and 3 fur ther  suppor t  our  findings that  Coontai l  is 

sensitive to Cd when exposed to solution concentra t ions  above 0.04 ~tg Cd mL -I 

and when tissue concentrat ions accumulate  above 18 p.g Cd g-1 d.w. 

This s tudy revealed that  the aquatic  vascular  plant  Coontai l  (Cera tophy l lum 

demersum L.) accumula ted  Cd f rom 0.10M Hoag land  solution containing concen- 

trat ions of  Cd f rom 0.01 to 1.03 Ixg Cd mL -1. Tissue Cd was positively correlated 

to increasing concentra t ions  of  Cd in solution. This indicates a potential  for  Coonta i l  

plants to play an impor tan t  role in biomagnif icat ion o f  Cd in aquatic  food  webs 

and Cd cycling in water. Future  studies are needed to identify the Cd concentrat ions 

in natural  waters below which significant accumula t ion  in aquatic  vascular plants 

would  not  occur.  The ecological impor tance  o f  Cd cycling by this aquatic vascular 

plant  is clearly demonst ra ted  by its capaci ty for  Cd uptake  and release. The ecological 

impor tance  may  be better unders tood  when one considers the role of  this plant  

in natural  aquatic  habitats,  not  the least o f  which is the utilization o f  these habitats 

by wildfowl and fish (Mart in et al., 1961 and Fassett, 1975). 
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